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Abstract

Understanding the underlying temporal and mechanistic responses to neurotoxicant exposures
during sensitive periods of neuronal development are critical for assessing the impact of these
exposures on developmental processes. To investigate the importance of timing of neurotoxicant
exposure for perturbation of epigenetic regulation, we exposed human neuronal progenitor cells
(hNPCs) to chlorpyrifos (CP) and sodium arsenite (As; positive control) during proliferation and
differentiation. CP or As treatment effects on hNPCs morphology, cell viability, and changes in
protein expression levels of neural differentiation and cell stress markers, and histone H3
modifications were examined. Cell viability, proliferation/differentiation status, and epigenetic
results suggest that hNPCs cultures respond to CP and As treatment with different degrees of
sensitivity. Histone modifications, as measured by changes in histone H3 phosphorylation,
acetylation and methylation, varied for each toxicant and growth condition, suggesting that
differentiation status can influence the epigenetic effects of CP and As exposures.
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1. Introduction

Neurogenesis is a precisely orchestrated process that occurs in specific structures at specific
times during neurodevelopment. It requires temporally and regionally-specific
developmental processes that include proliferation, differentiation, synaptogenesis,
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myelination, and apoptosis (Rice and Barone 2000; Rodier 1995). Maintaining the correct
timing and regulation of neurogenesis is critical for nervous system development and
function, as disruptions in the process can lead to altered function and disease (Daston et al.
2004; Faustman et al. 2000; Gohlke et al. 2008; Hamby et al. 2008; Moreira et al. 2010;
Robinson et al. 2011). Chemical exposure during a key “window of susceptibility” can
disrupt brain development and cause lifelong functional impairments (Rodier 1994). For
example, epidemiological evidence demonstrates that exposures to developmental
neurotoxicants like chlorpyrifos (CP) and arsenic (As) are associated with cognitive effects
(Grandjean and Landrigan 2014). /n utero exposure to CP in humans is associated with
developmental delays in learning, impairments in mental and motor development, and
attention problems (Engel et al. 2011; Eskenazi et al. 2010; Eskenazi et al. 2014; Eskenazi et
al. 2007; Eskenazi et al. 2008; Horton et al. 2012; Rauh et al. 2006; Rauh et al. 2012).
Similarly, prenatal and early postnatal exposures to inorganic arsenic from drinking water
are associated with cognitive deficits that are apparent in pre-school children (Grandjean and
Landrigan 2014; Hamadani et al. 2011; Wasserman et al. 2007).

The extent of neurotoxicity during development is highly dependent on the timing of
exposure and the differentiation status of the exposed tissues. Actively developing regions of
the brain tend to be the most vulnerable to toxicant perturbations (Rice and Barone 2000).
Proliferating and differentiating neural stem cells have been shown to exhibit differential
sensitivity to several toxicants, including the phthalate metabolite mono-(2-ethylhexyl)
phthalate (Lim et al. 2009), methylmercury (Theunissen et al. 2010) and valproic acid
(Debeb et al. 2010). Therefore, it is important to evaluate toxicant impacts on specific neural
developmental processes within various stages of differentiation to evaluate life stage
susceptibility.

Epigenetic gene regulation via DNA methylation, histone modification, and noncoding
RNA-mediated processes plays an important role in directing the differentiation potential
and fate specification of neuronal stem cells (Juliandi et al. 2010b; Sanosaka et al. 2009).
Specifically, modulation of chromatin structure by histone tail modifications influences the
accessibility of genes for transcription and is thought to be a key regulator of neuronal
differentiation (Hsieh and Gage 2004; Juliandi et al. 2010a; Ronan et al. 2013). These
regulatory mechanisms are responsive to extracellular signals like cytokines, growth factors,
and environmental cues and epigenetic regulation of gene expression has been shown to be
responsive to toxicant exposures such as CP and As (Arai et al. 2011; Bailey et al. 2013;
Cheng et al. 2012; Cronican et al. 2013; Hou et al. 2012; Juliandi et al. 2010b; Kile et al.
2012; Koestler et al. 2013; Martinez et al. 2011). Toxicant perturbation of chromatin
remodeling during neuronal differentiation could mediate neurotoxicity by disrupting
normal developmental gene expression patterns. Because chromatin structure changes
throughout normal differentiation, toxicant effects on histone modifications are likely to be
specific to differentiation state.

hNPCs cultures directed to undergo differentiation provide an opportunity to study early
stages of neuronal differentiation processes and have become a valuable tool for
neurodevelopmental toxicology (Breier et al. 2008; Radio and Mundy 2008; Shin et al.
2006). ENStem-A , a commercially available hNPCs line derived from human embryonic
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stem cell line WAQ9 (Thomson et al. 1998), provides a convenient and accessible model of
human neuronal differentiation (Shin et al. 2006). Withdrawal of fibroblast growth factor
(bFGF2) leads these multipotent hNPCs cells to undergo a dramatic morphological and
functional transition to begin differentiation. Additional morphogenic factors can direct
differentiation towards specific regional identities and neuronal subtypes (Young et al.
2011).

We used this model to explore differentiation stage-specific effects of CP exposures along
with our positive control As exposures on hNPCs viability, histone modifications and protein
expression of differentiation and cell stress markers.

2. Methods
2.1 Cell culture

ENStem-A hNPCs (ArunA Biomedical, Athens, GA) were expanded through passage eight
and plated for experiments after reaching 90-100% confluence. Cells were counted by
hemocytometer and seeded at 200,000 cells/mL in poly-L-ornithine (20 ug/mL) and laminin
(5 pg/mL) double coated tissue culture treated polystyrene 35x10 mm dishes (2 mL) or 96-
well black bottom microplates (100 L) (Becton, Dickinson Co., Franklin Lakes, NJ). Cells
were cultured in neural proliferation media (EMD Millipore, Billerica, MA) in a
humidifying 37 °C, 5% CO» incubator. Chemical treatments were administered at the same
time as the initiation of differentiation (24 h after plating). Media was replaced either with
additional proliferation media containing fibroblast growth factor (FGF) or with HyClone
differentiation media without FGF (Thermo Fisher Scientific, Waltham, MA). All results are
presented from 6-8 biological replicates and most biological replicates had triple technical
replicates.

2.2 Chemical treatment

CP (99.5% purity, ChemService, West Chester, PA) was dissolved in dimethyl sulfoxide
(DMSO, Sigma St. Louis, MO) for rapid and complete absorption (Whitney et al. 1995) and
the DMSO concentration did not exceed a final volume concentration of 0.1%. The initial
CP concentrations tested ranged from 0-570 uM (0, 7, 14, 29, 43, 57, 143, 285, and 570 uM)
and working concentrations of 0, 14, 29, 57 pM in 0.1% DMSO were used based on Alamar
Blue viability results. Sodium arsenite (As3*), a positive control, was dissolved in DNase/
RNase-free distilled water (Invitrogen). Initial As concentrations in media ranged from 0-4
UM (0, 1, 2 and 4 pM) and 1 pM was chosen as the working concentration based on viability
results.

2.3 Morphology

All cell culture dishes and plates were monitored with a Nikon inverted microscope

equipped with phase-contrast optics (Nikon, Tokyo, Japan) to assess general cellular
morphology. Morphological images (not shown) were captured and digitized with a
Coolsnap Camera (Roper Scientific, Inc. Duluth, GA).
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2.4 Alamar Blue cell viability/proliferation assay

After 24 or 72 h of treatment, concentration-dependent cell viability was measured using the
Alamar Blue Assay (Invitrogen). Alamar Blue detects changes in the number of functional
cells by measuring mitochondrial reductase activity of live cells by reducing non-
fluorescent, blue resazurin dye to fluorescent, red resorufin (O'Brien et al. 2000). 10%
Alamar Blue (v/v) was added directly in each well 3 hours in advance of the 24 and 72 h
timepoints and incubated at 37 °C in a 5% CO, incubator for 3 h. After incubation, the 96
well plates were read on a plate reader at 570 nm with reference wavelength 630 nm.

Alamar Blue assay results are presented as average percent of controls (total cells) + 95%
confidence interval. Wells containing media without cells were run to measure background
fluorescence every time an assay was performed. The blank media fluorescence
measurement was subtracted from fluorescence measurements of cells from the same assay.
The percentage normalized by controls was calculated by dividing the adjusted fluorescence
levels (FL) of tested cells to the adjusted level of control cells.

F L treated or control cells—F' L blank

1
F'L control cells—F' L blank * 100

2.5 Live, dead and apoptotic cell staining

A three-color fluorescence assay was utilized to determine the number of live, dead and
apoptotic cells. Non-fluorescent Calcein AM (Invitrogen, Carlsbad, CA) dye permeates into
live cells and is hydrolyzed to green fluorescent Calcein by intracellular esterase. Propidium
iodide (PI, Invitrogen) is not permeable to live cells, and selectively stains nuclei of
damaged or dead cells with increased membrane permeability with red fluorescence.
Hoechst 33342 is used to stain the total nuclei of both living and dead cells with UV
fluorescence. The nuclei of live cells are evenly stained, whereas damaged or dead cells have
intense and irregular staining. The live/dead assay was performed as previously described
(Yu et al. 2005). A Nikon Labophot-2 (Nikon. Tokyo, Japan) was used to visualize the cells
and images were captured and digitalized with a Spot Camera at 200x (Diagnostic
Instruments, Sterling Heights, MI). MetaMorph software (Molecular Devices LLC.
Sunnyvale, CA) was used to process the digitalized images.

Live/dead cell staining was analyzed quantitatively. The number of Hoechst 33342 stained
nuclei were counted manually with the Cell Counting option in the Image J software
(National Institute of Health, Maryland, USA). The live cells were Calcein AM positive and
PI negative, whereas dead cells were PI positive and Calcein AM negative. Cells were
categorized as apoptotic when they either expressed a mixture of Calcein AM and PI, had
membrane vesicles and blebs, or Calcein AM was bright and condensed (Figure 2).

Total cell counts for each treatment were normalized to 24 h control to assess concentration
response. In addition to determining the effect of CP and As treatment on total cell counts,
the proportion of live, dead, and apoptotic cells was determined in proliferating and
differentiating conditions. Statistical analysis across doses was done comparing to
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corresponding control (i.e. 24 h control data to 24 h data and 72 h control data to 72 h data).
The results of quantitative analysis of the live/dead cell staining assay were presented as the
average percent relative to controls (total cells).

2.6 Western blot analysis of cellular neuronal markers

2.7 Western

hNPCs in both proliferation and differentiation conditions were harvested 72 h after
treatment and lysed in 40 pL cell lysis buffer containing 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 1 mM Na,EDTA,1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM B-
glycerophosphate, 1 mM NazVog, 1 pg/mL leupeptin (Cell Signaling). The cell lysate was
repeatedly frozen and thawed three times and insoluble materials were removed by
centrifugation (13,000 rpm for 5 minutes at 4 °C). Protein concentration was measured using
the Bio-Rad protein assay kit (Bio-Rad. Hercules, CA). Protein samples were prepared for
western blotting by standardizing protein concentrations across samples (by addition of lysis
buffer) and adding NuPage reducing agent and sample buffer (Life Technologies). Samples
were heated in boiling water for 5 minutes and 10 ug of protein was loaded in each lane of
SDS-PAGE gels (Life Technologies). Gels were transferred to polyvinylidene fluoride
membrane (Millipore) using a vertical transfer apparatus. Membranes were rinsed briefly in
Tris-buffered saline (TBS, pH 7.6) and non-specific binding of the blotted membrane was
blocked with 5% non-fat dried milk in TBS with 0.1% Tween-20 (TBBS) for 1 hour. The
blocked membranes were incubated with primary antibody (1:1000 — 1:5000) overnight at

4 °C. Following antibody incubation, the membrane was washed three times with TTBS and
incubated 2 hours with a secondary antibody. After hybridization with secondary antibodies
conjugated to horseradish peroxidase, the immunocomplex was detected with the ECL
detection reagent (Amersham Pharmacia Biotech) and exposed to X-ray films. Band
intensity was quantified by densitometry using Image J software (National Institute of
Health, Maryland, USA). Expression intensity for each protein was first normalized to
corresponding B-Actin, then to relevant controls. Statistical analysis was performed as
described below. The results from the band densitometric quantification were presented as
average fold change to concurrent gel controls £ 95% confidence interval.

The primary antibodies used were nestin (Proteintech), B-tubulin 111 (Millipore),
microtubule-associated protein-2 (MAP-2; Proteintech), p42/44 MAPK (Erk1/2) (Cell
Signaling), proliferating cell nuclear antigen (PCNA, Millipore), SOX-2 (Proteintech Group,
IL), and caspase 3 (Cell Signaling). p-actin (Sigma) was used as a loading control. A
description of the neuronal functional markers can be found in Table 1.

blot analysis for histone modifications

The methods used for the western blot analysis for analyzing histone modifications were
similar to those used above, except for the type of lysis buffer, antibodies, and internal
control used. Cells were lysed with 120 uL of 1X SDS buffer (62.5 mM Tris-HCI (pH 6.8 at
25 °C), 2% wiv SDS, 10% glycerol, 50 mM DTT, 0.01% w/v bromophenol blue). Primary
antibodies (1:1000) that are specific to Histone H3 with epigenetic modifications at
particular amino acid sites (DMH3Lys27, AH3Lys9, pAH3Ser10, DMH3Lys4, DMH3Lys9,
DMH3Lys36, DMH3Lys79) and to HDAC4, an enzyme responsible for some epigenetic
modifications, were examined. An antibody that detects all histone H3 regardless of site-
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specific modifications (1:1000-1:3000) was used to normalize the data. All histone-related
antibodies were purchased from Cell Signaling Technologies.

Results from densitometric quantification of western bands are presented as average fold
change to controls + 95% confidence interval. Each protein was first normalized to
corresponding H3, then to corresponding controls. Statistical analysis was performed as
described below.

2.8 Statistical analyses

3. Results

Mixed effect model analysis was used to investigate significance differences between
proliferation and differentiation cell culture conditions and dose response with CP or As
exposures. Concentration was used as a continuous fixed effect in the analysis. Random
effects for the protein markers and histone H3 were gels and experiment preparation dates.

For the neuronal protein and histone H3 marker endpoints, we used a linear mixed effects
model of the change from controls, Y,

log(Y(i))=A+B * X(i)+R(1)+E(i),
E(i)~N(0,s), R(i)~N(0,r)
fori=1...,Isamples,

where X(i) is the dose of CP or As, A is the intercept and B is the slope for the dose
response to CP or As, R(i) is the random effect for gels and preparation date of the ith
sample, s is the residual variance after accounting for the fixed effect of dose and the random
effects, r is the variance for the random effects.

For Alomar Blue assay, we used a linear model of Y
Y(i)=A+B « X4+R(1)+E(i),
)

E(i)~N(0,s), R(i)~N(0,r
fori=1...,Isamples.

Statistical analyses were performed using R statistical software (R Core Team, 2016) and the
routine “Ime4” for mixed effects models (Pinheiro and Bates, 2000; Bates el. Al, 2015).

3.1 Cell morphology under proliferation and differentiation conditions

Phase-contrast microscopy demonstrated changes in morphology of untreated cells through
time under proliferation and differentiation conditions. Under both culture conditions, cells
become increasingly confluent through time. Under differentiation conditions we observed
prominent neurite outgrowths after 24 h. By 72 h, cells under differentiation conditions
reached full confluence and migrated to form increasingly dense neural networks. This
morphology is consistent with what we have observed with our previous /n vitro rat
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embryonic neuronal micromass cultures (Whittaker et al. 1993). CP and As treatments
induced a concentration-dependent decrease in cell numbers. Morphological changes were
also observed at both 24 and 72 h (data not shown) after the exposure. Fluorescence
microscopy images from the live, dead, and apoptotic cell staining assay support these
observations and clearly show the changes in morphology in both proliferation and
differentiation conditions following toxicant exposure. Under differentiation conditions,
exposure to CP (57 uM) or As (1 uM) both resulted in reduced confluence, inhibited neurite
outgrowth, and a failure to form clusters.

3.2 Cell viability as assessed by the Alamar Blue assay

Alamar Blue cell viability data suggest that differentiating and proliferating hNPCs cultures
respond to treatments with different degrees of sensitivity (Figure 1). Concentration-
dependent decreases in cell viability of hNPCs are observed in proliferating (p<0.01)
cultures with 1C10 value of 171 pM after 24 h CP treatment, suggesting that proliferating
cells were significantly more sensitive than differentiating cells following 24 h CP exposure.
By 72h, CP treatment resulted in a significant concentration-dependent decrease in cell
viability of hNPCs under both cell culture conditions (p<0.01). hNPCs under differentiating
conditions were significantly more sensitive to CP exposure than those in proliferating
conditions (p<0.01). When IC10 were calculated, IC10 in proliferating hNPCs after 72 h of
CP exposure was 152 pM while that in differentiating hNPCs was 71 uM.

Differential susceptibility of cells in proliferating and differentiating conditions was also
observed following As treatments. Concentration-dependent decreases in cell viability were
observed under both proliferation and differentiation culture conditions following 24 and 72
h of exposure to As. After 24 h of As exposure, proliferating and differentiating hNPCs had
IC10 of 1.4 uM and 1.0 uM, respectively. When hNPCs were exposed to As for 72 h, IC10
value dropped to 0.5 pM in proliferation and 0.4 uM in differentiation conditions. These
results demonstrate that concentration-dependent decreases in viability in response to As
were significantly greater in cells under differentiation cell culture conditions at both time
points.

3.3 Cytotoxicity as Assessed by Live, Dead and Apoptotic Cell Staining

Quantitative live/dead cell imaging using Calcein AM (green) and propidium iodide (red)
supported our observations regarding differential susceptibility in proliferating and
differentiating hNPCs.

CP exposure resulted in significant concentration-dependent decreases in total cell numbers
after 24 h of exposure under both proliferation and differentiation conditions (Figure 3;
p<0.01 for both). At CP concentrations of 57-285 UM, there were decreases in the
percentage of live cells with concomitant increases in apoptotic and/or dead cells.

At 72 h exposure of CP exposure, there was a concentration-dependent loss of cell count
under both proliferating and differentiating conditions (Figures 3F and H) with proliferating
cells having a greater proportion of dead cells than differentiating cells at 57 pM and above
(Figure 3E and G).
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Though exposure to As for 24 h had minimal effect on total cell numbers as assessed by live,
dead, and apoptotic cell staining assay in either culture condition (Figure 4B and D, p>0.05),
the proportion of live and apoptotic cells were altered under both conditions. This effect was
more prominent under proliferating conditions at 24 h (Figure 4A and C). Exposure to As
for 72 h significantly reduced the total cell number, increased dead and apoptotic cells and
decreased live cells in both proliferation (Figure 4E and F) and differentiation (Figure 4G)
conditions (p<0.01). This effect was significantly larger at lower concentrations under
differentiation conditions (p<0.01) than in proliferating conditions.

3.4 Neuronal and developmental stage-specific protein marker expression

Exposure to CP (0-57 uM) and As (1 uM) resulted in concentration-dependent effects on the
protein expression of several differentiation stage-specific markers in hNPCs under both
proliferating and differentiating conditions at 72 h (Figure 5, Table 2, Supplement Figure
S2-S3). For example, CP exposure resulted in a significant concentration-dependent
decrease in the expression of the neuronal marker p-tubulin 111 (p<0.01), the proliferation
marker PCNA (p<0.01), and the stem cell marker SOX-2 (p<0.05) in both proliferating and
differentiation conditions (Figure 5, Table 2, Supplement Figure S2) when compared to -
actin. CP exposure in each culture condition had differential effects on expression of
p42/44MAPK (Erk1/2), a member of the Ras-Raf-MEK-ERK signal transduction cascade
and a mediator of proliferation, differentiation, and stress response processes triggered by
extracellular cues. There was a significant concentration-dependent decrease in the
expression of p42/44 MAPK (Erk1/2) under proliferation conditions (p<0.01), but no
significant effect on cells under differentiating conditions.

Exposure to As also had differential effects on protein expression (Figure 5, Table 2,
Supplement Figure S3). There was a significant decrease in SOX-2 expression unique to
proliferation conditions (p<0.05). Expression levels of MAP2, caspase 3 and nestin were not
significantly changed at any CP or As concentration in differentiating or proliferating cells.

3.5 Histone Modifications

Exposure to CP (0-57 pM) and As (1 uM) differentially changed the relative amounts of
several histone modifications in both differentiating and proliferating hNPCs after 72 h
(Figure 6, Table 3, Supplement Figure S4-S5). For example, CP induced a significant
concentration-dependent increase in pAH3Ser10 in proliferating cells (p<0.01) but not in
differentiating cells (Figure 6, Table 3, Supplement Figure S4). Additionally, one of the
enzymes responsible for histone modifications, HDAC4, was significantly decreased in a
concentration-dependent manner under differentiation conditions (p=0.048) following CP
exposure but not under proliferation conditions. CP also induced a significant concentration
dependent increase in DMH3Lys4 in both proliferation (p<0.01) and differentiation
conditions (p=0.021).

Exposure to As significantly increased the expression of AH3Lys9 in both cell growth
conditions (p<0.05). However, DHM3Lys79 was decreased only under proliferation
conditions (p=0.019) and pAH3Ser10 was significantly increased (p=0.014) only under
differentiation conditions following As exposure (Figure 6, Table 3, Supplement Figure S5).
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These results suggest that differentiation status modifies the effects of CP and As exposure
on histone modifications.

4. Discussion

Early life exposures to As or CP can redirect neuronal developmental processes like
differentiation (Ivanov and Hei 2013; Visan et al. 2012), neurite outgrowth (Howard et al.
2005; Wang et al. 2010), neuronal subtype fate specification (Jameson et al. 2006), and
apoptosis (Lu et al. 2014; Slotkin et al. 2007), and lead to neurological, behavioral and
cognitive dysfunctions (Tyler and Allan 2014). Transcriptional control is, in part, influenced
by epigenetic gene regulation which has become an important emerging field for
understanding the coordination of gene expression patterns during brain development,
learning, and memory (Day and Sweatt 2011; Fagiolini et al. 2009; Juliandi et al. 2010b;
Rudenko and Tsai 2014; Sanosaka et al. 2009) and is sensitive to perturbation by toxicants
(Collotta et al. 2013; Reichard and Puga 2010; Wright and Baccarelli 2007). Previous
research has demonstrated that differentiating cells have varying degrees of susceptibility to
toxicants that is dependent on the stage of differentiation (Debeb et al. 2010; Lim et al.
2009; Theunissen et al. 2010); however, little work has been done to explore differential
toxicant effects on epigenetic endpoints at different developmental stages. In the current
research, we demonstrate that hNPCs differentiation state influences the type of histone
modifications made in response to the toxicant in addition to modifying the effect of CP or
As exposure on viability, apoptosis, morphology, and protein expression. These findings
underscore the importance of developmental context and timing of exposure in
neurodevelopmental toxicity, and further validate this /n vitro hNPCs model as one capable
of reflecting stage-specific developmental endpoints.

We characterized the dose-response of hNPCs to a range of concentrations of CP or As
(positive control) under proliferating or differentiating conditions. These two toxicants were
chosen as they are well-characterized developmental neurotoxicants with the capability of
altering the epigenetic landscape in a variety of cell types (Cheng et al. 2012; Cronican et al.
2013; Hou et al. 2012; Salazar-Arredondo et al. 2008; Shin et al. 2014). Results from the
Alamar Blue assay revealed no substantial changes in the abundance of functional cells
within the working concentration ranges of CP (0-57uM) after 24 h. We focused on
concentrations that produced minimal changes in cell viability in the Alamar Blue assay at
24 h to explore protein expression and histone modifications in this study. Results from the
quantitative live/dead and apoptotic cell imaging assay for the same time points and
concentrations indicated significant decreases in total cell number for proliferating and
differentiating cells exposed to 57 uM CP for 72 h. There were also concentration-dependent
increases in the proportion of apoptotic cells after CP or As exposures. The image analysis
results suggest that the proliferation phase had a more significant concentration-dependent
increase in percentage of dead cells compared to the differentiation stage after CP exposures
while percentages of apoptotic cells were greater in differentiating hNPCs compared to
proliferating conditions. For As, the live/dead cell imaging at 72 h suggests that
differentiating cells are more susceptible than proliferating cells based on the results
indicated by higher percentages of apoptotic/dead cells and greater reductions in cell
numbers with the live, dead, apoptotic cell staining assay.
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Protein markers were used to characterize the state of hNPCs differentiation and stress
induced by the CP or As exposures. In our previous studies (unpublished), we have shown
time dependent changes in markers of proliferation and differentiation where expression of
PCNA peaks at day 10 in culture and then decrease while p-tubulin 111 and MAP-2
expressions increase over 21 days of culture. There were instances where changes in
expression levels following treatment occurred for the same proteins in both the proliferation
and differentiation conditions; however, the magnitude of this response for some markers
was growth condition dependent. For example, CP exposure at 57 uM for 72 h reduced
SOX-2 expression, a transcription factor associated with maintaining cellular pluripotency,
in differentiating cells approximately sevenfold more than proliferating cells. Expression
levels of SOX-2 were also reduced after 72 h of exposure to 1 uM As relative to controls but
this effect was more pronounced in the proliferation phase than in differentiating cells. -
tubulin 111, a component of microtubules found in the cytoskeleton and axons and a marker
of differentiated neurons, was significantly reduced relative to controls following exposure
to CP under both proliferation and differentiation conditions. These findings of stage-
specific changes in protein expression following toxicant exposure are consistent with
previous reports that CP exposure results in distinct transcriptional responses in proliferating
and differentiating PC12 cells (Slotkin et al. 2007; Slotkin and Seidler 2012) and that the
effects of As on neurite outgrowth in PC12 cells are stage-specific (Frankel et al. 2009). Cell
status imaging data suggesting concentration-dependent increases in apoptotic cells with CP
and As exposure were not confirmed by concomitant increases of caspase-3, a marker of an
activated apoptosis pathway. Indeed, chlorpyrifos (at 29 uM) has been shown to target the
genes that drive the apoptotic pathway and cell cycle in differentiated and undifferentiated
PC12 neural cells with a higher number of apoptotic genes changed in differentiated cells
and a reduction in cell cycle genes from proliferating cells (Slotkin and Seidler 2012).

Histone modification profiles varied between proliferating and differentiating cells in
response to exposure to either CP or As which have not been previously demonstrated /n
vitro. Our histone modification findings are consistent with our previous observation that CP
exposure /n utero altered the expression of genes associated with chromatin modifications in
fetal mouse brains (Moreira et al. 2010). In our hNPC culture system, each toxicant altered
the presence of at least one histone modification measured in a differentiation stage-specific
manner. Specifically, we found that proliferating hNPCs treated with CP had increased
expression of phosphorylated serine 10 in histone H3 (pAH3Ser10) which is functionally
linked to apoptosis through PKCS8 phosphorylation and Aurora B and VRK1-mediated
chromatin condensation during mitosis (Crosio et al. 2002; Kang et al. 2007; Park and Kim
2012).We also found that the enzyme responsible for some of these histone modifications,
histone deacetylase 4 (HDAC4), was significantly decreased relative to controls in
differentiating but not in proliferating cells exposed to CP. HDAC4 is emerging as an
important regulator of brain development (Majdzadeh et al. 2008), plasticity, and learning
and memory (Sando et al. 2012).

Methylation of lysine 4 on histone H3 is associated with the activation of gene transcription,
in particular, homeotic (HOX) genes which are integral in development and differentiation
(Eissenberg and Shilatifard 2010; Ruthenburg et al. 2007). Both proliferating and
differentiating hNPCs exposed to CP had increased, relative to controls, di-methylated lysine
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4 in histone H3 (DMH3Lys4), suggesting that CP exposure may affect the transcription of
genes involved in neurodevelopment and differentiation.

Epigenetic effects associated with As exposure as measured by DNA methylation and
histone methylation, acetylation and phosphorylation have been characterized by /n vivo and
epidemiological studies with a majority of studies reporting global hypomethylation patterns
(Arita et al. 2012; Cantone et al. 2011; Chervona et al. 2012; Cronican et al. 2013; Ray et al.
2014). Studies that specifically address the epigenetic effects of As exposure to developing
neural tissue or in /n vitro systems are limited. Moderate embryonic As exposure in mice
resulted in decreased acetylation at lysine 9 in histone H3 (AH3Lys9) in brain tissue which
was ultimately associated with behavioral and cognitive impairment in adult mice (Cronican
et al. 2013). Changes in histone modification including acetylation of histone H3 lysine 9
were examined /n vitro by Pournara et al. (2016), but the study was only done in T-
lymphocytes and kidney HEK293 cells. In our hNPCs model, we observed increased
acetylation at this same site, relative to controls, in both proliferating and differentiating
cells. AH3Lys9 has been found to decline during the first four days of neural differentiation
of human embryonic stem cells (hESC) then levels gradually increase during days 4-8 as it
is believed to play a dual role in hESC pluripotency maintenance and neural differentiation
and is generally associated with an open chromatin state and increased transcriptional
competency (Lee and Mahadevan 2009; Peterson and Laniel 2004; Qiao et al. 2015). Similar
to proliferating hPNCs exposed to CP, differentiating cells exposed to As had an increase,
relative to controls, of pAH3Ser10 that suggests a shift to active gene transcription and
apoptosis (Koch et al. 2007; Lo et al. 2000; Park and Kim 2012). Activation of the apoptosis
pathway was confirmed with high proportions of apoptotic cells with cell status imaging but
not with concomitant increases in caspase 3.

Global increases of di-methylated lysine 79 on histone H3 (DMH3Lys79) have been
associated with genome integrity maintenance during mitosis (Fu et al. 2013; Guppy and
McManus 2015). Proliferating As-exposed hNPCs had decreased DMH3Lys79, relative to
controls, suggesting that genomic stability may be becoming compromised. Indeed,
gestational exposure to As in mice has been implicated in increased adult cancer risk and it
appears that stem cells are targeted during the process (Tokar et al. 2011).

The consistency of histone modification sites targeted by As and CP across /n vivoand in
vitro systems demonstrates that our /n vitro model is capable of reflecting molecular changes
associated with functional outcomes /n vivo during sensitive periods of neurodevelopment. It
remains to be seen whether the changes in protein expression are a direct result of the
histone modifications we observed. The concept of “developmental origins of adult disease
is a phenomenon that is thought to be, in part, mediated via perturbations of the epigenetic
program during development (Barker 2007; Skinner 2007). These effects are particularly
challenging to study given the long time period between developmental exposures and adult
health outcomes. Our ability to detect epigenetic changes in a short-term /n vitro assay
suggests the exciting potential to rapidly screen for toxicants that have the potential to
influence health many years after developmental exposures.
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We believe our results of epigenetic changes in hNPCs as a result from As and CP exposure
during proliferation and differentiation conditions not only contributes to the greater
understanding of the epigenetic processes under the influence of environmental exposures,
but also demonstrates the capacity of our /in vitro system as a promising model for
neurodevelopmental toxicity screening.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. We evaluated histone modifications in hNPC exposed to chlorpyrifos or
arsenic.
. Differentiation status influences histone modifications with

chlorpyrifos exposure.

. Differentiation status influences histone modifications with arsenic
exposure.

. Protein expression levels of differentiation markers influenced by
arsenic.

. Protein expression levels of differentiation markers influenced by
chlorpyrifos.
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Figure 1. Alamar Blue cell viability assay with CP and As under proliferation or differentiation

conditions

hNPCs were exposed to chlorpyrifos (CP 0-570 uM) or arsenic (As 0-4 uM) under
proliferating (Blue) and differentiating (Green) conditions at 24h and 72h. Plots show means
and 95% confidence intervals. Statistical significances, * = p<0.05; ** = p<0.01, are based
on a linear mixed effect model indicating significant dose response for each condition. In
order to better illustrate the comparison of the data to regression line at low dose, we used a
log scale for dose and percent of control, which led to curved trend lines.
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Control CP 57 uM

Apoptotié»:

Proliferation Phase

Differentiation phase

Figure 2. Reference staining for live, dead and apoptotic cell quantification
Examples (arrows) of staining for live, apoptotic, and dead cells stained with Calcein AM

(green) and propidium iodide (red) used for cell status enumeration. Apoptotic cells tend to
have a mixture of green and red and/or are light green with blebs or are brightly condensed
green cells. The top row portrays examples of hNPCs at 72 h under proliferation phase with
controls, CP at 57 uM and As at 1 pM. In the row below, control cells under 72 h of
differentiation are shown with CP at 57 uM and As at 1 uM.
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Figure 3. Concentration-dependent changes in cell number, cell death, apoptosis, and cell
viability in CP-treated hNPCs under proliferation and differentiation conditions

Sections A, C, E and G represent the distribution of live, dead and apoptotic cells while

Sections B, D, F and H represents fold changes in cell count relative to 24 h controls. * =

p<0.05; ** = p<0.01
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Figure 4. Concentration-dependent changes in cell number, cell death, apoptosis, and cell
viability in As-treated hNPCs under proliferation and differentiation conditions

Sections A, C, E and G represent the distribution of live, dead and apoptotic cells within a

culture at a given dose. Significance of the effect is presented relative to controls at the
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corresponding time point while Sections B, D, F and H represents changes in cell count
relative to controls. Significance of the effect is presented relative to the 24 h controls to
show the increase in cell number through time. * = p<0.05; ** = p<0.01.
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Figure 5. Changes in neuronal and stage specific protein marker expressions following treatment
of hNPCs cultured under proliferation and differentiation conditions

Protein expression was quantified from western blotting following 72h treatment with CP or
As (positive control) under proliferating or differentiating conditions. Plots show means and
95% confidence intervals. Statistical significances, * = p<0.05; ** = p<0.01, are based on a

linear mixed effect model indicating significant dose response for each condition.
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Figure 6. Changes of histone H3 acetylation and methylation following CP and As treatment of
hNPCs cultured under proliferation and differentiation conditions at 72 h post treatment

Histone modifications at specific sites were quantified by western blotting following 72h
treatment with CP or As (positive control) under proliferating or differentiating conditions.
Plots show means and 95% confidence intervals. Statistical significances, * = p<0.05; ** =
p<0.01, are based on a linear mixed effect model indicating significant dose response for
each condition.
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Table 1
Neuronal functional markers
Marker Biological Function Cells Detected
SOX-2 Transcription factor essential for maintaining self-renewal Embryonic Stem Cells
Nestin Intermediate filament protein involved in radial axon growth Neural Progenitor Cells
B-tubulin 111 Component of microtubules found in cytoskeleton and axons Structural Neuron Specific Marker
MAP2 Microtubule associated protein located primary in dendrites Structural Neuron Specific Marker

p42/44MAPK(Erk1/2)  Ras-Raf-MEK-ERK signal transduction Cascade, stress marker ~ Ubiquitous

PCNA Proliferation Proliferating Cells

Caspase 3 Role in apoptosis and in natural brain development Ubiquitous

SOX-2 = Sex determining region Y box-2; MAP2 = Microtubule-Associated Protein 2; and PCNA = Proliferating Cell Nuclear Antigen
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Table 2
Summary of toxicant effects on protein expression
CP AS
Marker Proliferation | Differentiation | Proliferation | Differentiation
B-TUBULIN 11 e e NS NS
MAP2 NS NS NS NS
CASPASE 3 NS NS NS NS
NESTIN NS NS NS NS
PCNA L i NS NS
MAPK el NS NS NS
SOX-2 V* il L * NS
Note:
*
= p<0.05;
Ak
=p<0.01;

NS = not significant; I = decrease; T = increase
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Table 3

Summary of toxicant effects on histone modifications

CP AS
Marker Proliferation | Differentiation | Proliferation | Differentiation
HDAC4 NS 1 * NS NS
DMH3Lys27 NS NS NS NS
AH3Lys9 NS NS s po*
pAH3SeR10 [ NS NS ¥
DMH3Lys4 porE »o* NS NS
DMH3Lys9 NS NS NS NS
DMH3Lys36 NS NS NS NS
DMH3Lys79 NS NS 1 * NS
Note:
= p<0.05;
**: p<0.01;

NS = not significant; I = decrease; T = increase

Reprod Toxicol. Author manuscript; available in PMC 2017 October 01.




	Abstract
	1. Introduction
	2. Methods
	2.1 Cell culture
	2.2 Chemical treatment
	2.3 Morphology
	2.4 Alamar Blue cell viability/proliferation assay
	2.5 Live, dead and apoptotic cell staining
	2.6 Western blot analysis of cellular neuronal markers
	2.7 Western blot analysis for histone modifications
	2.8 Statistical analyses

	3. Results
	3.1 Cell morphology under proliferation and differentiation conditions
	3.2 Cell viability as assessed by the Alamar Blue assay
	3.3 Cytotoxicity as Assessed by Live, Dead and Apoptotic Cell Staining
	3.4 Neuronal and developmental stage-specific protein marker expression
	3.5 Histone Modifications

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Table 1
	Table 2
	Table 3

