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Exposures to organic pesticides, particularly during a developmental window, have been associated with
various neurodegenerative diseases later in life. Atrazine (ATZ), one of the most used pesticides in the
U.S., is suspected to be associated with increased neurodegeneration later in life but few studies assessed
the neurotoxicity of developmental ATZ exposure using human neuronal cells. Here, we exposed human
SH-SY5Y cells to 0.3, 3, and 30 ppb of ATZ prior to differentiating them into dopaminergic-like neurons in
ATZ-free medium to mimic developmental exposure. The differentiated neurons exhibit altered neurite
outgrowth and SNCA pathology depending on the ATZ treatment doses. Epigenome changes, such as
decreases in 5mC (for 0.3 ppb only), H3K9me3, and H3K27me3 were observed immediately after
exposure. These alterations persist in a compensatory manner in differentiated neurons. Specifically, we
observed significant reductions in 5mC and H3K9me3, as well as, an increase in H3K27me3 in ATZ-
exposed cells after differentiation, suggesting substantial chromatin rearrangements after develop-
mental ATZ exposure. Transcriptional changes of relevant epigenetic enzymes were also quantified but
found to only partially explain the observed epigenome alteration. Our results thus collectively suggest
that exposure to low-dose of ATZ prior to differentiation can result in long-lasting changes in epigenome
and increase risks of SNCA-related Parkinson’s Disease.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction Exposure to ATZ, particularly in agriculture workers, has been

associated with increased risk of various diseases, including breast

Atrazine (ATZ; 2-chloro-4-(ethylamino)-6-(isopropylamino)-s-
triazine) is one of the most commonly used pesticides in the United
States with an estimated annual use of ~70 million pounds (P.
Gianessi and B. Marcelli, 2000). High concentrations of ATZ
(>30 ppb) are commonly detected in surface water and deep wells
in agricultural regions of the U.S., such as Indiana, Ohio, and Cali-
fornia (Raja et al., 2005) due to its good water solubility (34.7 mg/L)
and relative long half-life (>200 days) (Cheremisinoff 2011).
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cancers (Simpkins et al., 2011), reproductive and endocrine dis-
eases (Munger et al., 1997), and neurodegenerative diseases (Song
et al., 2015). The molecular mechanism of neurotoxicity of ATZ,
however, is not as well studied.

Exposure to low dose of ATZ can cause aberrant alterations in
neurological systems as shown in fish and rodent models. Specif-
ically, exposure to ATZ in adult mice can induce multiple behavioral
abnormalities involving motor, cognitive and emotional functions
(Giusi et al., 2005; Lin et al., 2013a, 2013b). In male mice, several
neurotransmitters and their metabolites including dopamine and
serotonin were significantly increased in striatum, prefrontal cortex
and hippocampus after short-term exposure to low-dose of ATZ.
These findings indicate that ATZ targets multiple monoamine
pathways in different brain regions to induce behavioral abnor-
malities (Lin et al., 2013a, 2013b). In female mice, ATZ induced
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similar neuronal damages but with more extensive changes found
in the hippocampal and hypothalamic area (Giusi et al., 2005).
Similar observations were made in rat and fish models, such as
alternations in motor function and social behavior (Schmidel et al.,
2014; Song et al., 2015; Walters et al., 2015). Transcriptomic studies
using rat models further revealed changes in gene expression after
ATZ exposure. Dopamine metabolism pathways associated with
dopaminergic system development are significantly altered after
ATZ exposure in both sex (Sun et al., 2014; Li et al., 2015).

Developmental exposure to ATZ was shown to have more severe
toxicity on the central nervous system (CNS) compared to adult
exposure. For example, in a rodent model, developmental exposure
to ATZ can result in significant changes in the activity of dopami-
nergic neurons via altering the expression of D1 dopamine receptor
(D1DR), PKA, and BDNF (Coban and Filipov 2007). The exposed rats
exhibited reductions in spatial learning and memory capacity as
well as locomotor activities (Coban and Filipov 2007; Walters et al.,
2015). In zebrafish, embryonic exposure to ATZ caused significant
changes in genes associated with movement disorders, i.e., AQP1,
CDK5, and TNNI2 that are associated with dopaminergic systems
(Horzmann et al., 2020). The exposed fish also exhibited anxiety-
like behavior, such as changes in movement time, location and
velocity (Horzmann et al., 2020). It is noteworthy that the behavior
and transcriptomic changes caused by ATZ in animal models
partially resembles the pathology of Parkinson’s Disease (PD).
Although alterations in the expression of neurotransmitter re-
ceptors, such as D1 Dopamine Receptor (D1DR) and serotonin re-
ceptors HTR2C and HTR1A (Coban and Filipov 2007; Wirbisky et al.,
2015; Horzmann et al., 2020), can partially explain ATZ-induced
neurotoxicity, the observed changes in transcriptome do not
necessarily persist and tend to be restored after the cessation of
exposure to ATZ suggesting the involvement of an upstream reg-
ulatory mechanism.

Exposure to ATZ does not only affect the exposed generation,
but also its progeny (Hao et al., 2016; McBirney et al., 2017). For
example, the first generation of ATZ-exposed mice (FO) showed
compromised motor functions and anxiety-like symptoms along
with significant alterations in the expression of genes enriched in
metabolic and endocytosis pathways (Lin et al., 2014; McBirney
et al.,, 2017). Strikingly, their offspring exhibit similar changes in
both gene expression and behavior. These results provide strong
evidence of the involvement of an inheritable mechanism confer-
ring ATZ-induced neurotoxicity. Since low-dose ATZ is known to
have low-to non-mutagenetic activity, epigenetic mechanism is
thus heavily implied as one of the underlying mechanisms.

Epigenetics, include DNA methylation, histone post-
translational modifications and noncoding RNAs, is the study of
the molecular mechanisms that regulate gene expression without
alternating the innate DNA sequence and is the bridge between
genotype and phenotype (Goldberg et al., 2007). DNA methylation,
particularly promoter methylation is commonly involved in gene
repression. The roles of histone post-translational modifications on
gene expression are more diverse and range from gene activation
(e.g., H3K4me3 (Wysocka et al., 2006)), facultative gene repression
(H3K27me3 (Wiles and Selker 2017)) to permanent gene silencing
(e.g., H3K9me3 (Mozzetta et al., 2015)). Exposure to ATZ is known
to alter epigenome and epigenetic enzyme activity. In the trans-
generation mice study, ATZ-exposed mice showed persistent al-
terations in DNA methylation and H3K4me3 that last to the third
generation (F3) (Hao et al., 2016; McBirney et al., 2017). Specifically,
ATZ-exposed rats and their offspring shared similar differential
methylated regions (DMR) that were enriched in endocytosis and
neuroactive ligand-receptor pathway for three and one generation,
respectively (McBirney et al, 2017). Significant decrease in
H3K4me3 were observed up to the third generation of ATZ-exposed
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mice via altering the expression of Kdmb5b, a lysine demethylase for
H3K4me3 (Hao et al.,, 2016). Similar DNA methylation alterations
were found in zebrafish and human cell lines exposed to ATZ
(Wirbisky-Hershberger et al., 2017; Sanchez et al., 2019; Sanchez
et al., 2020). Furthermore, ATZ can work as a non-competitive in-
hibitor for DNA methyltransferases (DNMTs) (Wirbisky-
Hershberger et al., 2017) and thus affect their reactivity. Exposure
to ATZ is also associated with expression changes in DNMT in
zebrafish and human cell line studies (Sanchez et al., 2019; Sanchez
et al., 2020).

Alterations in epigenome are also commonly observed in
various neurodegenerative diseases, and thus, provide a plausible
connection bridging exposure to ATZ and neurotoxicity. Genome-
wide methylation analysis in PD patients revealed significant DNA
methylation changes between cases and controls with changes
most significant in DNA methylation valleys (Young et al., 2019).
Imputation of DNA methylation levels in the brain has also been
suggested as a potential predictive marker of PD risk (Rawlik et al.,
2016). Although many review papers have suggested the potential
role of histone post-translational modifications on PD (Wen et al.,
2016), few studies explicitly studied changes in histone post-
translational modifications of PD brains except for histone acety-
lation (Gebremedhin and Rademacher 2016; Park et al., 2016).

Collectively, current literature suggest that epigenome changes
induced by exposure to ATZ can work as a potential “memory” that
records past exposure events, persists, and later increases the risk
of neurodegenerative diseases. The epigenetic mechanism confer-
ring ATZ-induced neurotoxicity and the nature of persistency,
however, remains elusive. To elucidate the epigenetic mechanism
of ATZ neurotoxicity and assess the persistency of various epige-
netic markers, we used a model human cell line SH-SY5Y in this
work. We exposed SH-SY5Y cells to varying doses of ATZ prior to
differentiation mimicking developmental exposure. Phenotypic
and epigenetic assessments were carried out to reveal the impact of
ATZ-exposure and validate the role of epigenetic mechanism in
conferring ATZ neurotoxicity.

2. Materials and methods
2.1. Culture and differentiation of SH-SY5Y cells

Human neuroblastoma SH-SY5Y cells (ATCC: CRL-2266™, USA)
were grown in Eagle’s Minimum Essential Medium supplemented
with 50% nutrient mixture F-12 (EMEM/F-12, Gibco, USA), 10% fetal
bovine serum (Atlanta Bio., USA), 1x of penicillin-streptomycin (P/
S, Life Technologies, USA) and 1x of MEM Non-Essential amino
acids (Gibco, Life Technologies, USA). Cultures were maintained at
37 °C in humidified air with 5% CO,, with a medium change every
two days. Cells below passage number of 15 were used in all
studies.

SH-SY5Y cells can be differentiated into dopaminergic neurons
following an established protocol (Shipley et al., 2016) and is
commonly used for studying neurodegeneration, particularly Par-
kinson’s Disease (PD) (Xie et al., 2010; Xicoy et al., 2017). Briefly,
differentiation was initiated in a Differentiation Medium 1 con-
taining EMEM, FBS, P/S and retinoic acid for 6 days followed by a
medium exchange into Differentiation Medium 2 containing neural
basal medium, B-27, BDNF, db-cAMP, P/S and retinoic acid for 8
days. The detailed composition of Differentiation Medium 1 and 2
were listed in Table S1 (Supporting Information). All cells were
treated with varying doses of ATZ prior to starting the differentia-
tion as illustrated in Fig. 1.
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Fig. 1. A schematic illustration of atrazine exposure and neuron differentiation time-
line for SH-SY5Y cell line. Representative brightfield images of SH-SY5Y cells are
shown above their respective time points. Scale bar = 50 pm.

2.2. Atrazine treatment

All cells were treated with varying doses of ATZ for 4 days (96 h)
prior to differentiation. In addition to the control (0O ppb), we used
ATZ concentrations of 0.3, 3 and 30 ppb. The exposure duration was
selected based on the doubling time of SH-SY5Y cells (~48 h) to
ensure at least one round of cell replication during the exposure
window. The dose of ATZ exposure were selected based on the
current EPA regulation standard (3 ppb) and past studies that
suggest 30 ppb as the minimal doses of ATZ that can elicit gene
expression changes while having minimal effects on cell/animal
viability (EPA. 2002; Rohr and McCoy 2010). Although higher doses
of ATZ have been reported in surface water and topsoil (Raja et al.,
2005; Vonberg et al., 2014), we selected to work with low-dose of
ATZ given their likely prevalence in our living environment. ATZ
solution was prepared from a stock solution as described previously
(Wirbisky et al., 2015); and was then spiked into culture medium.
All cells were treated for a total duration of 96 h with a medium
exchange every 48 h. After 96 h, ATZ-containing medium was
aspirated. Cells were then washed three times using passaging
medium before starting the differentiation.

2.3. Immuno-staining

All cells were fixed in 4% formaldehyde (Thermo Fisher, USA)
and permeabilized using 1% Triton-X (Millipore-Sigma, USA)
following our established protocol (Sanchez et al., 2019). Primary
antibodies used in this study were anti-DNA methylation (Active
Motif, 61479), anti-H3K9me3 (Abcam, ab8898), anti-H3K27me3
(Abcam, ab192985), anti-a-synuclein (Invitrogen, 328100) and
anti-A11 oligomer (Invitrogen, AHB0052). For DNA methylation
staining, an additional denaturation step was included to dissociate
DNA for binding to the primary antibody as we described previ-
ously (Lin et al., 2020). Secondary antibodies, including anti-mouse
Alexa 568 (Invitrogen, A11004) and anti-rabbit Alexa 568 (Abcam,
ab175471) were used.

2.4. Fluorescence microscopy

All fluorescence microscopy images were collected using Nikon
Eclipse Ti-2 inverted microscope with 60x /1.40 Plan Apo Vc oil
objective or a high-throughput imaging platform (ImageXpress
Micro Confocal, Molecular Device) with Nikon 10x /0.5 Plan Apo
and 20x [0.75 Plan Apo Lambda objectives. All images were
analyzed using a customized CellProfiler pipeline (Broad Institute,
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U.S.) for feature extraction and quantification. Neurite outgrowth
were analyzed using a neurite analysis module in MetaXpress
(Molecular Device, California).

2.5. Assess a-synuclein aggregates via co-exposing to known
neurotoxins

MPP+ and dopamine are known risk factors for PD (Chun et al.,
2001). Dopamine can increase the expression of a-synuclein, while
MPP+ can facilitate the aggregation of a-synuclein (Yamakawa
et al., 2010). To assess the risk of PD-pathogenesis, specifically o-
synuclein aggregates, all differentiated SH-SY5Y cells were treated
with 100 uM of dopamine for 18 h followed by the addition of
750 nM of MPP+ for 6 h. Cells were then fixed and stained for a-
synuclein aggregates using anti-A11 oligomer antibody (Invitrogen,
AHBO0052) as primary.

2.6. RT-qPCR

Total RNA was extracted from cell pellets using a PureLink RNA
Extraction kit (Invitrogen, USA) following the manufacturer’s pro-
tocol. RT-qPCR was performed similarly as we described previously
(Lin et al., 2020). Briefly, 1 ug of RNA were converted to cDNA using
SuperScript IV Reverse Transcriptase (Invitrogen, USA) and random
hexamers (IDT DNA, USA). qPCR was then performed using Power-
Up SYBR mixture (Invitrogen, USA), and the housekeeping gene f-
actin was used as the endogenous control. The sequence of all
primers used in this study was summarized in Table S2 (Supporting
Information). Ct values were determined using 3—4 biological
replicates, each with 3 technical repeats. ACt was calculated using
$-actin as the reference. Significant difference in ACt was deter-
mined using ANOVA followed by Fisher's LSD post-hoc test
(p < 0.05).

2.7. Statistical analysis

Three independent replications of the experiments were per-
formed with a minimum of three biological replicates. Data were
initially subjected to an analysis of variance (ANOVA) to determine
the significance of treatment effects. p-value was calculated using
Fisher LSD post-hoc test and p < 0.05 was considered as statistically
significant. Principle component analysis (PCA), t-Distributed Sto-
chastic Neighbor Embedding (t-SNE) and k-mean clustering anal-
ysis was performed using R-studio.

3. Results

3.1. Exposure to low-dose of ATZ induces phenotypical alterations in
differentiated SH-SY5Y

SH-SY5Y cells were exposed to selected doses of ATZ, namely 0,
0.3, 3, and 30 ppb, for 96 h prior to differentiation following the
scheme in Fig. 1. The exposure doses were selected based on the
current U.S. EPA regulation standard (EPA. 2006), as well as, prior
atrazine studies (Wirbisky et al., 2015; Wirbisky-Hershberger et al.,
2017). We characterized SH-SY5Y viability at the selected concen-
trations via an MTT assay. All cells were treated for 96 h before
assessment. We found that ATZ has low to no cytotoxic effects on
SH-SY5Y cells at the selected doses as shown in Fig. S1 (Supporting
Information).

SH-SY5Y cells in an undifferentiated state have been commonly
used for neurotoxicity studies (Xie et al., 2010). SH-SY5Y cells can
also be differentiated into dopaminergic-like neurons and thus
commonly used as a cell line model for studying PD (Xicoy et al.,
2017). Mature neurons differentiated from SH-SY5Y cells stain
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positive for MAP2 (Shipley et al., 2016). Representative images of
MAP2+ cells are shown in Fig. 2A. Pre-differentiation exposure to
ATZ is found to be a significant factor in determining the percentage
of MAP2 positive cells (MAP2+%) by ANOVA (p < 0.05). Signifi-
cantly, increase in MAP2+% was observed for cells exposed to
30 ppb of ATZ as shown in Fig. 2B.

All differentiated neurons exhibit typical neuron morphology
with elongated neurites. We quantified neurite growth by deter-
mining the neurite length and number of neurite branches using
typical cell images as shown in Fig. S2A (Supporting Information).
Compared to ATZ-naive cells, ATZ treatment has resulted in a sig-
nificant increase in neurite length for cells treated with 0.3 ppb of
ATZ as shown in Fig. 2C. Moreover, the number of neurite branches
characterizing the complexity of the connection between neurons
is also altered by exposure to ATZ as shown in Fig. 2D. Specifically,
cells exposed to 0.3 ppb of ATZ have significantly larger number of
neurite branches compared to ATZ-naive cells. Collectively, cells
exposed to 0.3 ppb of ATZ exhibited the most significant changes in
neurite outgrowth with longer neurite length and larger number of
neurite branches. Cells exposed to 30 ppb of ATZ exhibited the
largest change in differentiation efficiency manifested as increase
in MAP2+-%, We then evaluated changes in PD-related pathological
markers, namely a-synuclein (SNCA) after the completion of neuron
differentiation. Typical images of differentiated SH-SY5Y cells (Day
14) stained for a-synuclein are shown in Fig. 3A (see Fig. S2B
(Supporting Information) for more images). SNCA expression is
significantly enriched in neurites and the expression is the highest
in cells treated with 3 ppb of ATZ, followed by cells exposed to
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30 ppb of ATZ. RT-qPCR was performed to determine changes in the
transcription of SNCA with results summarized in Fig. 3B. Differ-
entiated SH-SY5Y cells (Day 14) have significantly higher levels of
transcription of SNCA than undifferentiated cells (Day 0). At Day O,
~11.9-, 2.7-, and 6.7-folds increase in SNCA transcription were
observed for cells exposed to 0.3, 3, and 30 ppb of ATZ, respectively.
At Day 14, after the completion of differentiation, ~2.5-fold increase
in SNCA transcription is observed in cells exposed to 3 ppb of ATZ,
while changes in cells exposed to other doses of ATZ have been
almost completely restored.

Given the increase in SNCA transcription and expression, we
further evaluated the risk of differentiated cells in developing
synuclein aggregates. Exposure to ATZ does not immediately elicit
SNCA aggregates. We thus treated cells with known PD risk factors,
namely MPP+ and dopamine to facilitate the oligomerization of a-
synuclein as demonstrated in literature (Yamakawa et al., 2010).
Cells were subsequently fixed and stained with antibodies for
Oligomer A11 with typical images summarized in Fig. 3C (see
Fig. S2C (Supporting Information) for more images). These images
were selected to have larger view areas to ensure the representa-
tiveness of our findings since A11 stains are not evenly distributed
in different areas. The number of A11 stained dots remains almost
unchanged in cells exposed to 0.3 and 3 ppb of ATZ. Significant
increase in A1l, however, can be observed in cells treated with
30 ppb of ATZ and the changes can be quantified as A11 intensity
normalized to cell numbers which are summarized in Fig. 3D.
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Fig. 2. A) 20x wide field images of SH-SY5Y cells stained for MAP2. Blue = DAPI, Red = MAP2. Scale bar = 10 um. Changes in B) relative MAP2+% (normalized to untreated control);
C) neurite length; and D) number of neurite branches in differentiated SH-SY5Y cells after exposure to ATZ of varying doses. n > 3 culturing wells, Data = mean + S.E. *: p < 0.05, **:
p < 0.01 and N.S.: not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. A) Representative 20x wide-field images of differentiated SH-SY5Y cells (Day 14) stained for SNCA. Blue = DAPI, Green = a—synuclein. Scale bar = 20 um. B) Transcription
levels of SNCA mRNA assessed immediately after 96 h of exposure to ATZ (Day 0) and completion of differentiation (Day 14). Data are presented as the mean difference in threshold
cycle (AC;) between gene of interest and B-actin as internal control. Data = mean + S.D. n = 3. C) Representative 10x wide-field images of differentiated SH-SY5Y cells (Day 14)
stained for A11 oligomer. Blue = DAPI, Red = A11 Oligomer. Scale bar = 100 pm. D) Relative expression level of A11 oligomer at each treatment level. Data = mean + S.D. n = 3. *:
p < 0.05, **: p < 0.01, ***: p < 0.001 and N.S.: not significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)

3.2. Exposure to low-dose of ATZ alters epigenome with changes
persist through differentiation

Three types of epigenetic modifications, namely cytosine
methylation (5mC), H3K9me3 and H3K27me3 are quantified
immediately after exposure to ATZ (Day 0) and towards the
completion of differentiation (Day 14) (see also Fig. 1). These
modifications were selected because of their established roles in
forming transcriptionally suppressed chromatin regions (Moore
et al.,, 2013; Wiles and Selker 2017) and cell lineage determina-
tion (Nicetto and Zaret 2019).

After 96 h exposure to ATZ (Day 0), we obtained immuno-
fluorescent images of SH-SY5Y cells as summarized in Fig. 4A—C
with more images in Fig. S3 (Supporting Information). SH-SY5Y
cells stained with 5mC exhibit bright foci enriched with 5mC
islands inside nucleus and in the perinuclear area as shown in
Fig. 4A (see Fig. S3A (Supporting Information) for more images).
After ATZ exposure, 5mC intensity increased in cells exposed to 3 or
30 ppb of ATZ, suggesting an overall increase in 5mC levels. We
calculated relative changes in 5mC based on the immunofluores-
cent intensity normalized to the untreated control (O ppb). Our
results show ~ —10, +20 and + 25% change in 5mC levels for cells
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Fig. 4. (A—C) Typical confocal images (z-projected) of undifferentiated SH-SY5Y cells stained for (A) 5mC, (B) H3K9me3, and (C) H3K27me3 after 96 h exposure to ATZ. Scale
bar = 5 um. (D—F) Bar plots representing the relative change in (D) 5mC, (E) H3K9me3 and (F) H3K27me3 after exposure to ATZ. All data are normalized to their corresponding
untreated control. Data = mean + S.E. n > 300 cells. ***: p < 0.001. (G—I) t-SNE plots of ATZ-naive and treated cells based on intensity and texture features of cells immunostained
for (G) 5mC, (H) H3K9me3 and (I) H3K27me3. The t-SNE space was constructed based on PCA.

treated with 0.3, 3 and 30 ppb of ATZ, respectively as shown in
Fig. 4D. Other than overall intensity, we can identify individual foci
within nucleus as we demonstrated in our previous publication (Lin
et al., 2021). These foci features enable us to carry out foci-specific
analysis. Specifically, we can calculate foci intensity, foci distribu-
tion, and other correlational features of foci that contribute to the
depth of measurements of each cell using a customized CellProfiler
pipeline as we described in our previous work (Sinchez et al.,
2020). Based on these features, we performed clustering analysis
using PCA to determine the separations between ATZ-naive and
treated cells. t-Distributed Stochastic Neighbor Embedding (t-SNE)
plots were then constructed for visualizing clusters formed by
population of cells treated at different ATZ doses based on these

collective features as shown in Fig. 4G. No distinctive clusters can
be determined using k-means clustering approach, suggesting no
good separations between the AZT-naive and treatment groups
based on DNA methylation patterns.

Similar analysis was performed to assess changes in H3K9me3
and H3K27me3 after 96 h exposure to ATZ. In cells stained with
H3K9me3 antibody, distinctive clusters are formed inside nucleus
and near the nucleus periphery as shown in Fig. 4B (see Fig. S3B
(Supporting Information) for more images). The size of foci
formed by H3K9me3 are visibly much larger than those formed by
5mC. Relative changes in H3K9me3 induced by ATZ were calculated
based on the immunofluorescent intensity and are summarized in
Fig. 4E. Exposure to ATZ has resulted in ~50, 70 and 20% loss in
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H3K9me3 for cells exposed to 0.3, 3 and 30 ppb of ATZ, respectively.
Dimensionality reduction and clustering analysis were subse-
quently performed to determine the separations between ATZ-
naive and treated cells based on texture features of H3K9me3. No
distinctive clusters were identified among ATZ-naive and ATZ-
treated groups (see Fig. 4H).

Cells stained with H3K27me3 antibody exhibited a large bright
island near the nucleus periphery corresponding to the barr body
presenting in cells with female origin, i.e., SH-SY5Y (Chadwick and
Willard 2004; Shenoda et al., 2018). Small foci-like features can be
observed within the cell nucleus and nuclear periphery as shown in
Fig. 4C. Analysis of fluorescence intensity suggests that ATZ treat-
ment can cause reductions in H3K27me3 levels. ~25, 52 and 20%
reduction were observed in cells exposed to 0.3, 3 and 30 ppb of
ATZ as shown in Fig. 4F. No clear distinctions can be made among
ATZ-naive and ATZ-treated cells based on its intensity and texture
features as shown in Fig. 41.

To mimic developmental exposure, ATZ-containing culture
medium was completely replenished with ATZ-free passaging
medium prior to initiating differentiation. Similar epigenetic anal-
ysis as described above was performed on Day 14 when most
neurons have completed differentiation and are MAP2 positive
(MAP2+). Representative images of differentiated SH-SY5Y cells
stained with 5mC, H3K9me3 and H3K27me3 antibodies are shown
in Fig. 5A, 5B, and 5C, respectively. More images of immuno-stained
cells can be found in Fig. S4 (Supporting Information). Since the
images of cells at Day 0 and Day 14 were taken on different days,
the intensity variations between Day 0 and Day 14 cannot be
directly used to estimate the effects of differentiation on epi-
genome. To address that, we performed continuous culturing using
untreated cells and compared the immunofluorescence of 5mC,
H3K9me3 and H3K27me3 of cells differentiated and continuously
cultured for 14 days as shown in Fig. S5 (Supporting Information).
Compared to undifferentiated cells, differentiated SH-SY5Y cells
have more established heterochromatin and thus elevated levels of
5mC, H3K9me3, and H3K27me3.

As a result of exposure to ATZ prior to differentiation, differen-
tiated SH-SY5Y cells exhibit significant decrease in 5mC levels with
~85, 30 and 75% reductions for cells exposed to 0.3, 3, and 30 ppb of
ATZ, respectively as shown in Fig. 5D. Clustering analysis was car-
ried out and summarized in Fig. 5G. Two major clusters were
identified, one consisting primarily of ATZ-naive cells and cells pre-
exposed to 3 ppb of ATZ; and another cluster containing cells

exposed to 0.3 and 30 ppb of ATZ. Adaptive LASSO (Least Absolute

Shrinkage and Selection Operator) was subsequently performed to
identify the features that best distinguish among treatment and
control groups (Zou 2006). The top ranked features are summarized
in Table S3A (Supporting Information). Higher absolute values of
LASSO coefficients suggest larger contributions to distinguishing
between different ATZ treatment levels. Among the selected fea-
tures, intensity and texture features are ranked the highest.
Changes in H3K9me3 and H3K27me3 are quantified using a
similar approach with results summarized in Fig. 5E, F, 5H, and 5I.
In both cases, the changes in histone methylation induced by
exposure to ATZ were compensated for but at different levels. In
differentiated cells, decrease in H3K9me3 persists but at a signifi-
cantly reduced level. ~10, 35 and 30% reductions in H3K9me3 were
observed for cells exposed to 0.3, 3 and 30 ppb of ATZ compared to
the control as shown in Fig. 5E. No clear clustering, however, can be
made among ATZ-naive and treated groups as shown in Fig. 5H.
Changes in H3K27me3 observed right after exposure to ATZ were
overcompensated for after the completion of differentiation. There
is ~ —2.5, +16 and + 87% change in H3K27me3 for cells exposed to
0.3, 3 and 30 ppb of ATZ, respectively, as shown in Fig. 5F
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Surprisingly, we identified two distinctive clusters from cells
stained with H3K27me3 antibody, including one cluster that con-
sists primarily of cells exposed to 30 ppb of ATZ and the other
containing untreated cells and cells exposed to 0.3 and 3 ppb of ATZ
as shown in Fig. 5I. Top-ranked parameters contributing to the
definition of the cluster were summarized in Table S3B (Supporting
Information). Among them integrated intensity and nuclear pe-
riphery intensity were ranked the highest.

3.3. Alterations in epigenetic enzymes after exposure to ATZ

RT-qPCR was performed to determine changes in key epigenetic
enzymes that modulate epigenome. Specifically, 5mC is primarily
modulated by DNA methyltransferase, including DNMT1, DNMT3A
and DNMT3B; and DNA demethylase including TET1 (Hendrich and
Bird 2000; Tahiliani et al., 2009). H3K9me3 is primarily modulated
by histone methyltransferase KMT1A and histone demethylase
KDMA4A (Lee et al., 2011; Wang et al., 2017). H3K27me3 is co-
regulated by histone methyltransferase EZH2, and histone deme-
thylases, including KDM6A and KDM6B (Jiang et al., 2013; Martinez
et al.,, 2018).

Changes in the mRNA level of epigenetic enzymes responsible
for 5mC, H3K9me3, and H3K27me3 are summarized in Fig. 6A and
B, and 6C, respectively. Exposure to ATZ upregulated the expression
level of DNMT1 (maintenance DNMT) at 3 ppb by ~ 3.2 folds; and
DNMT3B (de novo methyltransferase) at 0.3 and 3 ppb by ~1.8- and
1.9-fold, respectively. No significant changes were detected in TET1
or DNMT3A transcription. After the completion of differentiation,
only DNMT3A exhibited ~1.7-fold decrease in mRNA level in cells
exposed to 0.3 ppb of ATZ. Exposure to ATZ only affects the
expression of KMT1A (H3K9me3 methyltransferase). Exposure to
3 ppb of ATZ has resulted in ~11.5-fold decrease in KMT1A before
differentiation. After differentiation, significant changes are
observed in cells treated with 30 ppb of ATZ suggesting 1.4-fold
increase in transcription. KDM4A (H3K9me3 demethylase) does
not exhibit significant changes after exposure to ATZ. EZH2
(H2K27me3 methyltransferase) only exhibited changes after the
completion of differentiation. Specifically, the transcription was
altered by +1.4-, —1.4- and —1.5-fold at 0.3, 3 and 30 ppb respec-
tively. KDM6A (H3K27me3 demethylase) showed ~ 2.9-fold
decrease in transcription in cells exposed to 0.3 ppb of ATZ only
before differentiation. No significant changes were observed in
KDMG6B either before or after differentiation.

It is also of interest to note the changes in epigenetic enzymes
incurred after the completion of differentiation by comparing re-
sults from Day 0 and 14. Among them, DNMT1 and KDMG6B are the
most significantly up-regulated, while KDM6A are the most
significantly down-regulated.

4. Discussion

In this work, we focused on low-dose of ATZ exposure (0, 0.3, 3
and 30 ppb) prior to differentiation. We designed our exposure
window (see Fig. 1) to mimic developmental exposure to enable
assessment of their impact on the development of CNS as shown in
Fig. 1. As expected, we observed minimal cytotoxicity at the
selected ATZ concentrations. ATZ exposure prior to differentiation
can increase the percentage of mature neurons (MAP2+), suggest-
ing that ATZ can cause cytoskeletal changes associated with
neuronal differentiation. Mature neurons in ATZ-treated samples
exhibited different neurite outgrowth patterns. To the best of our
knowledge, no prior studies have assessed how pre-differentiation
exposure to ATZ can affect the differentiation of SH-SY5Y. The ef-
fects of ATZ (12—300 pM) exposure on N27 rat dopaminergic cell,
however, were assessed previously (Lin et al., 2013a, 2013b). ATZ
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Fig. 5. (A—C) Typical confocal images (z-projected) of differentiated SH-SY5Y neurons (Day 14) stained for (A) 5mC, (B) H3K9me3, and (C) H3K27me3 after 96 h exposure to ATZ
prior to differentiation. Scale bar = 5 um. (D—F) Bar plots of relative change in (D) 5mC, (E) H3K9me3 and (F) H3K27me3 post differentiation. All data is normalized to the cor-
responding untreated control. Data = mean + S.E. n > 300 cells. ***: p < 0.001. (G—I) t-SNE plots of ATZ-naive and treated cells based on intensity and texture features of mature
neurons immunostained for (G) 5mC, (H) H3K9me3 and (I) H3K27me3. The t-SNE space was constructed based on PCA.

exposure was found to alter the morphology of undifferentiated
N27 cells. After exposure to ATZ for 48 h, differentiating N27 cells
showed increased numbers of neurites and longer neurite length
like what we have observed in this study. Different studies have
shown that MAP2 is important for retaining neuron morphology,
for instance, MAP2-deficient mice have reduced microtubule den-
sities and exhibit alterations in the structure of dendrites, including
reductions in dendrite length (Harada et al.,, 2002). In turn, den-
dritic complexity determines synaptic density and the size of the
receptive field which are associated with memory acquisition,
cognitive function, and motor coordination (Lanoue and Cooper
2019). Although we cannot unequivocally determine changes in
neuron activity based on the morphological analysis, it is safe to

conclude that ATZ-exposure prior to differentiation can cause sig-
nificant changes in neuron morphology that warrants further
studies of neuron activity.

We also characterized changes in molecular markers for PD
particularly those involved in SNCA-related pathology. Increase in
SNCA transcription was observed in ATZ treated samples but with
changes more significant immediately after exposure (Day O).
Synuclein aggregates were significantly increased in differentiated
SH-SY5Y cells that were exposed to 30 ppb of ATZ prior to differ-
entiation after co-treating with dopamine and MPP+. Similar in-
crease in the transcription of SNCA was reported in rats exposed to
ATZ of 25 or 50 mg/(kg body weight) per day for 3 months (Li et al.,
2019) aligning with the general finding of our work. Collectively,
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Fig. 6. (A—C) Transcription levels of mRNA coding for epigenetic writer and erasers, assessed immediately after 96 h of exposure to ATZ (top) and 14 days of relaxation and
differentiation (bottom). Data are presented as the mean difference in threshold cycle (AC;) between gene of interest and B-actin as internal control. A, B and C depicts changes in
epigenetic enzymes responsible for 5mC, H3K9me3, and H3K27me3, respectively. Data = mean + S.D. n > 3. *: p < 0.05; **: p < 0.01; and N.S.: not significant.

these findings indicate that exposure to ATZ can alter SNCA pa-
thology and potentially increase PD risk after developmental
exposure. Increase in SNCA expression and a-synuclein aggregates
(A11) are commonly accepted molecular hallmarks for PD (Colla
et al, 2012; Mohite et al, 2018). The dose dependence as
observed in SNCA transcription, expression and aggregates, how-
ever, do not always agree with each other in our study. This
discrepancy can be potentially attributed to the involvement of
post-translational mechanism such as phosphorylation and glyco-
sylation. For instance, phosphorylation of serine 129 (S129) in a-
synuclein can promote fibril formation and is involved in Lewy
body disorders such as Parkinson’s Disease (Fujiwara et al., 2002).

Epigenetic assessment immediately after exposure and towards
the completion of differentiation confirmed alterations in various
silencing markers, including 5mC, H3K9me3, and H3K27me3. In an
ATZ-free environment, global levels of 5mC, H3K9me3, and
H3K27me3 were increased in differentiated SH-SY5Y compared to
undifferentiated ones. Similar trends in the selected markers were
reported previously using mouse embryonic stem cells during cell
identity establishment (Becker et al., 2016; Juan et al., 2016; Nicetto
and Zaret 2019). We thus expect the observed changes as a result of
neuronal lineage commitment.

5mC is the most abundant epigenetic modification occurring on
DNA and has an established role in gene regulation (Cedar and
Razin 2017; Kribelbauer et al., 2017). Compared to other epige-
netic modifications, such as histone PTMs, the maintenance and
inheritance mechanism of DNA methylation are well-established
(Wang et al., 2016; Yao et al., 2016). In our study, exposure to ATZ
is shown to immediately increase 5mcC levels along with increase in
DNMT1 and DNMT3B expression at selected doses and thus partially
accounting for the changes that we observed on Day 0. After dif-
ferentiation, alterations in epigenetic enzymes responsible for DNA
methylation are almost completely recovered with the only
exception of DNMT3A at 0.3 ppb. These results collectively suggest
non-linear dependence on ATZ doses in shaping DNA methylome in
exposed cells. Similar non-linear dependent DNA methylation
changes induced by exposure to ATZ have been reported previously
in the liver tissues of common carp exposed to ATZ (Wang et al.,
2014; Xing et al., 2015). Hypermethylation in 5 mC has been pre-
viously reported in SH-SY5Y cells with chronic exposure of man-
ganese (Mn) globally and on specific loci (i.e. PINK1 and PARK2)
which might contribute to the onset of PD (Tarale et al., 2017). DNA
hypomethylation has also been previous reported for differentiated
SH-SY5Y exposed to all-trans-retinoic acid (Stallings et al., 2011)
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and PM 2.5 (Wei et al., 2016).

H3K9me3 is a repressive marker commonly found in constitu-
tively silenced chromatin. Different roles of H3K9me3 have been
associated with neuron functions, including hippocampal memory
(Snigdha et al., 2016) and cortical development (Aucott et al., 2008).
H3K9me3 levels increase when differentiating hESC H9 into neural
stem cells facilitating commitment to specific neuronal lineages
(Golebiewska et al., 2009). Reductions in H3K9me3 were observed
immediately after exposure to ATZ and persisted at a significantly
reduced level after removal of ATZ and completion of differentia-
tion. Decrease in histone methyltransferase (KMT1A) can at least
partially account for decrease in H3K9me3 levels observed imme-
diately after exposure. Our results aligned with previous reports
where human embryonic HEK293T cells exposed to ATZ (3 and
30 ppb) exhibit a relative drop in H3K9me3 levels of ~14% and 29%,
respectively (Sanchez et al., 2020).

H3K27me3 is a bi-valent epigenetic marker commonly found in
facultative heterochromatin regions. Aberrant expression of
H3K27me3 has been associated with various neurodegeneration
diseases. For example, reductions in H3K27me3 caused by loss of
EZH1/2 can induce cell apoptosis in D1 and D2 dopamine receptor-
positive neurons (von Schimmelmann et al., 2016). Increase in
H3K27me3 induced by upregulating EZH2 can cause neuro-
degeneration of cerebellum in ataxia-telangiectasia (Li et al., 2013).
H3K27me3 is decreased when ESC is differentiated into neuronal
stem cells (Adefuin et al., 2014), but increased when neural stem
cells are differentiated into neurons of specific lineages (Liu et al.,
2017). Like H3K9me3, H3K27me3 was significantly reduced after
exposure to ATZ. Compensation effects were observed similarly in
H3K27me3. As a result, a significant increase in H3K27me3 was
observed in differentiated SH-SY5Y cells, particularly for cells that
have been exposed to 3 and 30 ppb of ATZ. The transcriptional level
change of epigenetic enzymes responsible for H3K27me3 fails to
account for the observed changes in H3K27me3. To the best of our
knowledge, there are no previous studies examining ATZ effects on
H3K27me3 levels and distribution.

One common theme that is observed in epigenetic features, and
the selected SNCA molecular marker is that the exposure effects are
commonly compensated for after the removal of exposure source
and the completion of differentiation. Over-compensation is also
observed and can result in larger deviations from the ATZ-naive
cells as observed in 5mC and H3K27me3 (30 ppb) which may be the
direct cause of neurotoxicity arising at a later life stage. To the best
of our knowledge, there are no prior studies assessing the persis-
tency of transcription and epigenome changes after exposure to
ATZ.The observed compensatory effects, however, aligns with what
was expected from cells when restoring homeostasis. Furthermore,
our results suggest that ATZ-treated cells exhibit lower levels of
permanent repressive markers, such as 5mC and H3K9me3, and
higher levels of facultative repressive markers, such as H3K27me3
while maintaining cell viability. H3K27me3 thus seems to partially
compensate for the loss in 5mC and H3K9me3 to retain cell func-
tionality. Similar findings were observed in mouse embryonic stem
cells deficient in DNA and H3K9me3 (Saksouk et al., 2015). As a
surviving strategy, these cells were enriched in H3K27me3. Simi-
larly, the knockout of the epigenetic regulator Uhrf1, essential for
DNA methylation maintenance, in hepatocytes can lead to
increased abundance and re-distribution of H3K27me3 markers
(Wang et al., 2019). Our results are thus in line with these obser-
vations suggesting that exposure to ATZ during a developmental
window can disrupt the formation of constitutive heterochroma-
tins but compensated for that by the formation of facultative
chromatin enriched in H3K27me3. As a result, we would expect
minimal transcriptome changes in short-term but increased
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genome instability as other exposure events influence the cellular
health. Overall, our results provide evidence of epigenome changes
and their persistence induced by an early developmental exposure
to ATZ in an in vitro model.

5. Conclusions

Collectively, exposure to low-dose of ATZ can alter epigenetic
features as well as molecular markers characteristic of PD. After the
cessation of exposure and completion of differentiation, changes in
epigenome remain but in a compensated manner. Among the
selected epigenetic markers, we found that 5mC and H3K27me3
changes are overcompensated while changes in H3K9me3 persist
at a reduced magnitude. These results collectively suggest that ATZ-
exposed cells could have disrupted the formation of constitutive
heterochromatin that was compensated by increased levels of
facultative heterochromatin enriched in H3K27me3. Meanwhile,
SNCA-related PD markers were also altered suggesting PD-like
pathology. Our results thus suggest that developmental exposure
to low dose of ATZ can induce long-term neurotoxicity via altered
epigenome.
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