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ABSTRACT

Although the ramifications associated with polybrominated diphenyl ethers (PBDEs) exposures during human pregnancy
have yet to be determined, increasing evidence in humans and animal models suggests that these compounds cause
neurodevelopmental toxicity. Human embryonic stem cells (hESCs) models can be used to study the effects of
environmental chemicals throughout the successive stages of neuronal development. Here, using a hESC differentiation
model, we investigated the effects of common PBDE congeners (BDE-47 or -99) on the successive stages of early neuronal
development. First, we determined the points of vulnerability to PBDEs across 4 stages of in vitro neural development by
using assays to assess for cytotoxicity. Differentiated neural progenitors were identified to be more sensitive to PBDEs than
their less differentiated counterparts. In follow-up investigations, we observed BDE-47 to inhibit functional processes
critical for neurogenesis (eg, proliferation, expansion) in hESC-derived neural precursor cells (NPCs) at sub-lethal
concentrations. Finally, to determine the mechanism(s) underlying PBDE-toxicity, we conducted global transcriptomic and
methylomic analyses of BDE-47. We identified 589 genes to be differentially expressed due to BDE-47 exposure, including
molecules involved in oxidative stress mediation, cell cycle, hormone signaling, steroid metabolism, and
neurodevelopmental pathways. In parallel analyses, we identified a broad significant increase in CpG methylation. In
summary our results suggest, on a cellular level, PBDEs induce human neurodevelopmental toxicity in a concentration-
dependent manner and sensitivity to these compounds is dependent on the developmental stage of exposure. Proposed
mRNA and methylomic perturbations may underlie toxicity in early embryonic neuronal populations.

Key words: polybrominated diphenyl ethers; human; embryonic stem cells; neurogenesis; neurotoxicity; transcriptome;
methylome; alternative model; in vitro; endocrine disruptors.

Polybrominated diphenyl ethers (PBDEs) are used globally as
flame retardants in a variety of consumer products (McDonald,
2002) and are of major concern for wildlife and human popula-
tions due to significant body burdens (Hites, 2004; Mazdai et al.,
2003). PBDE exposures begin early on in embryonic develop-
ment, with fetal exposures exceeding maternal levels after
crossing the placenta barrier (Schecter et al., 2007; Zota et al.,
2018). In total 209 PBDE congeners exist in the environment and
are detected globally in biological matrices (Frederiksen et al.,
2009). Multiple congeners are detected in maternal and fetal

sera (Mazdai et al., 2003), with BDE-47 documented to be at the
high levels in the majority of U.S. mothers and/or their offspring
(Frederiksen et al., 2009; Main et al., 2007; Woodruff et al., 2011).
Though PBDEs are being phased out from use human exposure
is persistent, with recent studies showing levels of BDE-47 at
0.17 and 0.22 ng/g in maternal and cord serum, respectively
(Zota et al., 2018).

Epidemiological and experimental evidence (Costa and
Giordano, 2007; Dingemans et al., 2011) strongly suggest that
early life exposures to PBDEs alters neurodevelopmental
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outcomes, including measures of attention (Cowell et al., 2015;
Eskenazi et al., 2013) and cognition (Chen et al., 2014; Lam et al.,
2017). Although unresolved, a number of studies have focused
on the link between PBDE-induced neurotoxicity and alterations
in thyroid hormone (TH) homeostasis (eg, as reviewed in Costa
et al., 2014; Dingemans et al., 2011; Herbstman and Mall, 2014).
TH signaling is a critical factor in neurological development, in-
cluding neuron and oligodendrocyte proliferation, differentia-
tion, and maturation (Pascual and Aranda, 2012; Patel et al.,
2011; Stenzel and Huttner, 2013). PBDEs accumulate within neu-
ronal cell populations (Mundy et al., 2004; Viberg et al., 2003) and
potentially mimic THs, thyroxine, and triodothyrionine, to in-
terfere with TH production/regulation, receptor binding, or
transport (Herbstman et al., 2008; Kojima et al., 2009; Li et al.,
2010). PBDEs may also alter neuronal development (Dingemans
et al., 2007; Schreiber et al., 2010) through other mechanisms
(Costa and Giordano, 2007) including oxidative stress, disrup-
tion of cell signaling, inflammation, and epigenetic modifica-
tions—any of which may contribute to neurodevelopmental
alterations.

Human embryonic stem cells (hESCs) derived from the inner
cell mass of the human blastocyst possess an unlimited poten-
tial for self-renewal and the capacity to differentiate into multi-
ple somatic cell types, including neurons, glial cells, and
astrocytes (Evans and Kaufman, 1981). Thus, hESC models are
applied in research to study early in vivo human neurodevelop-
mental events in vitro, including basic cellular functions (eg,
self-renewal, proliferation, differentiation) and specific features
of neurogenesis and neurulation. With these inherent charac-
teristics, hESCs serve as a valuable model to evaluate environ-
mental effects on aspects of early human neurodevelopment
that are otherwise difficult to study in vivo. Protocols for murine
(Theunissen et al., 2013) and human (Colleoni et al., 2011;
Kleinstreuer et al., 2011; Krtolica et al., 2009; Stummann et al.,
2009) ESC model systems have been established for develop-
mental toxicological investigations, which employ a combina-
tion of morphological, functional, and molecular parameters as
endpoints (Pal et al., 2011).

Although toxicological evidence suggests a significant rela-
tionship between early life PBDE exposures and alterations in
neurodevelopment, studies utilizing human-derived model sys-
tems are lacking (Costa and Giordano, 2007) which can compli-
cate species comparisons (Clancy et al., 2001; Watson et al.,
2006). Furthermore, sensitivity to chemical exposures vary be-
tween species and during development (Bal-Price et al., 2012)
and limited information exists regarding the windows of vul-
nerability to PBDE exposures during early life. Toxicological
comparisons spanning the differentiation of ESCs to neural
derivatives have been proposed to account for chemical sensi-
tivity during early development on a cell- and/or timing basis
(Fritsche et al., 2018; Lim et al., 2009). Therefore in this study, us-
ing a multi-stage hESC neural differentiation model, we charac-
terized the concentration-dependent effects of 2 commonly
used PBDE congeners, BDE-47 and -99, across stages of neuronal
development using functional and transcriptomic approaches.
In this context, we propose functional and molecular targets
which may underlie PBDE’s developmental neurotoxicity.

MATERIALS AND METHODS

Chemicals. PBDE congeners BDE-47 (2, 2’4, 4’-tetrabromodiphenyl
ether, >99%, No. 5436-43-1, AccuStandard) and BDE-99 (2, 2’4, 4’,
5 pentabromodiphenyl ether, No. 60348-60-9, AccuStandard),
bisphenol A (BPA; >99%, No. 80-05-7, Sigma), perfluorooctanoic

acid (PFOA, >96%; No. 335-67-1, Sigma), all-trans-retinoic acid
(RA; 97%, No. 302-79-4, Acros Organics), and valproic acid (VPA)
sodium salt (No. 1069-66-5, �98%, Santa Cruz Biotechnology)
were dissolved in dimethyl sulfoxide (DMSO; Sigma) or deion-
ized water (VPA only) to make stock solutions and serial dilu-
tions for all experimental studies. Compounds were added at a
1:1000 (vol/vol media) dilution. Exposed cultures were evaluated
in parallel with vehicle (0.1% DMSO) and media-only controls.

hESC model of neural differentiation. We employed a multi-stage
hESC differentiation model to evaluate PBDE-induced neurode-
velopmental toxicity, which included 5 predefined testing win-
dows in vitro (Stages I–V) representative of human neurogenesis
(Figure 1, Supplementary Figure 1). hESCs (UCSF4, NIH registry
code 0044) were maintained in mTESR-defined medium
(Stemcell Technologies) on Matrigel-coated plates (BD
Biosciences). For Stage I experiments, hESCs were passaged ev-
ery 3–5 days (passage number <60) via manual dissection and
Dispase (Stemcell Technologies). PBDE exposures were intro-
duced 2 days after plating approximately 32 895 cells/cm2. For
Stage II experiments, embryoid body (EB) formation was con-
ducted by disassociating hESCs (Accutase, Life Technologies)
and placing them in an Aggrewell 400um well plates (Stemcell
Technologies) containing KSR medium (Life Technologies) sup-
plemented with 10% fetal bovine serum (FBS) and ROCK inhibi-
tor (1 ml/ml) at a density of 500 cells/microwell. After 24 h, EBs
were gently displaced into KSR medium with 10% FBS and cul-
tured in suspension. PBDE exposures were initiated after trans-
fer to low-adhesion plates (Costar) for 24 h. For Stage III
experiments, suspended EBs were grown in KSR medium for 6
days (exchanged after 3 days), then placed in neural induction
media containing DMEM-F12 with Glutamax, penicillin/strepto-
mycin, N2 supplement (Stemcell Technologies), and FGF2
(Invitrogen, 20 ng/ml) to promote ectoderm specification for an
additional 6 days (exchanged after 3 days). PBDE exposures
were initiated at this step. After a total of 12 days in suspension,
EBs were cultured on Cellstart (Gibco) precoated wells in neural
enhancement media (NEM) consisting of Neurobasal Medium
(Gibco), NEAA (2 mM), L-Glutamine (2 mM), penicillin/strepto-
mycin, B27, FGF2 (20 ng/ml), and LIF (10 ng/ml; Millipore).
Neural rosette patterning was apparent after 2–3 days in cul-
ture. For Stage IV experiments, neural precursor cells were iso-
lated and expanded from extracted neural rosettes. NPCs were
cultured on Cellstart substrate and maintained in NEM. NPCs
were expanded every 3–5 days using Accutase dissociation. For
PBDE exposures, NPCs were seeded at approximately 32 895
cells/cm2 for 2 days (approximately 60%–70% confluency, pas-
sages <15) prior to treatment. For Stage V experiments, neuro-
spheres were generated by disassociating NPCs (>70%
confluent) via Accutase and placing single cells (35 000 cells/ml)
in low attachment plates (CoStar) suspended in complete NEM
with ROCK inhibitor (1 ml/ml) for 3 days. Resulting neurospheres
were collected and centrifuged at 200 rpm for 5 min, then resus-
pended in NEM media (without ROCK inhibitor) and for an addi-
tional 3 days. Chemical exposures were initiated during this
step. After 6 days of culture, neurospheres were gently pelleted
via centrifugation (200 rpm; 5 min), placed in fresh NEM with
chemical and plated on Cellstart precoated wells to evaluate
neural expansion. At all stages, cells were grown at 37�C in 5%
CO2 and 8% O2. Stemness of hESCs and NPCs were monitored
via morphology and expression of pluripotency markers (eg,
NANOG and POU5F1) or early neural differentiation markers (eg,
PAX6 and NES) via immunocytochemistry and/or qRT-PCR. In a
previous transcriptomic study (GSE74378; Robinson et al., 2016),
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we demonstrated that multiple genes involved in neural differ-
entiation are significantly induced in NPCs as compared with
hESCs, supporting our ability to generate neural precursors us-
ing the described protocol.

Cytotoxicity assays. We evaluated the ability of chemicals to in-
duce cytotoxicity within 4 stages of hESC neural development.
In adherent cultures of hESCs (Stage I) or NPCs (Stage IV), we ex-
posed cells to BDE-47 (0.1–25 mM), BDE-99 (0.1–25 mM), BPA (0.01–
100 mM), or PFOA (0.1–1000 mM) for 24 or 48 h durations, and
employed the neutral red (NR) uptake assay (Borenfreund and
Puerner, 1985; Repetto et al., 2008) to determine relative cell via-
bility based on lysosomal accumulation of NR dye (40 ng/ml,
VWR). Briefly, PBDE-containing media was removed and wells
were gently washed with PBS to eliminate residual chemical
compound. Fresh media containing NR was added to each plate
and incubated for 2 h at 37�C. Wells were washed with PBS and
a 50% ethanol/1% acetic acid solution was added to release cel-
lular NR. In adherent cultures of hESCs (Stage I), neural rosettes
(Stage III), or NPCs (Stage IV) and suspended EB cultures (Stages
II), we evaluated cell death after 24 or 48 h exposures to BDE-47
or -99 (0.1–25 mM) by measuring lactate dehydrogenase (LDH) ac-
tivity using the Cytotoxicity Detection Kit (Roche) following the
manufacturer’s protocol. Absorbance readings were obtained
via a spectrophotometer (Biotek Epoch) for both assays (590 nm,
LDH; 540 nM, NR). We determined relative viability/death by
comparing absorbance ratios between exposure groups and the
media-only control (¼100%), which were computed for each ex-
periment, and then averaged across experiments. ANOVA and
Dunnett’s t tests were applied to determine significant effects
due to PBDE exposure (p < .05).

Cell proliferation assay. The effects of PBDEs on cell proliferation
were evaluated using the Cell Proliferation Elisa, BrdU (chemilu-
minescent) kit (Roche) following the manufacturer’s protocol. In
brief, plates were precoated with Cellstart and NPCs were cul-
tured at a density of approximately 32 895 cells/cm2. After 1 day,
cells were exposed to BDE-47 or -99 (0.1–25 mM) in parallel with
vehicle and media-only controls as well as blank wells (no cells).
Eight hours into the exposure protocol (approximately 36 h total),
BrdU (10 mM) labeling solution was added to each well. After a 24
h exposure duration, cells were fixed and incubated with
antiBrdU-peroxidase solution for 90 min, washed 3�, and sub-
strate solution containing luminol and 4-iodophenol was applied
for 10 min at 20�C. Chemiluminescence readings were obtained

using a luminometer (Biotek Epoch 2) and average background
readings (blank wells) were subtracted. Ratios between control
(media-only) and exposure groups, including the vehicle control,
were calculated for each experiment and averaged across experi-
ments (n ¼ 6). ANOVA and student t tests were applied to deter-
mine significant effects due to PBDE exposure (p < .05).

Neurosphere expansion assay. Suspended neurospheres were ex-
posed for 3 days to BDE-47 (1 or 5 mM) or control conditions (0.1%
DMSO or media only), plated on CellStart, and then, reexposed to
the same experimental conditions, evaluated for neurosphere ex-
pansion at 1, 24 h, and/or 72 h. Experiments were conducted in
parallel with subcytotoxic concentrations of neurodevelopmental
toxicants, RA (20 mM) and VPA (250 mM), as experimental controls.
We quantified the total cell expansion area in exposed and control
neurosphere cultures after 1, 24, and 72 h postplating. At 1 h, phase
images of neurospheres were acquired using an inverted micro-
scope (10�; Leica). Coordinates (x, y) were stored and successive
images were acquired at 24 and 72 h at the same location for each
respective neurosphere. Phase images were transformed into bi-
nary pictures and total neurosphere expansion area was quanti-
fied (Image J). Ratios were determined between 24 or 72 h in
comparison with 1 h measurements. Within each experimental
group (x—¼ 12.1 neurospheres per group; minimum > 5 neuro-
spheres) the average percent change in expansion area was deter-
mined between the 2 time points, then averaged across
experiments (n ¼ 4; 1 and 24 h; n ¼ 3; 72 h). ANOVA and student t
tests were applied to determine significant effects due to PBDE ex-
posure (p< .05) at each timepoint.

RNA isolation for gene expression analyses. Total RNA was isolated
from cells (NPCs or neurosphere cultures) using the RNAeasy
Micro Plus RNA Isolation Kit (Qiagen) following the man-
ufacturer’s protocol for adherent cells. Extracts were collected
in RTL Cell Lysis Buffer and stored at �80�C until further use.
Genomic DNA was removed from cell lysates and following col-
umn purification, RNA was eluted with 20 ml of nuclease-free
water and stored at �80�C. RNA concentration and quality was
estimated (260/280 nm ¼ 1.9–2.1) by using a Nanodrop spec-
trometer (Nanodrop Technologies Inc., Wilmington, Delaware).
Samples destined for microarray analyses were assessed for
quality (RIN > 9) using the Agilent RNA 6000 Nano LabChip Kit
and Bioanalyzer 2100 system (Agilent Technologies, Palo Alto,
California). Nine samples were used for microarray analyses
(Supplementary Table 1).

Figure 1. Implementing a hESC neural differentiation model to evaluate chemical toxicity sensitivity during neurogenesis. We developed a hESC model of neurogenesis

representing transitions occurring during human neurogenesis to evaluate BDE-47 toxicity in vitro. The 5 stages include: (I) hESC self-renewal; (II) EB formation and ini-

tiation of the 3 germ layers; (III) EB ectoderm specification and neural rosette patterning; (IV) NPC proliferation; and (V) neurosphere expansion.
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Global RNA expression profiling of BDE-47-exposed NPCs. We ap-
plied the Affymetrix Human Gene 2.0 ST platform to conduct
microarray analysis of BDE-47 exposed (1 or 10 mM) or vehicle
control (0.1% DMSO) NPCs following a 24 h exposure duration.
Although 10 mM BDE-47 did not produce significant effects in cy-
totoxicity at 24 h in our assessments, a modest decline in cell vi-
ability (approximately 18%) and increase in LDH activity were
noted. Sample processing and hybridization was performed by
the UCSF Gladstone Institute as previously described (Winn
et al. 2007). Affymetrix CEL files were processed using the
Affymetrix Expression Console and Transcriptome Analysis
Console (TAC) software packages. Raw values were normalized
via the Robust Multi-array Average (RMA) algorithm. Datasets
were deposited in the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus GSE123458. We
removed probes corresponding with log 2 probe intensity values
< 3.0 across all arrays or without a corresponding Official Gene
Symbol (OGS). Data were imported into BRBarray tools (NCI) and
a fixed-effects linear model (ANOVA) was applied to identify dif-
ferentially expressed (DE) genes due to BDE-47 exposure (þ con-
trolling for batch effects). Average fold change (FC) values were
determined by calculating the ratio of average log 2 intensities
between each of the BDE-47 exposure groups and the average
vehicle control. We defined DE genes due to BDE-47 exposure by
applying a cutoff of unadjusted p � .01 (ANOVA) and an absolute
FC � 1.5 between BDE-47 and vehicle control in at least 1 of the
2 concentration groups. In cases of multiple probes per gene,
the one with the lowest p-value, ie, the most significantly al-
tered due to BDE-47, was used for downstream analyses. Using
this approach, we examined 22, 568 unique genes. Within DE
BDE-47 genes, we conducted a post hoc paired t test of DE BDE-
47 genes to determine significant changes with 1 or 10 mM BDE-
47 versus vehicle control (p < .05). Hierarchical clustering of FC
values was completed by using average linkage and Euclidean
distance (TIGR MEV; Saeed et al., 2006). Functional enrichment
analysis of Gene Ontology (GO) terms (Biological Processes,
Level 4) was evaluated via DAVID (Huang et al., 2007) and signifi-
cant criteria of a Bonferroni corrected p < .05, and a minimum/
maximum of 12 or 200 targets per GO term (Supplementary
Table 2). Terms were grouped based on GO classification (Gene
Ontology Consortium, 2015).

Targeted validation of PBDE DE genes. Using independent NPC
samples, we converted purified RNA to cDNA using ISCRIPT
Universal TaqMan (Bio-Rad), and performed qRT-PCR via
TaqMan primers (Supplementary Table 4) mixed with TaqMan
Universal Master Mix II, no UNG (Life Technologies). We con-
ducted qRT-PCR to investigate the concentration-dependent
effects of BDE-47 or -99 in NPCs (24 h) on RNA expression of spe-
cific targets: CDK1, GRIA1, HMOX1, DHCR7, NFE2L2, NRCAM,
PAX6, THRB, and THRA. Differential expression between PBDE-
exposed and controls was calculated via the DDCT method,
which entails: (1) normalization to geometric mean of house-
keeping genes (GAPDH and ACTB); and (2) adjustment to the ve-
hicle control (0.1% DMSO) for each experiment. Reactions were
carried out for 40 cycles. A minimum of 3 technical replicates
were analyzed for all comparisons. To determine significant
changes across concentrations or between specific concentra-
tions and control, we conducted ANOVA or student t tests as ap-
propriate. FC values were expressed as average log 2 ratios
between each exposure group and the vehicle control.

DNA isolation of BDE-47 exposed NPCs. Following exposure to BDE-
47 (1, 10 mM) or vehicle for 24 h, NPCs were washed with PBS and

collected using a cell scraper. Cells were suspended in 10 ml of
PBS, pelleted (800 rpm, 5 min), washed 2X with PBS and stored at
�80�C. To extract genomic DNA, NPCs were digested with 1 mg/ml
proteinase K in lysis buffer (50 mM Tris, pH 8.0, 1 mM EDTA pH 8.0,
0.5% SDS) overnight at 55�C. After RNase treatment, DNA was iso-
lated using the Phenol-Chloroform Isoamyl Alcohol method, fol-
lowed by precipitation with ethanol, and resuspended in TE. DNA
quality was evaluated via Nanodrop and the Agilent RNA 6000
Nano LabChip Kit and Bioanalyzer 2100 system. DNA was
extracted from exposed and control cultures from 3 independent
experiments (approximately 1 million cells/sample).

Methylation profiling of BDE-47 exposed NPCs. Downstream process-
ing of genomic DNA bisulfite conversion was performed using the EZ
DNA Methylation Kit (ZymoResearch) and Infinium
HumanMethylation450 bead arrays (Illumina) following the manufac-
turer’s protocols. Methylation data were processed via Illumina stan-
dard background subtraction and control probe normalization, and
converted to M values, using the minfi package and BRB Array Tools
(Simon et al., 2007). Probes that mapped to the Y chromosome were
eliminated from the analysis (UCSF4 line is XX). We utilized a fixed ef-
fect multivariate model (using M-value ¼ ratio of methylated probe
vs. unmethylated probe intensities) to identify differentially methyl-
ated (DM) CpGs due to exposure, while controlling for experimental
differences (batch effects). Beta values, which reflect the proportion of
methlyated probes (ranging from 0 to 1) were determined via logit
transformation [log2(M/(M þ 1)] of M-values (Du et al., 2010). The
change in methylation was determined by subtracting b values be-
tween BDE-47 exposure groups and the respective vehicle control
within each experiment. Significant DM CpGs were identified using a
p � .005 (unadjusted) and average absolute b � 0.05 between BDE-47
and DMSO for either of the 2 concentrations of BDE-47 tested. We
evaluated enrichment of DM CpGs by genomic region or chromo-
some location (Fisher’s exact test). We interrogated genes in proxim-
ity to DM CpGs for functional relevance using DAVID (Biological Level
4). These analyses were also conducted for the subset of DM CpGs lo-
cated within promoter regions of genes, defined to be located < 1500
b upstream of the TSS, 5’ untranslated region (UTR), or first Exon.
Raw and normalized data were deposited in the NCBI GEO repository
(GSE125465). We examined correlations between mRNA expression
and DM CpGs by aligning the datasets based on associated OGS an-
notation. For DM CpGs in proximity of promoter gene regions, we an-
alyzed the effect of BDE-47 exposures on expression in comparison
with the change in methylation at each independent CpG island.

RESULTS

A Multi-Stage hESC Model to Evaluate Toxicity During Neurogenesis
Using a hESC neural differentiation model, we evaluated the
effects of BDE-47 within 5 independent stages of neuronal de-
velopment in vitro (Figure 1; Supplementary Figure 1). The pre-
defined stages encompass: (I) hESC self-renewal/proliferation;
(II) EB formation and initiation of the 3 germ layers; (III) EB ecto-
derm specification and neural rosette patterning; (IV) NPC ex-
pansion; and (V) neurosphere expansion—representative stages
of cellular transitions that occur during early embryonic neuro-
development in vivo.

PBDEs Induce Cytotoxicity in a Developmental Stage-Dependent
Manner
We examined the ability of PBDE exposures to induce cytotoxic-
ity during 4 proposed stages (I–IV) of hESC-neural development
in vitro. We conducted concentration-response assessments on
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endpoints corresponding with cell viability (neutral red uptake)
and death (LDH activity in the media). In this context, we com-
pared toxicological potencies between BDE-47 and another com-
mon PBDE congener, BDE-99. In undifferentiated hESCs (Stage I),
BDE-47 (0.1–25 mM) did not cause significant changes in cell via-
bility at 24 or 48 h (ANOVA, p > .05; Figure 2A). BDE-99 induced a
significant decrease in viability at 24 h (p ¼ .05); however,
changes were generally modest in magnitude (maximum #13%
with 25 mM). Significant effects with BDE-99 were not observed
at 48 h. In general, these results mirrored LDH activity. BDE-47
or -99 did not induce significant changes in LDH activity as com-
pared with the vehicle control (p > .05; Figure 2B). In contrast, in
NPCs (Stage IV) significant effects on cell viability or death were
observed with BDE-47 or -99 exposures in a concentration-
dependent manner (ANOVA, p < .05; Figs. 2C and 2D). Maximal
alterations were observed with 25 mM BDE-47 or -99, which re-
duced viability by 52% or 61% or induced LDH activity by 384%
or 352%, respectively at 24 h, as compared with the vehicle
control.

To determine relative potencies of BDE-47 and -99, we per-
formed logistic regression of concentration-response data and cal-
culated benchmark concentrations (BMCs) equivalent to a 50%
(viability; Figure 2E) or 200% (LDH activity; Figure 2F) change. BPA
and PFOA, widespread endocrine-disrupting compounds com-
monly detected in biological matrices, were also evaluated
(Meeker, 2012). These analyses confirmed BDE-47 and/or -99 to be
more potent in neural derivatives (Stages III and IV) as compared
with undifferentiated (Stage I) or early differentiating hESCs (Stage
II). For example, BMC200 corresponding with BDE-47-induced LDH
activity during Stages III or IV ranged from 14.5 to 21.1 mM, while
Stages I or II had BMC200 >232.1 mM (or could not be modeled due
to a lack of response, “neg”). Based on BMC values, BDE-99 tended

to be slightly more potent than BDE-47. In NPCs (Stage IV) PBDE
congeners were identified to be more potent than BPA or PFOA by
approximately an order of magnitude. These results suggest that
PBDEs are potent toxicants in embryonic cells transitioning to neu-
rons; however, sensitivity is dependent on concentration and de-
velopmental stage.

BDE-47 Impairs Neural Progenitor Cell and Neurosphere Expansion
In follow-up experiments, we focused our analyses of BDE-47
exposures during proposed developmental stages of high sen-
sitivity by evaluating processes critical for neurogenesis
in vitro: NPC proliferation (Stage IV) and neurosphere expan-
sion (Stage V). In a concentration-dependent manner, BDE-47
significantly inhibited NPC proliferation after a 24 h exposure
duration (ANOVA, p < .05; Figure 3). Pairwise comparisons
revealed significant impairment with 10 and 25 mM of BDE-47
(p < .05). When compared with the vehicle control, 10 or 25 mM
BDE-47 reduced NPC proliferation by 43% or 68%, respectively.
Similar to BDE-47, BDE-99 also significantly reduced cell prolif-
eration (ANOVA, p < .05). However, pairwise analyses sug-
gested only significance with the highest concentration (25
mM). These data suggest BDE-47 and -99 can inhibit NPC
proliferation.

We also assessed the potential of BDE-47 to disrupt NPC ex-
pansion (Stage V). At 24 h, we identified no differences in neuro-
sphere size between BDE-47 exposed and vehicle control
(Figure 4A). At 72 h a significant approximately 26% reduction in
neurosphere area was observed with BDE-47 5 mM (t test; p <

.05). Similarly, VPA impaired neurosphere projections at 72
h (22% decline) while RA did not. We also examined projection
rates as the average ratio between each neurosphere at 24 or 72
h as compared with the initial plating size (1 h) (Figure 4B). In

Figure 2. PBDEs exposures and cytotoxicity in a hESC model of neurogenesis. Concentration-dependent effects of BDE-47 or -99 on cell viability or LDH in hESCs (Stage

I; A, B) or NPCs (Stage IV; C, D) at 24 or 48 h. Relative percentages were calculated as ratios between each exposure group and the media-only control. Significant effects

due to PBDE exposures (p < .05) are indicated by double-cross (‡, ANOVA) or asterisk (t test). BMC-response modeling of compound-induced cytotoxicity across stages

of hESC-neural differentiation. Estimated BMC50 (cell viability, E) or BMC200 (LDH activity, F) for each testing compound and exposure duration. Additional endocrine

disruptors, BPA and PFOA, were included as part of these assessments. All experiments were conducted in 3 or more independent experiments unless noted (ˆ; n ¼ 2).

Due to a lack of response, ie, cytotoxicity, to the tested dose range, in specific cases, negative (neg) BMCs were identified.
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pairwise analyses significant changes in rates were not ob-
served at 24 or 72 h with BDE-47; however, a modest correlatio-
n at 72 h (p ¼ .08) was observed at 5 mM as compared with
vehicle (#249%). Our analyses suggest BDE-47 can inhibit neuro-
sphere expansion in a concentration-dependent manner.

Global Gene Expression Alterations by BDE-47
In NPCs, we investigated the effects of BDE-47 on global gene ex-
pression at 24 h using Affymetrix microarrays. In total, we ob-
served 589 genes to be DE due to BDE-47 exposure (“DE BDE-47
genes”; ANOVA, p < .01, absolute FC > 1.5; Figure 5A). In general,
genes within this subset were up (356 total) or down-regulated
(233 total) with BDE-47. For the majority of transcripts, the
greatest effects were observed with 10 versus 1 mM. We further
examined the concentration-dependent relationship on gene

expression by conducting a post hoc analysis (t test) between
BDE-47 (10 or 1 mM) as compared with the vehicle control within
genes of this subset. Approximately 95.4% (562/589) of genes
were altered with 10 mM, whereas approximately 4.2% (25/589)
were altered with 1 mM (p < .05; Figure 5B), suggesting 10 mM to
be approximately 22� more effective in disrupting mRNA ex-
pression. We identified the 50 most differentially regulated
genes due to BDE-47 exposure (Figure 5C). AXNA1, ANXA3,
DDIT3, EGR1, LAMP3, MXD1, SERPINE1, SGCG, SLFN5, SPP1,
TAC1, UNC5B, UPP1, and WIPI1, were identified as some of the
most upregulated targets; and CDCA3, CDCA8, SPAG5,
HIST2H3D, CYP26A1, HIST1H2BL, KIF20A, PVALB. MKI67, TXNIP,
and HIST1H1T, were identified as some of the most downregu-
lated targets with BDE-47. Our results suggest that BDE-47 per-
turbs expression of the transcriptome in NPCs across a diversity
of targets.

Functional Enrichment of Genes Perturbed by BDE-47
We conducted functional enrichment analysis of genes identi-
fied to be significantly DE by BDE-47 via DAVID. We identified
153 GO Biological Processes to be overrepresented (p < .05). GO
terms were grouped into 16 functional categories and plotted
with their respective: (1) enrichment scores [�log(p)]; (2) number
of DE genes per GO term (size); and 3) tendency of patterning
within gene subset (color scale) (Figure 6A). Within each group-
ing, we calculated the geometric mean of enrichment (black
bars). Specific enriched terms related to cell cycle (ie, cell cycle
process, mitotic cell cycle, mitotic nuclear division) and cellular
organization (ie, organelle fission, sister chromatid fission, mi-
totic sister chromatid segregation), were the most significantly
enriched categories (p < 5E-13); predominately consisting of
downregulated targets (77%–97%). In ascending order of mean
enrichment, overrepresented categories included: apoptosis, cy-
toskeleton, response to stimuli, transferase activity, signal
transduction, differentiation, general metabolism, lipid metabo-
lism, development, biosynthesis, immune, migration, commu-
nication, and neurodevelopment. With the exception of cell
cycle or organizational related processes, categorical gene sub-
sets tended to include more upregulated versus downregulated
targets.

Figure 3. PBDE exposures and NPC proliferation. Relative BrDU uptake, a mea-

sure of cell proliferation, in NPCs exposed to BDE-47, BDE-99, or 0.1% DMSO

(Veh) for 24 h. Percentages are expressed as average ratios in fluorescence inten-

sity between each exposure group and the media-only control (¼100%; n ¼ 6 in-

dependent experiments). Significant differences (p < .05) due to PBDE exposure

are indicated by double-cross (‡, ANOVA) or asterisk (t test).

Figure 4. BDE-47 exposures and neurosphere expansion. (A) Average neurosphere size (mm2) in cultures exposed to BDE-47, 0.1% DMSO (VEH) or media only (CON).

Suspended neurospheres (preexposed for 3 days) were plated on Cellstart. At 1, 24, and 72 h, successive phase images of single neurospheres (x—¼ 12.1 neurospheres

per group; minimum � 5) were acquired. Total neurosphere area was quantified (ImageJ) and averaged across experiments (n ¼ 4; 1 and 24 h; n ¼ 3; 72 h). B, Average

neurosphere expansion rates at 24 or 72 h in comparison with 1 h measurements. In each experiment, expansion rate was determined, and then, averaged across

experiments. Significant differences (p < .05) due to exposure as compared with the vehicle control are indicated by double-crosses (‡, ANOVA) or asterisks (t test).
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We expanded our analysis to DE genes within enriched GO
terms hypothesized to be linked to BDE-47 toxicity (Figs. 6B–F).
Enriched biological processes and DE genes included: response to
hormone (46 total, 86% "), eg, nuclear receptors (THRA, THRB,
NRC31); steroid metabolic process (19 total, 95% "), eg, cholesterol
biosynthesis pathway members (AKR1D1, CH25H, CYP51A1,
DHCR7, HMGCR, INSIG1, LDLR, LSS, MVD, NPC1, NSDHL, and
SQLE); positive regulation of neurogenesis (23 total, 74% "), eg,
NDNF, NGF, NRCAM, and PAX6; response to oxidative stress (18 to-
tal, 78% "), eg, HMOX1, NFE2L2, NQO1, and CYP2B6; and mitotic
nuclear division (58 total, 93% #), eg, major cell cycle checkpoint
regulators (CCNA2, CCNB1, CCNF, CDC25C, CDCA2, CDCA3,

CDCA8, and CDK1) and kinesin family members (KIF2C, KIF4A,
KIF4B, KIF11, KIF15, KIF18A, KIF18B, KIF22, and KIF23). In general,
with few exceptions (eg, CYP2B6), the magnitude in altered gene
expression was greatest with 10 versus 1 mM BDE-47.

To validate our microarray results and extend our analysis
of the concentration-response of BDE-47, and its potential simi-
larity to BDE-99, we evaluated the effect of BDE-47 (0.01–10 mM)
or -99 (10 mM) exposures on gene expression of selected DE tar-
gets in independent NPC cultures (Figure 7A). In this context, we
evaluated expression of molecules with roles in oxidative stress
(NFE2L2 and HMOX1), neuronal differentiation (GRIA1, NRCAM
and PAX6), cell cycle regulation (CDK1), TH signaling (THRA and

Figure 5. Concentration-dependent effects of BDE-47 on global gene expression in NPCs. A, Genes identified to be DE due to BDE-47 exposure (589 total; ANOVA; p < .01,

abs FC > 1.5). Expression profiles display patterns in expression with 1 or 10 mM (as compared with the respective vehicle control) across the 3 independent experi-

ments. Clusters I and II indicated up and downregulated clusters of DE genes. Within this DE subset, we performed post hoc analyses for significance (t test) between

vehicle and 1 or 10 mM BDE-47. B, Distribution of genes DE by each concentration. C, The top 25 most up (left) and down (right) regulated genes due to BDE-47 exposure.

Figure 6. Functional enrichment analysis of genes DE with BDE-47 in NPCs. (A). Enriched GO Biological Processes within BDE-47 DE Genes identified using DAVID (crite-

ria: p < .01, number of DE genes associated with enriched term � 7). GO enrichment scores [�log (p)] are displayed for all BDE-47 DE Genes and upregulated (Cluster I) or

downregulated (Cluster II) gene subsets. The total number of DE Genes due to BDE-47 is located in parentheses (up, downregulated). Clustering of BDE-47 DE Genes as-

sociated with terms: (B) Response to Hormone, (C) Steroid Metabolism, (D) Neurogenesis, (E) Response to Oxidative Stress, and (F) Mitotic Nuclear Division. FC values

represent average difference between BDE-47 and vehicle control.
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THRB), or cholesterol metabolism (DHCR7). We observed signifi-
cant changes in all 9 transcripts with BDE-47; DHCR7, NFE2L2,
NRCAM, GRIA1, HMOX1, and THRB were significantly upregu-
lated with BDE-47; PAX6, THRA, and CDK1 were significantly
downregulated with BDE-47 (p < .05). In general, responses were
primarily observed with only 10 mM BDE-47; and these effects
strongly correlated with 10 mM BDE-99 (R2 ¼ 0.99, data not
shown). The magnitude and directionality of expression
changes between microarray and qRT-PCR were largely in
agreement (R2 ¼ 0.8) (Figure 7B).

Global CpG Methylation Analysis of BDE-47 Exposed NPCs
In parallel with transcriptomic analyses, we profiled global CpG
methylation in BDE-47 (1, 10 mM) and vehicle exposed NPCs at
24 h. We identified 1238 CpGs to be DM with BDE-47 exposure (p
� .005; absolute average Db � .05). In a concentration-dependent
fashion, BDE-47 exposure significantly increased global CpG
methylation as determined by D in median b between BDE-47
and vehicle control (Db ¼ 0.4% 6 0.4%, 1 mM; 2.1% 6 0.2%, 10 mM;
Figure 8A). Median changes in methylation were more pro-
nounced when the analysis was limited to BDE-47 DM CpGs (Db

¼ 1.1% 6 0.1%, 1 mM; 5.8% 6 0.1%, 10 mM). These results were
consistent with observations on individual CpG levels; 99% had
increased methylation (1220/1238 total) and 1% had decreased
methylation (18/1238 total; Figure 8B). Post hoc analyses of

BDE-47 DM CpGs revealed concentration-dependent differences
between 10 and 1 mM (Figure 8C); 1, 151 of DM CpGs were altered
by >5% with 10 mM; whereas, only 30 DM CpGs were altered by
>5% with 1 mM. Limited single CpGs were identified with re-
duced methylation < �5% with either 10 mM (13 CpGs) or 1 mM (5
CpGs). Similar to mRNA profiling analyses, 10 mM was shown to
be more potent in affecting CpG methylation.

Within the BDE-47 DM CpG subset, we evaluated enrichment
based on chromosome (Figure 8D) and gene location (Figure 8E).
Across each of the chromosomes, a larger proportion of in-
creased versus decreased methylated CpGs was observed. We
identified significant enrichment of DM CpGs on chromosomes
1 and 6 and an underrepresentation of DM CpGs on chromo-
some 7, 18, 19, and X. Concentration-dependent changes in
methylation of CpGs (10 > 1 mM) were observed at the chromo-
some level (see example of Chromosome 1; Supplementary
Figure 2). Nonpromoter regions (intergenic sequences, 3’UTR
regions, and gene bodies) were overrepresented, while those
CpGs more proximal to the promoter (TSS1500, TS200, 5’UTR,
and first Exon) were underrepresented.

GO analyses of genes in proximity of BDE-47 DM CpGs (809
total) suggested enrichment of processes involved in inflamma-
tion, cell migration, cell signaling, cytoskeleton organization,
nervous system development, and cell differentiation
(Figure 8F). Genes associated with DM CpGs proximal to pro-
moter regions (287 total) tended to be more associated with pro-
cesses related to inflammation and cell migration. Although our
analyses suggested overlap between mRNA and CpG methyla-
tion on a functional level for specific associations (eg, nervous
system development), poor correlation was observed between
changes in mRNA expression and CpG methylation in promoter
regions (Pearson coefficient ¼ �0.05, not shown). Four genes
found to be DE with BDE-47 were identified to contain DM CpGs
in the promoter site; however, none of these targets followed an
inverse trend between expression and methylation
(Supplementary Figure 3). Our results suggest BDE-47 generally
increases CpG methylation in specific sites linked to DNA
regions which control pathways related to neural cell function
and stress (eg, inflammation), but these changes are not coordi-
nated with mRNA levels at 24 h.

DISCUSSION

Although legislative efforts are resulting in the gradual phasing
out of PBDEs in consumer products, their continued presence in
the environment and bio-persistence presents a contemporary
threat to wildlife and humans. PBDEs are identified during hu-
man pregnancy (Herbstman et al., 2010) with recent studies se-
rum show levels of BDE-47 at 0.17 and 0.22 ng/g in maternal and
cord serum, respectively (Zota et al., 2018). Multiple studies in
rodent and humans (as reviewed Costa and Giordano, 2007;
Dingemans et al., 2011; Herbstman and Mall, 2014) suggest that
these compounds negatively affect neurodevelopment and
other developmental/reproductive endpoints. Questions remain
regarding the underlying mechanisms in which PBDE cause
neurotoxicity and the vulnerable periods in development to
PBDE exposures. Using a hESC model representative of cellular
transitions occurring during neurogenesis, we evaluated a con-
centration range (0.01–25 mM) of BDE-47 and -99, levels that are
physiologically relevant for human exposures during pregnancy
(Park et al., 2014) and observed as toxic in human embryonic/fe-
tal cells (Robinson et al., 2018; Schreiber et al., 2010). Our results
demonstrate that PBDEs induce neurodevelopmental toxicity in
a concentration- and neurodevelopmental stage-dependent

Figure 7. Validation studies of genes altered by BDE-47 in NPCs. A,

Concentration-dependent expression alterations in proposed mRNA targets of

PBDEs using qRT-PCR (n ¼ 6 independent experiments). Expression values

(�DDCT) were normalized to housekeeping genes (GAPDH and ACTB) and ad-

justed by the respective vehicle control. Significant differences (p < .05) due to

exposure as compared with the vehicle control are indicated by double-crosses

(‡, ANOVA) or asterisks (t test). B, Expression changes in proposed PBDE targets

between microarray and qRT-PCR experiments at 1 or 10 mM (R2 ¼ 0.8).
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manner. For example, the BMCs of BDE-47 or -99 (100% increase
in LDH activity) were >10� higher in NPCs (Stage IV) versus
hESCs (Stage I), suggesting that PBDEs are cytotoxic to early em-
bryonic neural cell populations and sensitivity may depend on
developmental timing or differentiation (Figure 2; Li et al., 2013).
Our findings of higher sensitivity to PBDE exposures in human
neural progenitors compared with pluripotent hESCs agrees
with previous studies investigating stage-dependent toxicity,
such as in lead (Senut et al., 2014). Although the reasons for this
differential vulnerability were not tested, potential factors
which could heighten hESC sensitivity to PBDEs after differenti-
ation may include the presence or absence of: (1) vesicular
transporters (Bradner et al., 2013); (2) nuclear receptors relevant
to the toxic mechanism of action (eg, TH) (Kojima et al., 2009); (3)
metabolizing enzymes (Fathi et al., 2011); or (4) physical cellular
characteristics (eg, tight junctions in hESCs; Pieters and van
Roy, 2014) known to differ between NPCs and hESCs.

Environmental compounds can alter fundamental processes
underlying neurodevelopmental deficits, such as neuronal migra-
tion, proliferation, and differentiation (Courchesne and Pierce, 2005;
Rice and Barone, 2000; Wegiel et al., 2010). In our analyses, BDE-47
significantly inhibited both NPC proliferation and expansion (Figs. 3
and 4). Our data corroborate previous in vitro studies in human fetal
neurons, where PBDEs inhibited both migration and proliferation
via disruption of TH-dependent signaling (Schreiber et al., 2010).
However PBDEs can cause neurotoxicity through diverse mecha-
nisms (Costa et al., 2014; Costa and Giordano, 2007; Dingemans

et al., 2011). To determine potential targets of BDE-47 toxicity in
NPCs, we profiled the transcriptome in cells exposed to 1 or 10 mM
BDE-47 and determined DE genes as compared with vehicle con-
trols. We observed dramatic, concentration-dependent changes on
the transcriptome due to BDE-47 (Figure 5). Our transcriptomic
results suggest that PBDEs disrupt multiple pathways to induce tox-
icological and functional changes in human neural progenitors.

PBDEs are known disruptors of the TH system (Meerts et al.,
2000; Richardson et al., 2008) and our data provide further evi-
dence of dysregulated expression with genes related to hor-
mone response and steroid metabolism (Figs. 6B and 6C). Of
note, we observed significant alterations in the 2 primary hu-
man TH receptors responsible for mediating TH-signaling,
THRA (#) and THRB ("), by BDE-47 (Figs. 6B and 7). TH signaling is
functional in human NPC models (Dach et al., 2017) and the di-
vergent influence of PBDE exposure on expression of THRs has
previously been identified in rat cerebellar granular neurons
(Blanco et al., 2011), with corresponding functional consequen-
ces in human neurosphere assays (Schreiber et al., 2010).
However, the specific roles of TRa and TRb in this process have
not been specifically elucidated to our knowledge. TRa overex-
pression has been linked to repression of NPC differentiation to
a migratory neuroblast phenotype (Lopez-Juarez et al., 2012) and
adult TRb�/� mice exhibit increased number of proliferative
and neuroblast cell populations in the subgranular zone
(Kapoor et al., 2011). Thus, the divergent THR expression pat-
terns induced by PBDEs may converge on a common

Figure 8. Global CpG methylation profiling of BDE-47-exposed NPCs. Cells were exposed to 1 or 10 mM BDE-47 or 0.1% DMSO for 24 h. We identified 1258 CpGs to be DM

with BDE-47 versus 0.1% DMSO (p � .005; absolute average Db � 0.05). A, Median difference in methylation levels (Db) between BDE-47 exposed and vehicle control cul-

tures in all evaluated CpGs and BDE-47 DM CpGs after 24 h. B, Hierarchical clustering of the changes in methylation in BDE-47 DM CpGs (BDE-47 vs concurrent vehicle

control). C, Frequency of BDE-47 DM CpGs by changes in methylation per concentration. Enrichment of BDE-47 DM CpGs by chromosome (D) and gene regulatory region

(E). Asterisks indicate over (") or under (#) representation (Fisher’s test; *p � .05; **p � .001). F, Enrichment of GO Biological Processes within genes (# in parentheses) in

proximity of BDE-47 DM CpGs.
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neurotoxicological endpoint. However further studies would be
necessary to address this.

TH-signaling is an important regulator of developmental
and metabolic processes, including cholesterol homeostasis
(O’Shea and Williams, 2002). Disruption in cholesterol/steroid
homeostasis is linked with endocrine-disrupting chemicals
(Casals-Casas and Desvergne, 2011) and dysregulation of these
molecules is implicated in neurodegenerative risk (Liu et al.,
2010). Here we observed upregulation of several cholesterol/ste-
roid biosynthesis enzymes and transporters (Figure 6C), with
common (eg, INSIG1) and novel (eg, NPC1 and LDLR) targets com-
pared with our previous transcriptomic analyses of primary hu-
man cytotrophoblasts exposed to BDE-47 (Robinson et al., 2018).
Our results suggest that the interplay between TH-signaling and
molecules such as DHCR7 (Figure 7) in PBDE-neurotoxicity may
warrant further investigation.

In diverse toxicological models, PBDEs generate oxidative
stress and inflammation (Costa et al., 2015; He et al., 2008; Park
et al., 2014; Peltier et al., 2012). Our transcriptomic results simi-
larly indicate significant enrichment of pathways related to oxi-
dative stress modulation (eg, response to oxygen) and
upregulation of known molecules in the Nrf2-ARE (antioxidant
response element) signaling pathway such as NFE2L2, NQ01,
and HMOX1 (Figure 6E) (Loboda et al., 2016). Previous in vitro
studies using neuronal models have demonstrated BDE-47
induces oxidative stress (Costa et al., 2015; He et al., 2008;
Tagliaferri et al., 2010), concurring with our transcriptomic data
of relevant genes. Though responses to BDE-47 were generally
observed at concentrations of > 1 mM, interestingly one of the
few genes significantly dysregulated at 1 mM but not 10 mM was
CYP2B6 (2-fold induction with 1 mM, Figure 6C). CYP2B6 is re-
sponsible for metabolizing environmental compounds and is
the predominant isoform involved in the metabolism of PBDE
(Feo et al., 2013). Our data may suggest that at lower concentra-
tions, CYP2B6 is upregulated to mediate breakdown of PBDEs
and at higher concentrations an inflammatory and prooxidant
environment attenuates its transcription (Aitken et al., 2008;
Aitken and Morgan, 2007), contributing to a toxic response.

Imbalances in reactive oxygen species (ROS)-mediated sig-
naling can dramatically affect neuronal homeostasis and dif-
ferentiation (as reviewed Vieira et al., 2011). Coinciding with an
upregulation in stress response and Nrf2-ARE associated
genes, we observed upregulation of apoptotic-related genes
and pathways and downregulated expression of cell cycle fac-
tors, with the latter representing the most significantly
enriched pathway in our dataset (Figure 6A). Among the cell
cycle factors affected by BDE-47, we validated the downregula-
tion of CDK1 (Figure 7), a critical promoter of cell survival and
proliferation (Liu et al., 2008). The decreased expression of cell
cycle factors may be involved in the reduced proliferation of
NPCs observed with BDE-47 treatment (Figure 3), given corre-
sponding changes in transcripts associated with mitotic spin-
dle dynamics (eg, kinesins, ANLN, and DLGAP5) (Figure 6F).
Additionally, BDE-47 significantly disrupted genes/pathways
critical for neurogenesis (Figure 6D). PAX6, which is critical for
regulating the balance of neural renewal and differentiation
(Estivill-Torrus et al., 2002; Sansom et al., 2009), was signifi-
cantly reduced in NPCs. A parallel upregulation in transcrip-
tion for glutamate receptors (GRIA1) and neuronal adhesion
molecules (NRCAM) was also observed (Figs. 6D and 7), indicat-
ing BDE-47 may alter the routes of differentiation in these
cells. Collectively, these data suggest that PBDEs induce oxida-
tive stress pathways in NPCs, leading to alterations in prolifer-
ation and potentially differentiation.

Environmental chemicals are implicated in epigenetic
changes (Baccarelli and Bollati, 2009), with changes in methyla-
tion patterns potentially underlying adverse neurodevelopmental
outcomes (Keil and Lein, 2016). PBDE exposures in utero are simi-
larly associated with epigenetic changes (Woods et al., 2012) that
could underlie transient or irreversible genomic changes, with
the potential for transgenerational inheritance (Skinner and
Guerrero-Bosagna, 2009). As epigenomic regulation is a pivotal
process in neurogenesis, we also evaluated global methylation
patterns in NPCs exposed to BDE-47. Our results indicate BDE-47
causes a modest, but consistent, global hypermethylation in the
NPC methylome in a concentration-dependent manner (Figs. 8A–
C), with diverse response when examined by chromosomal loca-
tion (Figure 8D) and an overrepresentation of methylation at non-
promoter regions (Figure 8E). Interestingly, DM CpGs were almost
exclusively found in variable (69.5%; b ¼ 0.2–0.8) or hypermethy-
lated (29%, b > 0.8) CpG regions; only 1.5% of DM CpGs were hypo-
methylated (b < 0.2).The effects of DNA methylation outside the
promoter region and first exon remains unclear, capable of both
positively and negatively affecting transcription (Gagnon-Kugler
et al., 2009; Jjingo et al., 2012). BDE-47 DM CpGs near the promoter
region did not show significant enrichment in developmental
processes such as cell differentiation, nervous system develop-
ment, and synaptic signaling of genes, suggesting that NPC func-
tional changes due to chemical exposure are driven by
methylation at nonpromoter regions (Figure 8F). This would coin-
cide with observations that nonpromoter methylation is a media-
tor of neuronal differentiation (Wu et al., 2010); however,
additional studies are necessary for confirmation.

In conclusion, our study demonstrates the utilization of a
hESC neural differentiation model to examine endpoints rele-
vant for in vivo neurogenesis. Due to their (1) human relevance;
(2) pluripotent capabilities to be differentiated into multiple cell
types; and (3) representation of the continuum of neurodevelop-
ment on cellular and molecular levels, hESCs can be utilized for
many applications, including the screening of environmental
chemicals for neurotoxicity. Using this multi-stage hESC differ-
entiation model we assessed the effects of BDE-47 during win-
dows of neurogenesis in vitro. Our results indicate that common
PBDE congeners may be potent toxicants in neural progenitors,
which induce functional changes and elicit transcriptomic alter-
ations in pathways regulating neurodevelopment, hormone sig-
naling, and environmental stress response. Our results concur
with previous toxicological investigations in human in vitro and
rodent model systems, and support growing epidemiological ev-
idence tying exposure to these compounds to neurodevelop-
mental adverse outcomes. Future studies may examine the
relationship between PBDEs, oxidative stress, and redox state in
the context of NPC proliferation, differentiation, and epigenetic
control. Proposed PBDE-gene interactions linked to neurotoxic-
ity taken from our in vitro studies may also be investigated fur-
ther in vivo. Our data support the utility of the hESC model
system to better efforts towards screening environmental con-
taminants for potential neurotoxicity in humans.
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