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Lead Exposure Disrupts Global DNA Methylation in Human Embryonic
Stem Cells and Alters Their Neuronal Differentiation

Marie-Claude Senut,*,† Arko Sen,*,† Pablo Cingolani,*,†,‡ Asra Shaik,*,† Susan J. Land,*,† and Douglas M. Ruden*,†,1

*Institute of Environmental Health Sciences, C.S. Mott Center for Human Health and Development, Detroit, Michigan 48201; †Department of Obstetrics and
Gynecology, Wayne State University, Detroit, Michigan 48201; and ‡School of Computer Science and Genome Quebec Innovation Centre, McGill University,

Montreal, Canada

1To whom correspondence should be addressed at Department of Obstetrics and Gynecology, Institute of Environmental Health Sciences (IEHS), C.S. Mott
Center for Human Health and Development, 275 E. Hancock Ave., Room 291.1, Detroit, MI 48201. Fax: (313) 577-0082. E-mail: douglas.ruden@gmail.com.

Received August 12, 2013; accepted February 5, 2014

Exposure to lead (Pb) during childhood can result in learning
disabilities and behavioral problems. Although described in animal
models, whether Pb exposure also alters neuronal differentiation in
the developing brains of exposed children is unknown. Here, we in-
vestigated the effects of physiologically relevant concentrations of
Pb (from 0.4 to 1.9�M) on the capacity of human embryonic stem
cells (hESCs) to progress to a neuronal fate. We found that neither
acute nor chronic exposure to Pb prevented hESCs from gener-
ating neural progenitor cells (NPCs). NPCs derived from hESCs
chronically exposed to 1.9�M Pb throughout the neural differenti-
ation process generated 2.5 times more TUJ1-positive neurons than
those derived from control hESCs. Pb exposure of hESCs during
the stage of neural rosette formation resulted in a significant de-
crease in the expression levels of the neural marker genes PAX6 and
MSI1. Furthermore, the resulting NPCs differentiated into neu-
rons with shorter neurites and less branching than control neu-
rons, as assessed by Sholl analysis. DNA methylation studies of con-
trol, acutely treated hESCs and NPCs derived from chronically ex-
posed hESCs using the Illumina HumanMethylation450 BeadChip
demonstrated that Pb exposure induced changes in the methyla-
tion status of genes involved in neurogenetic signaling pathways.
In summary, our study shows that exposure to Pb subtly alters the
neuronal differentiation of exposed hESCs and that these changes
could be partly mediated by modifications in the DNA methylation
status of genes crucial to brain development.
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Lead (Pb) is a pervasive environmental neurotoxin that does
not degrade or lose potency over time, contaminates popu-
lation centers worldwide, and has no safe level of exposure
for children (Kuehn, 2012). Although Pb poisoning is a pre-
ventable disease, each year there continue to be thousands of
new cases in the United States, where about 500,000 children
under 5 years old have blood Pb levels (BLLs) greater than the
Centers for Disease Control and Prevention (CDC) threshold
level of 5 �g/dL (0.25�M), at which counseling and/or treat-
ment are initiated (www.cdc.gov/nceh/lead/). Early-life envi-

ronmental exposure to Pb is especially toxic to the developing
brain and can severely alter neurological structure and function
(Bellinger, 2013; Kuehn, 2012; Toscano and Guilarte, 2005).
Thus, chronic exposure to Pb during gestation or as a young
child, even at BLLs below the CDC threshold level, can result
in disrupted cognitive abilities, attention deficit hyperactivity-
like disorders, lowered Intelligence Quotient (IQ), increased
delinquency, changes in activity level, and altered sensory func-
tion (references in Senut et al., 2012). A growing body of evi-
dence is showing that gestational exposure to Pb not only may
have damaging neurological effects that last well into adulthood
(Brubaker et al., 2009; Cecil et al., 2008; Stokes et al., 1998),
but may also increase the susceptibility to a variety of neuro-
logical diseases with onset in later life, such as Alzheimer’s dis-
ease and schizophrenia (Basha et al., 2005; Guilarte et al., 2012;
Mazumdar et al., 2012).

Milestone animal studies have identified the synapse as a tar-
get of Pb neurotoxicity by demonstrating that chronic Pb ex-
posure can reduce the density of synapses, lessen the levels
of synaptic/neural proteins, and alter presynaptic function and
vesicular release (reviewed in Neal and Guilarte, 2010; White
et al., 2007). Pb can also have detrimental effects on the prolif-
eration, differentiation, and survival of newborn neurons (Davi-
dovics and DiCicco-Bloom, 2005; Giddabasappa et al., 2011;
Gilbert et al., 2005; Huang and Schneider, 2004; Jaako-Movits
et al., 2005; Kermani et al., 2008; Verina et al., 2007; Zurich
et al., 2002), thereby altering neurogenesis, a crucial step in
brain development. Whether similar changes occur in the devel-
oping brains of Pb-exposed children is yet unknown, but in vitro
studies reported altered activity of protein phosphatases known
to regulate synaptic plasticity and inhibition of Ca2+ channels
neurotransmission following Pb exposure in primary human fe-
tal neurons (Rahman et al., 2011) and human embryonic kidney
cells (Peng et al., 2002), respectively.

Although the cellular and molecular underpinnings of Pb neu-
rotoxicity are not well understood, in vitro and in vivo animal
models have helped identifying several pathways potentially in-
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volved in Pb neurotoxicity, such as disruption of calcium sig-
naling, oxidative stress, and altered expression of brain-specific
genes (Sanders et al., 2009). Because alterations in epigenetic
determinants help define the transcriptional pathways that con-
tribute to both synapse function (Sultan and Day, 2011) and
neurogenesis (Jobe et al., 2012), they have recently emerged
as potential intermediaries in Pb neurotoxicity. DNA methyla-
tion, which occurs when DNA methyltransferases add a methyl
group to the 5 carbon position on the cytosine pyrimidine ring
(5-methylcytosine), is an epigenetic modification that is essen-
tial to the regulation of gene expression and is most commonly
associated with gene silencing (Elango and Yi, 2011). An earlier
report showed that in humans maternal bone Pb levels were in-
versely associated with cord blood methylation levels in long in-
terspersed nuclear element 1 (LINE-1) and Alu1, two elements
frequently analyzed in genomic DNA methylation studies (Pil-
sner et al., 2009). Since then, a scant number of epidemiologi-
cal studies addressing Pb-induced changes in DNA methylation
have provided further evidence that exposure to Pb can induce
hypomethylation or hypermethylation of various gene regula-
tory sequences (Hanna et al., 2012; Kovatsi et al., 2010; Pilsner
et al., 2009; Wright et al., 2010). Animal studies have also ad-
vanced the DNA methylome as a potential target of Pb expo-
sure by showing alterations in the expression levels of genes
involved in DNA methylation, including DNA methyltrans-
ferases, methyl-cytosine-phosphate-guanine (Me-CpG) binding
protein-2 (MeCP2), methionine synthase, as well as global hy-
pomethylation of cytosines (Bihaqi et al., 2011; Dosunmu et al.,
2012; Schneider et al., 2013; Wu et al., 2008b). Taken to-
gether, these data provide compelling evidence that changes in
the DNA methylation status of genes that are crucial to brain
development may mediate some of the neurotoxic effects ob-
served after early-life exposure to Pb.

Very few studies have analyzed the mechanisms of Pb-
induced human brain dysfunction at the cellular levels mainly
due to the insufficient number of cell lines or tissues avail-
able for analysis. Embryonic stem cells (ESCs), and their sub-
sequent differentiation into neural progenitor cells (NPCs) and
neurons, have enabled researchers to establish pluripotent cell-
based model systems to study developmental neurotoxicity of
chemical agents and heavy metals (Wobus and Loser, 2011).
Although ESCs have been shown to reproduce a wide range
of requisite neural and neuronal characteristics, their use in the
study of pharmacological and toxicological agents is just start-
ing to be explored. To this date, studies examining the effects
of Pb exposure on the neural differentiation of stem cells have
mostly been aimed at mouse ESCs and shown that Pb can al-
ter the potential of such cells to differentiate into neurons (Baek
et al., 2011; Visan et al., 2012; Zimmer et al., 2011). Two re-
cent studies using human embryonic stem cells (hESCs) or their
neural derivatives found that Pb can hinder the proliferation of
human amniotic fluid stem cells (Gundacker et al., 2012) and
impair the migration of hESC-derived neural crest cells (Zim-
mer et al., 2012). However, further investigation is needed to

better understand the adverse effects that Pb may have on hu-
man brain development and their underlying mechanisms.

In this report, we used the in vitro differentiation of hESCs
into NPCs and subsequently neurons to study the early devel-
opmental neurotoxic effects of Pb levels similar to BLLs mea-
sured in Pb-exposed children. We show that exposure of hESCs
to physiologically relevant Pb levels not only affects their subse-
quent differentiation into neurons but also induces rapid methy-
lation changes in the CpG sites of specific genes key to neu-
ronal growth. Understanding whether and how the DNA methy-
lome and other epigenetic regulators cooperate to generate the
neurodevelopmental effects of Pb exposure will reveal novel
molecular pathways of Pb neurotoxicity and will have impli-
cations for prevention and therapeutic intervention.

MATERIALS AND METHODS

Maintenance and Culture of hESCs

In these experiments, we used the WA09 hESC line (pas-
sages 26–53; WiCell Research Institute, Madison, WI) (Thom-
son et al., 1998) that is NIH-approved and included in the
National Stem Cell Registry. Human ESCs were maintained
on a feeder layer of irradiated mouse embryonic fibrob-
lasts (GlobalStem, Rockville, MD) in hESC medium. The
hESC culture medium consisted of 20% knockout serum re-
placement, 2mM L-Glutamine, 1% nonessential amino acids,
1% penicillin/streptomycin (all products from Life Technolo-
gies Corporation, Carlsbad, CA), 4 ng/ml human fibroblast
growth factor basic (FGF-2; Peprotech, Rocky Hill, NJ), and
0.1�M 2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO) in
DMEM/F12 (Life Technologies Corporation). Cultures were
maintained at 37◦C with 5%CO2 in a humidified incubator, and
medium was changed daily. Colonies were passaged every 4–6
days by mechanical dissection. The pluripotent state of hESCs
was regularly assessed by immunofluorescence detection for
pluripotency markers, such as Oct4, Nanog, and Lin28.

Differentiation of hESCs Into NPCs

Neural induction of hESCs was performed according to pre-
viously published protocols (Chang et al., 2010; Zhang et al.,
2001; Fig. 1A). Briefly, hESC colonies were mechanically dis-
sociated, transferred in 100 mm bacterial plates and maintained
as aggregates (embryoid bodies, EBs) for 4 days in a medium
composed of 50% hESC medium and 50% N2 medium. N2
medium was made of 1% N2 supplement (Life Technologies
Corporation) and 1% penicillin/streptomycin in DMEM/F12.
On culture day 4, EBs were transferred to a new bacterial plate
and cultured for an additional 4 days in N2 medium supple-
mented with 3�M retinoic acid (Sigma-Aldrich). On day 8, and
over the next 3 days, EBs were cultured in N2 medium, contain-
ing 20 ng/ml FGF-2 (N2/FGF-2; Peprotech). EBs were sub-
sequently transferred to 6-well plates coated with 20�g/ml fi-
bronectin (Life Technologies Corporation) and maintained in
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FIG. 1. Neuronal differentiation of hESCs. (A) Schematic representation of the differentiation protocol and Pb exposure paradigms. (B) WA09 hESC cell
colony on mouse embryonic fibroblast (MEF) feeder layer. hESCs are immunoreactive for the pluripotency markers Oct4 (C), Nanog (D), and Lin28 (E). (F)
hESC-derived embryoid bodies (EBs) at culture day 6. (G) Formation of neural rosettes (arrows) 6 days following plating of EBs on fibronectin-coated plates.
(H) hESC-derived NPCs display immunofluorescence labeling for the NPC markers Nestin (red) and Musashi1 (Msi1) (green). (I) At day 47 of the differentiation
protocol, hESC-derived neurons express the neuronal-specific marker �III-tubulin (TUJ1 antibody). (J) hESC-derived neurons also express the mature neuronal
marker MAP2 at 31 days of the differentiation protocol. Nuclei are stained with DAPI. Bars: 100 �m (B)–(G); 50 �m (H)–(J).

N2/FGF-2 medium for an additional 8 days. Cells differenti-
ating as neuroectodermal cells organized into neural-tube-like
rosettes, which were then dissociated and plated in N2/FGF-2
medium on 10 �g/ml polyornithine/5 �g/ml laminin-coated
dishes.

Neuronal Differentiation of hESC-Derived NPCs

For neuronal differentiation, NPCs were passaged at a
5.105 cells/cm2 density in polyornithine/laminin-coated 12-
well dishes and cultured in N2 medium supplemented with 10
ng/ml brain-derived neurotrophic factor, 10 ng/ml glial cell-
derived neurotrophic factor, 10 ng/ml insulin-like growth factor

(all factors from Peprotech), 200 ng/ml ascorbic acid (Sigma-
Aldrich), and 100 ng/ml cAMP (Sigma-Aldrich), according to
a previously published protocol (Hu and Zhang, 2010).

Pb Concentrations

Pb acetate was obtained from Sigma-Aldrich. Stock solutions
(100-fold concentrated) of Pb acetate (Pb(C2H3O2)2) were pre-
pared in sterile distilled water and dose regimens were prepared
by further diluting the stock in culture medium. Control (dis-
tilled water vehicle, 0�M) and five physiologically relevant
concentrations of Pb acetate were tested: 0.4�M (8 �g/dL),
0.8�M (16 �g/dL), 1.2�M (24 �g/dL), 1.5�M (32 �g/dL),
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and 1.9�M (40 �g/dL). Cultures were monitored daily using a
Nikon Eclipse TE2000-S microscope (Nikon Instruments Inc.,
Melville, NY).

Viability Assay

Viability of hESC colonies and EBs was evaluated for the
acute Pb exposure paradigms A and B (Fig. 1A) by Trypan
blue staining for loss of membrane integrity and the 3-(4,5-
dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT)
assay for mitochondrial enzymatic activity.

Trypan blue staining. At the end of the 24-h Pb exposure,
control and Pb-treated hESCs were harvested, stained with 0.4%
Trypan blue (Life Technologies Corporation), and counted with
a hemacytometer. The number of viable cells was determined by
subtracting the number of dark-blue stained cells (nonviable)
from the total number of cells and expressed as a percentage
relative to the total number of cells. Three independent experi-
ments were analyzed.

MTT assay. A 5 mg/ml stock solution of 3-(4,5-
dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT;
Sigma-Aldrich) was freshly prepared in phosphate-buffered
saline (PBS). Human embryonic stem cells (hESCs) were cul-
tured in phenol red-free culture medium, and at the end of the
24-h exposure, MTT was added at a final concentration of 0.5
mg/ml to each well. Cells were then incubated in the dark at
37◦C for 3 h, at which time the formazan crystals resulting from
the reduction of MTT by mitochondrial enzymes were solubi-
lized for 15 min at room temperature in dimethyl sulfoxide. Ab-
sorbance was measured at 590 nm using a spectrophotometer.
Cell survival was expressed as a percentage of absorbance rela-
tive to that of control samples. Three independent experiments
were analyzed.

In Vitro Differentiation Potential Studies

For evaluating the effects of Pb on the differentiation po-
tentials of hESCs, we used a procedure involving the sponta-
neous differentiation of EBs (Ross et al., 2010). Briefly, hESC
colonies were mechanically dissociated and maintained as EBs
in FGF-2-free hESC medium in the presence of vehicle or 0.4–
1.9�M Pb for 14 days, at which time quantitative reverse tran-
scription PCR (qRT-PCR) analyses of the well-established lin-
eage marker genes—AFP (endodermal), NCAM (ectodermal),
and BRACHYURY (mesodermal)—were performed. All exper-
iments were done in three biological replicates.

Effect of Pb on the Neural Differentiation of hESCs

The dose-response effects of Pb acetate on the generation of
hESC-derived NPCs were determined in four different experi-
mental paradigms.

Paradigm A. hESCs were acutely exposed to the different
concentrations of Pb or vehicle, 24 h prior to the initiation of

differentiation (day -1; Fig. 1A). The following day, control,
and exposed hESC colonies were mechanically dissociated into
25–30 pieces of homogeneous size that were transferred into
bacterial plates and underwent the neural differentiation proto-
col until day 19 (Fig. 1A).

Paradigm B. hESC colonies were mechanically dissociated
into 150–200 pieces of homogeneous size that were randomly
distributed into six bacterial plates. The 24-h acute exposure
started at day 5 of the differentiation process, a day after initia-
tion of neural induction with retinoic acid (day 5; Fig. 1A). As in
paradigm A, cells underwent the neural differentiation protocol
until day 19.

Paradigm C. hESCs were chronically exposed to Pb during
the whole neural differentiation procedure up to day 19 (days
0–19; Fig. 1A).

Paradigm D. hESCs were maintained in the different Pb con-
centrations from days 11–19 corresponding to the phase of neu-
ral rosette formation (days 11–19; Fig. 1A).

In all paradigms A–D, the culture medium was refreshed ev-
ery 2 days, and qRT-PCR analyses of the neural marker genes
NESTIN, MUSASHI1 (MSI1), PAX6, and SOX2 were performed
at day 19 of the differentiation process.

qRT-PCR Analysis

Total RNA was extracted from control and Pb-exposed
hESC-derived cells (day 19) or EBs (day 14) using the RNeasy
kit (Qiagen, Valencia, CA) according to the manufacturer’s pro-
tocol. The resulting RNA was quantified by optical density
and stored at −70◦C. RNA was then reversed transcribed us-
ing Superscript II Reverse Transcriptase and random primers
(Life Technologies Corporation) for 50 min at 40◦C followed
by 15 min at 75◦C. Quantitative PCR was performed using
an Applied Biosystems, Inc., (ABI) PRISM 7000 Sequence
Detection System and its software (Applied Biosystems) with
10 ng cDNA, 400nM of each primers and Synergy Brands
(SYBR) Green PCR Master Mix (Life Technologies Corpo-
ration). Primers used for analyzing the expression of lineage
specification and NPC marker genes are listed in Table 1. Data
were normalized against the expression of the internal control
genes Glyceraldehyde-3-phosphate dehydrogenase (GAPDH )
or Ribosomalprotein large subunit 27A (PANL27 ) (Table 1).
Data analysis was performed using the 2−��Ct method (Li-
vak and Schmittgen, 2001) and standardized by log transforma-
tion, mean centering, and autoscaling as previously described
(Willems et al., 2008). Experiments were performed in at least
three biological replicates.

Antibodies and Immunofluorescence Procedures

The following antibodies were used for the characteri-
zation of hESCs and their neural/neuronal derivatives: (1)
pluripotency markers: rabbit anti-Nanog, rabbit anti-Lin28, and
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TABLE 1
List of Primers for qRT-PCR

Genes Forward Reverse

AFP (Ross et al., 2010) 5′-GAGGGAGCGGCTGACATTATT-3′ 5′-TGGCCAACACCAGGGTTTA-3′
BRACHYURY 5′-CAGAACGAGGAGATCACAGC-3′ 5′-GCTGGCTGTCTCCGGGTTCC-3′
GAPDH 5′-CAACGGATTTGGTCGTATTGGGC-3′ 5′-CGTTCTCAGCCTTGACGGTG-3′
MUSASHI1 5′-TCCTCCCCGAGCTTACAGCC-3′ 5′-GAGCCTGTCCCTCGAACCAC-3′
NCAM 5′-CCTGATCAAGCAGGATGAC-3′ 5′-CCAGGGACTTCAGCATGACG-3′
NESTIN 5′-CAGAGGTTGGAGGGCCGCTG-3′ 5′-TTGAGGTGCGCCAGCTGCTG-3′
PANL27 (Alicea et al., 2013) 5′-

CCATCCAGACTGAGGAAGACCCGGAAAC-
3′

5′-GGGCAGAAGCTCTGGTTCCTC-3′

PAX6 5′-CCCCAGCCAGAGCCAGCATG-3′ 5′-CAGTGGCCGCCCGTTGACAA-3′
SOX2 5′-

CAAAAGGGGGAAAGTAGTTTGCTGC-3′
5′-CTGCCGCCGCCGATGATTG-3′

goat anti-Oct4 (all antibodies at 1:500 and from Santa Cruz
Biotechnology, Santa Cruz, CA); (2) NPC/neuronal markers:
mouse anti-Nestin (1:500; EMD Millipore Corporation, Bil-
lerica, MA), rabbit anti-Msi1 (1:500; EMD Millipore Cor-
poration), mouse anti-neuron-specific class III tubulin, �III-
tubulin (TUJ1) (1:4000; Santa Cruz Biotechnology), and mouse
anti-microtubule-associated protein 2 (MAP2) (1:500; EMD
Millipore Corporation). Cell cultures were processed for im-
munofluorescence as previously described (Senut et al., 2000).
Briefly, after fixation for 10 min in 4% paraformaldehyde,
cells were rinsed twice in PBS, blocked in 3% donkey serum
(Sigma-Aldrich) in 0.3% Triton-X-100 (NDST3%), and incu-
bated overnight at 4◦C with primary antibodies in NDST1%.
Following rinses in NDST1%, cells were incubated with sec-
ondary anti-mouse, anti-rabbit, or anti-goat antibodies conju-
gated to Alexa 488 (1:1000; Life Technologies Corporation),
or Fast Red (1:500; Jackson ImmunoResearch Laboratories
Inc., West Grove, PA) for 2 h, stained with 4’-6-diaminido-2-
phenylindole (DAPI) or Hoescht dye (Sigma-Aldrich) for nu-
clear staining, and extensively rinsed in PBS. Specificity of the
immunostaining was assessed by replacing the primary antibod-
ies with normal serum and by omitting one immunoreagent of
the immunostaining protocol. Immunostained cell culture plates
were subsequently stored in the dark at 4◦C until analysis.

Quantification of Nestin- and TUJ1-positive Cells

The percentage of Nestin- and TUJ1-positive cells derived
from control and Pb-exposed hESCs was quantified at day
19 or day 31 of the neuronal differentiation protocol, respec-
tively. For each cell culture well, five randomly chosen fields
(X200) were captured with a CoolSNAP-Pro monochrome dig-
ital camera adapted onto a Nikon TE 2000-U inverted stage flu-
orescence microscope (Nikon Instruments Inc.). Exposure pa-
rameters were primarily adjusted and kept constant throughout
the image collecting process. Quantifications were performed
blindly to experimental conditions. For each image, the number
of Nestin- or TUJ1-positive cells, as well as Hoescht/DAPI-
stained nuclei, was counted. The total number of immunos-

tained cells was then expressed as a percentage of the total num-
ber of cells, as evaluated by DAPI or Hoescht staining.

Morphological Analysis of TUJ1-Positive Cells

The morphological complexity of TUJ1-positive cells de-
rived from control and Pb-exposed hESCs was determined us-
ing Sholl analysis (Gensel et al., 2010; Sholl, 1953). As for cell
counts, all morphological analyses were conducted blindly to
the experimental conditions. In each well, neurons were ran-
domly selected and only analyzed if their neurites could be
clearly identified and distinguished from adjacent cells. An av-
erage of 40–45 neurons, pooled from three independent exper-
iments, was analyzed per each experimental condition. A tem-
plate of 12.5-�m-spaced concentric circles was superimposed
onto the image of each selected neuron and centered on its soma.
For each neuron, we recorded: (1) the total number of times neu-
rites intersected any given circle (sum of crossings); (2) the dis-
tance from the soma of the maximal circle crossed by a neurite
(maximal distance); and (3) the total number of branchings.

Statistical Analysis

The degree of statistical significance between experimen-
tal groups was determined by one-way analysis of variance
(ANOVA) followed by a post hoc Holm-Sidak test when the F
value was significant, or Kruskal-Wallis one way ANOVA on
ranks followed by Dunn’s test using the SigmaPlot 12 software
(SYSTAT Software Inc., San Jose, CA). Statistical significance
was defined at p ≤ 0.05. Data from qRT-PCR experiments are
expressed as means with 95% confidence intervals. All other
data are expressed as the mean ± SEM.

DNA Methylation Studies and Statistical Analysis

Undifferentiated (n = 2; p28 and p30) (paradigm A in Fig.
1A) and differentiating (n = 2; p33 and p34) (paradigm B in Fig.
1A) hESCs were exposed to Pb for 24 h. In addition, hESCs (n =
3; p26, p27, and p27) were chronically exposed to Pb throughout
the neural differentiation process (NPC0–19; paradigm C in Fig.
1A). At the end of Pb exposure, DNA was isolated from control,
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Pb-exposed hESCs, and hESC-derived NPCs with Qiagen DNA
kit. The Quantifiler Human DNA Quantification Kit (Applied
Biosystems) was used to determine the amount of amplifiable
DNA. For genome-wide methylation analysis, we used the In-
finium Human Methylation 450K BeadChip system (Illumina
Inc., San Diego, CA) that allows us to quantitatively measure
methylation at over 450,000 CpG dinucleotides in over 20,000
human genes, with ∼25 probes per gene. The assay covers 99%
of National Center for Biotechnology Information Reference
Sequence genes and 96% of CpG islands, which are regions of
the genome that are enriched in CpG dinucleotides and often
occur in the promoter regions of genes. Several studies have in-
dicated that the Infinium 1 probes have a more stable signal and
extended dynamic range than the Infinium 2 probes, which dif-
fer in that Infinium 1 probes have separate beads for methylated
and unmethylated CpG sites whereas Infinium 2 probes con-
sist of single beads that can detect both types of DNA (Dedeur-
waerder et al., 2011; Pidsley et al., 2013; Sandoval et al., 2011;
Touleimat and Tost, 2012; Wang et al., 2012). Therefore, we
applied the Peak-based approach (Dedeurwaerder et al., 2011),
which corrects for the Infinium 1/Infinium 2 shift by rescaling
the Infinium 2 data on the basis of the Infinium 1 data density
distribution. The raw data were retrieved from Genome Studio
methylation module version 1.8 in the form of a complete sam-
ple methylation profile with background correction. Probe bias
correction for beta values was carried out using built-in-peak-
based correction and quantile normalization function in the Il-
lumina Methylation Analyzer (Wang et al., 2012). For undiffer-
entiated hESCs, differentiating hESCs, and NPC0–19, the calcu-
lated Pearson’s correlation coefficient demonstrated high corre-
lation of beta values between the different passages used (Sup-
plementary table 1), justifying their use as biological replicates.

We analyzed the normalized data using the recently published
Adjacent site (A)-clustering algorithm (Sofer et al., 2013). A-
clustering is based on the assumption that CpG sites or probes
located close to each other on the same chromosome are more
likely to undergo concerted changes in methylation in response
to exposure. Therefore this method groups the CpG sites into
clusters based on the distance measured between methylation
sites, where distance (site i, site j) = 1-correlation (site i, site
j), independent of any exposure data. First, CpG sites are clus-
tered based on the distance measure and base pair distance from
each other (d-base pair merge or dbp merge). Therefore, non-
correlated CpG sites will be included in a cluster, if they are
wedged between well-correlated CpG sites. Then, the distance
between the CpG sites in adjacent clusters must be lesser than
a predefined distance measure threshold. This will merge cor-
related CpG sites in adjacent clusters (≤ 1000 bps from each
other on the same chromosome) to create larger clusters. To
determine methylated and nonmethylated clusters, we used the
optimal parameters previously described in Sofer et al. (2013),
such as Spearman correlation, average clustering, distance cut-
off ( = 0.25 or 25%), maximum distance for merging adja-
cent cluster (1000 bps), minimum cluster size of 2, paired with

999 bps dbp-merge initiation. Then, we tested the changes in
methylation across the range of Pb concentrations using gen-
eralized estimating equation model (GEE; Hanley et al., 2003;
Sofer et al., 2013) that calculates the average beta values for the
clusters based on the weighted average of correlated observa-
tions. Firstly, because weighted average takes into considera-
tion the weight, standard deviation, and correlation of beta val-
ues of CpG sites belonging to a cluster, it efficiently controls
for outliers. Secondly, the GEE model assumes that because of
the correlation structure of the data the exposure effect on all
sites in a cluster is equal. The p-value estimates for the differ-
entially methylated clusters (DMCs) from the GEE model were
corrected for multiple testing using false-discovery rate (FDR).
The sites were further subdivided by exposure effect size ≥0.05
or ≤−0.05 and FDR-corrected p value ≤0.05 to generate the list
of significant clusters. We defined three categories of DMCs:
(1) small DMCs with two CpG sites/clusters; (2) DMCs with
3–10 CpG sites/clusters; and (3) large clusters with ≥ 10 CpG
sites. We annotated the significant clusters using the annota-
tion information provided by Illumina and isolated the unique
hypermethylated (+ exposure effect size) and hypomethylated
(− exposure effect size) clusters mapping to genes. We per-
formed over representation analysis (ORA) using hypergeomet-
ric testing implemented as a part of GOstat to test for associa-
tion of genes with significant biological processes (Beissbarth
and Speed, 2004). We isolated the significant pathway using an
FDR-corrected p-value cutoff for ORA of 0.01. All analysis was
done on an R platform (R > 3.0).

RESULTS

Generation and Characterization of hESC-Derived NPCs and
Neurons

The procedure used to generate NPCs and neurons from
hESCs is outlined in Figure 1(A). Colonies of undifferentiated
hESCs (Fig. 1B) exhibited robust immunofluorescent staining
for the pluripotency markers Oct4 (Fig. 1C), Nanog (Fig. 1D),
and Lin28 (Fig. 1E). Two to three days following mechanical
dissociation, hESCs formed spherical aggregates or EBs that
continued to grow in the presence of RA and FGF-2 (Fig. 1F).
Within 4–6 days of plating on fibronectin-coated plates, cells
grew out of the attached EBs and organized into neural tube-like
rosettes, indicating neural commitment (Fig. 1G). By culturing
cells dissociated from these neural rosettes, we obtained NPCs,
as evidenced by the robust staining for the NPC markers, Nestin
(98.3±0.6%; Fig. 1H) and Msi1 (98.7±0.6%; Fig. 1H) observed
at day 19 of the differentiation protocol. To verify that they
could differentiate into neurons, hESC-derived NPCs were sub-
sequently passaged and plated on polyornithine/laminin-coated
plates in FGF-2 free medium supplemented with a cocktail of
neuronal-inducing trophic factors. After 10–12 days in these
culture conditions (days 29–31 of differentiation), 8.2±2%
of the cells exhibited immunostaining for the early neuronal
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marker �III-tubulin (TUJ1). The number of TUJ1-positive cells
increased to 49.1±9.34% by day 40 of the differentiation pro-
cedure (Fig. 1I), at which time cells immunoreactive for the
more mature neuronal marker MAP2 could be observed (Fig.
1J). Glial cells were rarely present at this time point.

Pb Exposure Does Not Significantly Affect the Lineage
Differentiation Capabilities of hESCs

A hallmark of hESCs is their capability to differentiate into
all three embryonic germ layers: mesodermal, ectodermal, and
endodermal (Thomson et al., 1998). Because we plan to exam-
ine the effects of Pb exposure on the neural/neuronal differen-
tiation of NPCs, we first verified that Pb exposure would not
prevent the differentiation of hESCs, or direct them to prefer-
entially differentiate toward a lineage other than ectodermal.
To this end, we spontaneously differentiated EBs in FGF-2-
free hESC medium for 14 days (Ross et al., 2010; Fig. 2A),
at which time we performed qRT-PCR analyses of endodermal
(AFP), mesodermal (BRACHYURY), and ectodermal (NCAM)
marker genes. Exposure to 0.4–1.9�M Pb throughout the dif-
ferentiation protocol neither modified the capability of hESCs
to generate EBs nor altered their potentials to express markers
of all three germ layers (Figs. 2B–D). Furthermore, no statisti-
cally significant differences in the expression levels of AFP (p =
0.519), BRACHYURY (p = 0.07), and NCAM (p = 0.918) were
observed between control and Pb-exposed EBs, suggesting that,
at the concentrations tested, Pb exposure does not markedly al-
ter the in vitro pluripotency capabilities of hESCs (Figs. 2B–D).

Acute Exposure of hESCs to Pb Does Not Prevent the
Generation of NPCs

Although Pb exposure has been shown to have substantial ef-
fects on the survival and the differentiation of NPCs in animal
models (see references in the Introduction section), we do not
know whether it influences the directed differentiation of hESCs
into the neural lineage. To determine the early effects of Pb on
neural differentiation, we first examined the neural differentia-
tion of hESCs acutely exposed to Pb (24 h) at either day -1 or
day 5 of the differentiation protocol (paradigms A and B in Fig.
1A). Analysis of cytotoxicity, as assessed by Trypan blue stain-
ing at the end of the 24-h treatment, showed that there was no
significant change in the viability of hESCs when they were ex-
posed to either vehicle or Pb (0.4–1.9�M) on day -1 (p = 0.661)
(Fig. 3A). In contrast, when Pb exposure was performed at day 5
of the differentiation protocol (paradigm B in Fig. 1A), a statis-
tically significant 30.7% and 31.8% decrease in the number of
viable hESCs was observed with Pb concentrations of, respec-
tively, 1.5�M (p = 0.041) and 1.9�M (p = 0.028) compared
with controls (Fig. 3B). MTT analysis of mitochondrial activ-
ity did not show changes in cell viability between control and
Pb-exposed for paradigm A (p = 0.479; Supplementary fig. 1A)
and paradigm B (p = 0.626; Supplementary fig. 1B). In addi-
tion, no differences in cell viability between water vehicle and
a control group consisting in a molar concentration of sodium

acetate solution equivalent to the 1.9 �g/dL Pb acetate were
observed in the Trypan blue (p = 0.668) (not shown) or MTT
assays (p > 0.05; Supplementary fig. 1). As shown in Figure
3(C), formation of EBs or neural rosettes from viable hESCs
was not prevented by acute Pb exposure.

Analyses of neural marker RNAs at day 19 indicated that
the expression levels for NESTIN, MSI1, SOX2, and PAX6 were
similar between control hESCs and hESCs that had been acutely
exposed to Pb at day -1 (paradigm A in Fig. 1A) although SOX2
expression was reduced twofold at 1.5�M of Pb (p = 0.048;
Fig. 3D). No differences in the expression levels of the neu-
ral markers analyzed were observed at day 19 (Fig. 3E), when
hESCs had been exposed to Pb on day 5 (Paradigm B in Fig.
1A). Quantification of Nestin-immunoreactive cells in cell cul-
tures derived from control and Pb-treated hESCs further con-
firmed the presence of NPCs in our cultures, but did not reveal
any differences in the percentage of positive cells between Pb
and control experimental conditions (Figs. 3F and G). Taken
together, these data suggest that, at the concentrations tested,
acute exposure of hESCs to Pb a day prior initiation of neural
differentiation or a day after initiation of neural induction does
not significantly hinder their neural differentiation.

Chronic Exposure of hESCs to Pb Decreases the Expression
Levels of Neural Markers in Their Derived NPCs

We next sought to analyze the effects that chronic exposure
to Pb has on the neural differentiation of hESCs. For this pur-
pose, 0.4–1.9�M Pb was added to the culture medium of hESCs
throughout the entire differentiation protocol (day 0 to day 19;
paradigm C in Fig. 1A). As shown in Figure 4(A), there were
no significant differences in the expression levels of NESTIN (p
= 0.144), SOX2 (p = 0.996), MSI1 (p = 0.154), and PAX6 (p
= 0.964) between control and Pb-exposed hESCs. In addition,
no significant changes in the number of NPCs, as assessed by
Nestin immunoreactivity, were observed (data not shown). Be-
cause the organization of EBs into neural rosettes, a stage that
parallels neuroectodermal development in humans (Krencik and
Zhang, 2006), is a crucial step for neural commitment, we also
investigated the neural differentiation capabilities of hESCs ex-
posed to Pb during the stage of neural rosette formation (day
11 to day 19; paradigm D in Fig. 1A). Surprisingly, qRT-PCR
analysis of the cells derived from control and Pb-treated hESCs
revealed a statistically significant decrease in the expression
levels of MSI1 and PAX6 (Fig. 4B). Specifically, a 56% (p =
0.004), 47% (p = 0.043), 49% (p = 0.024), and 50% (p = 0.002)
decrease in MSI1 expression was observed following exposure
to, respectively, 0.8, 1.2, 1.5, and 1.9�M Pb (Fig. 4B). Further-
more, a 72% significant decrease (p = 0.026) in PAX6 expres-
sion levels was also observed following exposure to 1.9�M Pb
(Fig. 4B). Pearson correlation analysis showed a trend toward
significant negative correlation between Pb concentrations and
expression of MSI1 (R = −0.0753, p = 0.08) and PAX6 R =
−0.778; p = 0.07). Statistically significant decreases in MSI1
and PAX6 expression levels were also observed between Pb-
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FIG. 2. Pb exposure does not affect the potentials of hESCs to passively differentiate into cells of the three germ layers. (A) Schematic representation of the
differentiation protocol and Pb exposure paradigm. (B) Quantitative RT-PCR expression analysis for endodermal (AFP), (C) mesodermal (BRACHYURY), and
(D) ectodermal (NCAM) lineage markers in Pb-exposed hESCs after 2 weeks of differentiation in FGF-2-free medium. Embryoid bodies generated from control
and Pb-exposed hESCs express markers of different germ layers. Histogram values represent means and error bars represent 95% interval confidences (p > 0.05;
n = 3, one-way ANOVA).

exposed hESCs and hESCs treated with a control sodium ac-
etate solution (Supplementary fig. 2). To determine if changes
in the number of generated NPCs could have contributed to the
decrease in neural marker expression, we analyzed and com-
pared the percentage of Nestin- and Msi1-positive cells in the
cell cultures (Fig. 4C). Of the cells derived from control hESCs,
about 65.6±5.2% were Nestin-positive, 86.5±4.5% were Msi1-
positive, and 56.9±3.2% were stained for both Nestin and Msi1
(Fig. 4D). No statistically significant differences in the percent-
age of Nestin- (p = 0.712), Msi1- (p = 0.615), and double- (p
= 0.666) positive cells were observed between experimental
groups (Fig. 4D). Taken together, these data suggest that dif-
ferentiating hESCs are more sensitive to the effects of Pb when
exposed at a time of neural commitment.

Neuronal Differentiation of NPCs Derived From hESCs
Chronically Exposed to Pb Is Altered

After showing that chronic Pb exposure of differentiating
hESCs may cause a decrease in the expression of NPC marker
genes, we investigated whether the generating NPCs could
exhibit changes in their efficiency to differentiate into neu-
rons and/or generate neurons with altered morphology. There-
fore, NPCs obtained from control hESCs and chronically Pb-
exposed hESCs (day 0–19: NPC0–19 and day 11–19: NPC11–19;
paradigms C and D in Fig. 1A) were cultured in neuronal dif-
ferentiation conditions for 12 days (day 31 of the differentiation
process), at which time we performed neuronal quantification
and morphometric analyses. Although 12-day cultures do not
yet contain a large number of neurons, the minimal overlap be-

tween neurons at this stage allows for the clear identification
of neuritic processes which is needed for morphometric stud-
ies. Immunofluorescent analyses of the early neuronal marker
TUJ1 demonstrated a statistically significant 2.9-fold increase
(p = 0.05) in the number of generated neurons between NPC0–19

and control NPCs for the highest concentration of 1.9�M Pb
(Fig. 5A). In contrast, no significant changes in the number of
TUJ1-positive cells were observed between control NPCs and
NPC11–19 (p = 0.944; Fig. 5B). Closer examination of TUJ1-
positive neurons derived from the different experimental groups
of NPCs revealed some morphological differences (Figs. 5C–
E). Neurons differentiated from control NPCs were mostly mul-
tipolar, showing several neurites surrounding the soma and an
axon-like longer process (Fig. 5C; Supplementary fig. 3). The
morphology of neurons derived from NPC0–19 was overall sim-
ilar to that observed in control neurons, with the exception that,
at the highest Pb concentrations, the axon-like neurite extended
over markedly longer distances in a subgroup of TUJ1-positive
cells (Fig. 5D; Supplementary fig. 3). In contrast, at those same
Pb concentrations, neurons resulting from NPC11–19 displayed
less neuritic development, often adopting a unipolar shape (Fig.
5E; Supplementary fig. 3).

To further characterize the magnitude of the morphological
changes observed between the different experimental groups,
we conducted quantitative analyses of neuritic development
and complexity using Sholl analysis (Figs. 5 and 6). As shown
in Figures 5(F) and 5(G), neurons derived from NPC0–19 and
NP11–19 exhibited similar overall neuritic complexity compared
with control NPCs (0�M Pb). However, at the highest Pb
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FIG. 3. Effects of acute exposure to Pb on the neural differentiation of hESCs. (A) and (B): Analysis of cell viability by Trypan blue staining. Undifferentiated
(A) and differentiating(B) hESCs were exposed to 0–1.9�M Pb for 24 h (paradigms A and B in Fig. 1A). The percentage of viable cells was calculated as follows:
(total number of cells-number of nonviable dark-blue stained cells)/(total number of cells) x 100. Histogram values are means ± SEM. *Statistically significant
difference (p < 0.05; n = 3, one-way ANOVA) between Pb-exposed and control hESCs. (C) Formation of embryoid bodies (EBs) and neural rosettes (arrows)
from hESCs is not prevented by acute Pb exposure. (D) and (E): Quantitative RT-PCR expression analysis for the NPC marker genes NESTIN, SOX2, MSI1, and
PAX6 in hESC-derived cells at day 19 of the differentiation protocol, following 24-h Pb exposure at day -1 (D) or day 5 (E). Histogram values represent means and
error bars represent 95% interval confidences. *Statistically significant difference (p < 0.05; n = 3, one-way ANOVA) between Pb-exposed and control hESCs.
The percentage of Nestin-positive cells generated from hESCs exposed to Pb either at day -1 (F) or day 5 (G) of the differentiation protocol was not significantly
different from control percentages. Histogram values represent means ± SEM (n = 3; one-way ANOVA). Bar: 150 �m.
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FIG. 4. Chronic exposure to Pb alters the expression levels of the neural markers MSI1 and PAX6 in hESC-derived NPCs. Quantitative RT-PCR expression
analysis for the NPC marker genes NESTIN, SOX2, MSI1, and PAX6, following chronic Pb exposure at days 0–19 (A) or days 11–19 (B) of the differentiation
procedure (paradigms C and D in Fig. 1A). Histogram values represent means and error bars represent 95% interval confidences. Statistically significant differences
(*p < 0.05; **p < 0.01; n = 5, one-way ANOVA) between Pb-exposed hESCs and controls. (C) Immunofluorescence staining for the NPC marker Nestin (green)
and Msi1 (red) in NPCs derived from hESCs exposed to 0–1.9�M Pb between day 11 and day 19 of the differentiation protocol (paradigm D in Fig. 1A). (D)
The percentage of Nestin-, Msi1-, and double-stained cells obtained from hESCs differentiated in 0.4–1.9�M Pb between day 11 and day 19 of the differentiation
protocol did not differ from control percentages. Histogram values represent means ± SEM (n = 3, one-way ANOVA). Bar: 20 �m.

concentration of 1.9�M, there was a notable increase in the
percentage of NPC0–19-derived neurons with longer axon-like
processes (Fig. 5H), which was not observed with NPC11–19-
generated neurons (Fig. 5I). Sholl analysis of the average maxi-
mal distance reached by neurites in control and NPC0–19-derived
neurons (Fig. 6A) resulted in a J-shaped dose-response curve
because of a decrease in neuritic length at 0.4 and 0.8�M Pb,
but an increase in neuritic length at 1.2, 1.5, and 1.9�M Pb.
Statistical analysis showed a significant difference between the
different median values (p = 0.007). Post hoc Dunn test iden-
tified a significant difference between the 0.4 and 1.9�M ex-
perimental groups. No significant changes in the average total
number of crossings (p = 0.197; Fig. 6B) or the average num-
ber of branching (p = 0.53; Fig. 6C) were observed between
NPC0–19-derived and control neurons. In contrast, Sholl analy-
sis of neurons derived from NPC11–19 revealed a statistically sig-
nificant (p ≤ 0.001) reduction in the average maximal neuritic
length (Fig. 6D), average sum of crossings (Fig. 6E), and aver-
age number of branchings (Fig. 6F). Taken together, these data
suggest that NPCs derived from hESCs chronically exposed to
Pb display alterations in their neuronal differentiation.

Pb Induces Rapid Changes in the Global DNA Methylation
Patterns of Undifferentiated and Differentiating hESCs

Pb-induced changes in DNA methylation may play a role in
the etiology of its developmental neurotoxicity (Bihaqi and Za-
wia, 2012; Bihaqi et al., 2011, 2013; Dosunmu et al., 2012;
Pilsner et al., 2009; Schneider et al., 2013; Wu et al., 2008a).
Therefore, to determine whether and how fast Pb alters the
methylation status of brain-related genes that might be relevant
to the Pb-induced morphological effects we observed in neu-
rons, we analyzed the methylation profile of undifferentiated
and differentiating hESCs acutely exposed to Pb (paradigms A
and B in Fig. 1A) and NPCs derived from hESCs chronically
exposed to Pb throughout the neural differentiation procedure
(NPC0–19; paradigm C in Fig. 1A) using the Infinium Human-
Methylation450K array (GEO accession number GSE54596).

Because methylation changes of a single CpG dinucleotide in
a specific gene region are unlikely to affect gene transcription,
we identified all adjacent CpG sites by chromosomes and clus-
tered them based on the correlation between their beta values
and base pair distance from each other using the A-clustering
approach. GEE analysis of linearly Pb-dependent methylation
changes allowed us to isolate DMCs that exhibited statistically
significant (p ≤ 0.05; FDR corrected) positive or negative expo-
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FIG. 5. Effects of chronic exposure to Pb on the differentiation of NPCs into neurons. The number of TUJ1-positive neurons derived from control NPCs:
NPC0–19 (A) and NPC11–19 (B) (paradigms C and D in Fig. 1A). Following exposure to 1.9�M Pb, the number of TUJ1-stained cells was significantly increased in
neurons differentiated from NPC0–19. Histogram values represent means ± SEM. *Statistically significant difference (p = 0.05; n = 3, one-way ANOVA) between
Pb-exposed and control experimental groups. Examples of TUJ1-positive neurons generated from control NPCs (C), NPC0–19 [1.9�M Pb, composite micrograph,
(D)], and NPC11–19 [1.9�M Pb, (E)] at 31 days of the differentiation protocol. (F)–(I): Neurons derived from control, NPC0–19 and NPC11–19 exhibited similar
overall neuritic complexity, although an increase in the percentage of neurons with longer axon-like processes was observed in the NPC0–19 group. Sholl analysis
of the average number of crossings in neurons derived from control NPCs: NPC0–19 (F) and NPC11–19 (G) (n = 3). Histogram illustrating the percentage of control
NPCs (H, I): NPC0–19 (H) and NPC11–19 (I) derived neurons with various lengths of axon-like processes. Bar: 30 �m.

sure, which we subsequently subdivided into hypermethylated
and hypomethylated groups. As shown in Table 2, a large num-
ber of DMCs were identified in acutely exposed undifferenti-
ated and differentiating hESCs, and to a lesser degree in chron-

ically exposed NPC0–19. Following FDR correction and filter-
ing for exposure effect (≥0.05 or ≤−0.05), we identified 49
DMCs mapping to 29 genes for undifferentiated hESCs (Table
2; Figs. 7A and B). About 30% of the CpG sites within DMCs
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FIG. 6. Neurons generated from control NPCs, NPC0–19 and NPC11–19, exhibit different morphologies at day 31 of the differentiation protocol. Histogram
representing the average maximal distance reached by the longest neurites in neurons generated from NPC0–19 (A) and NPC11–19 (B) (paradigms C and D in Fig.
1A). Histogram representing the average sum of crossings in neurons generated from NPC0–19 (C) and NPC11–1 9 (D). Histogram representing the average number
of branching in neurons generated from NPC0–19 (E) and NPC11–19 (F). Histogram values represent means ± SEM. Statistically significant difference (**p < 0.01;
***p ≤ 0.001; n = 3; one-way ANOVA) between Pb exposure and control conditions.

were located in promoter-associated regions and 80.4% local-
ized to CpG resort (CpG islands and the surrounding shores and
shelves). Compared with undifferentiated hESCs, differentiat-
ing hESCs exhibited a greater number of DMCs (n = 1982)
that mapped to 1275 genes (Table 2; Figs. 7A and B), suggest-
ing that differentiating hESCs are more vulnerable to methyla-
tion changes in response to acute Pb exposure. It also showed
a decrease in percentage of CpG sites mapping to CpG resort
(59.6%) and CpG sites mapping to promoters (11.7%) for all
identified DMCs. Analysis of NPC0–19 generated from chroni-
cally exposed hESCs revealed significant methylation changes
in 73 clusters mapping to 45 unique genes, with 83.9% of the
CpG sites locating in CpG resorts and 31.5% of the CpG sites

associating with promoters (Table 2; Figs. 7A and B). Interest-
ingly, NPC0–19 displayed a larger percentage (13.7%) of DMCs
with ≥ 10 CpG compared with undifferentiated (4.1%) and dif-
ferentiating (1.9%) hESCs (Table 2). Analysis of the DMC-
related CpG sites in the three experimental groups showed that
a single CpG site—cg04778274—mapping to a CpG island in
the LGI4 (Leucine-Rich Repeat, member 4) gene was com-
mon to all three groups and consistently showed Pb-induced hy-
pomethylation (Fig. 7C; Group A in Supplementary table 2). In
addition, we identified 39 CpG sites shared between differenti-
ating hESCs and NPC0–19 (Fig. 7C; Group B in Supplementary
table 2), 13 CpG sites common to undifferentiated and differen-
tiating hESCs (Fig. 7C; Group C in Supplementary table 2), and
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FIG. 7. Differential methylation analysis following Pb exposure in undifferentiated hESCs, differentiating hESCs, and NPC0–19 (paradigms A, B, and C in
Fig. 1A). CpG sites were assigned to clusters based on correlation of beta values and base pair distance from each other and the effects of exposure to Pb were tested
using the generalized estimating equation (GEE) model. (A) The differentially methylated clusters (DMCs) were filtered based on estimated p value ≤ 0.05 (FDR
corrected) and minimum exposure effect size ≥0.05 or 5% or ≤0.05 or −5% to obtain a list of significant clusters. The significant clusters were further classified
into hypermethylated (+ exposure effect size) and hypomethylated (− exposure effect size) DMCs for undifferentiated hESCs and differentiating hESCs acutely
exposed to Pb, and NPCs derived from hESCs chronically exposed to Pb. (B) The significant DMCs were mapped to genes, using the publicly available Human
methylation 450K annotation information and classified into hypermethylated (+ exposure effect size) and hypomethylated (− exposure effect size) genes. Notice
that some genes were mapped to both hypermethylated and hypomethylated clusters and were assigned to a separate group. (C) Venn diagram illustrating the
overlap between the CpG sites/probes mapped to all significant DMCs irrespective of their exposure effect for the three experimental groups. (D) Venn diagram
of the overlap between unique genes mapped to significant DMCs irrespective of their exposure effect for the three experimental groups.

7 CpG sites common to undifferentiated hESCs and NPC0–19

(Fig. 7C; Group D in Supplementary table 2). The respective
genomic regions are detailed in Supplementary table 3.

A total of 29, 1275, and 45 genes eliciting dose-dependent
methylation effects to Pb were identified in undifferentiated
hESCs, differentiating hESCs, and NPC0–19, respectively (Table
2; Figs. 7B and D). Whereas 26 genes contained both hyper- and
hypo-methylated DMCs in differentiating hESCs, no such genes
could be found in undifferentiated hESCs or NPC0–19 (Fig. 7B).
As shown in a Venn diagram (Fig. 7D), and in addition to the
LGI4 gene common to all three experimental groups, we iden-
tified eight genes common to undifferentiated and differentiat-
ing hESCs, one gene common to undifferentiated hESCs and
NPC0–19, and 13 genes common to differentiating hESCs and

NPC0–19 (Supplementary table 4). Gene ontology (GO) anal-
ysis of the Pb-related differentially methylated genes in the
differentiating hESCs revealed that, at the Pb concentrations
tested, the top hit categories were “calcium ion import” (p =
0.0008) and “neuron projection development” (p = 0.009) for
hypermethylated genes (Table 3), and “neurological system pro-
cesses” (p = 0.0012), “calcium ion import” (p = 3.31E-05),
and “actin cytoskeleton organization (p = 1.02E-05) for hy-
pomethylated genes (Table 3). For example, genes key to neuro-
genesis such as PLXNA4 (Waimey et al., 2008) and NEUROG1
(Sun et al., 2001) (Table 4) displayed Pb-induced hypermethy-
lation and hypomethylation, respectively (Supplementary table
4). The overrepresented GO categories are decided based on the
FDR-corrected p values as well as their relevance to the study,
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TABLE 2
A-Clustering Analysis of Pb-Induced Methylation Changes in Undifferentiated hESCs, Differentiating hESCs, and NPC0–19

(Paradigms A, B, and C in Fig. 1A). Table Gives the Summary of the Methylation Profiles for Each Experimental Group After
Determining Differentially Methylated Clusters (DMCs) Using GEE (See the Materials and Methods section).

Undifferentiated hESCs Differentiating hESCs NPC0–19

Number of clusters (before filtering) 12785 11519 7167
Significant clusters (after filtering) 49 1982 73
Total number of CpG sites mapped to DMCs 163 6351 330
Unique genes associated with DMCs 29 1275 45
DMCs with 2 CpG sites (%) 59.2 53.6 41.1
DMCs with 3 to 10 CpG sites (%) 36.7 44.5 45.2
DMCs with ≥ 10 CpG sites (%) 4.1 1.9 13.7
CpG sites associated with promoters (%) 30.1 11.7 31.5
CpG sites mapping to CpG resort (%) 80.4 59.6 83.9

i.e., they must be involved in either well-known signaling path-
ways within neuron or involved in maintaining neural differen-
tiation or growth. Due to the small number of genes exhibiting
significant Pb-induced methylation changes in undifferentiated
hESCs and NPC0–19, GO analysis was not meaningful and we
instead analyzed target genes individually. Interestingly, hyper-
methylation changes were observed in genes known to influ-
ence brain development and functions such as EFNA2 (Holm-
berg et al., 2005; Jiao et al., 2008), GRIK4 (Knight et al., 2012),
and LXH3 (Lee and Pfaff, 2003) in NPC0–19 (Table 4). These
genes also displayed Pb-induced hypomethylation in differenti-
ating hESCs (Table 4; Supplementary table 4).

DISCUSSION

Accumulating evidence that any level of Pb may have dele-
terious effects on the neurological outcome in exposed children
(Kuehn, 2012; Bellinger, 2013) has prompted the need for a bet-
ter understanding at a cellular level of the mechanisms of Pb
toxicity in the developing human brain. The problem of short-
age of available human cell lines and tissues has been revolu-
tionized by the derivation of hESCs (Thomson et al., 1998).
Using this well-defined cellular model, we show that the di-
rected neural/neuronal differentiation of hESCs, although not
prevented, is significantly altered by Pb exposure. We found
that Pb had distinct effects depending on the differentiation
stage at which hESCs were exposed. Thus, if Pb exposure oc-
curred at the stage of neural rosette formation, it induced a de-
crease in the expression of the NPC marker genes MSI1 and
PAX6 and led to the generation of neurons with shorter processes
and reduced branching. In contrast, when Pb treatment started at
the time of EB formation, it resulted in an increased number of
neurons and a propensity to longer neurites at the highest con-
centration. Furthermore, our data show that Pb rapidly induces
aberrant patterns of DNA methylation in genes key to brain de-
velopment.

To the best of our knowledge, this is the first study character-
izing the morphological and epigenetic effects of Pb exposure

on the neuronal differentiation of hESCs. Hence, we corroborate
earlier reports (Wobus and Loser, 2011) indicating that the neu-
ronal differentiation capabilities of hESCs make them a suitable
cell-based model to gain useful insights into the effects of heavy
metals on neuronal development and their underlying mecha-
nisms. An advantage in using hESCs compared with other (e.g.,
animal-derived) cellular systems is that they preclude species-
specific differences in development and response to environ-
mental toxicants, making them relevant for human safety issues
(Wobus and Loser, 2011). The use of ESCs for exploring the
developmental neurotoxicity of Pb, and heavy metals in gen-
eral, is in its early stages and the reports so far available are
focused mostly on mouse (Baek et al., 2011; Sanchez-Martin
et al., 2013; Visan et al., 2012; Zimmer et al., 2011) and more
recently human (Zimmer et al., 2012).

We chose to test concentrations of Pb ranging from 0.4 to
1.9�M (8–40 �g/dL) because we wanted to be close to the
range of Pb concentrations detected in the blood of exposed chil-
dren. The current CDC threshold for initiation of treatment in
young children is 5 �g/dL (about 0.25�M) and the vast major-
ity of exposed ≤3-year-old children exhibit BLLs between 5 and
14 �g/dL (0.25–0.7�M) (2011 data; www.cdc.gov/nceh/lead/
data). Furthermore, at such BLLs, exposed children manifest
measurable deficits in various cognitive and intellectual skills
(Canfield et al., 2003; Lanphear et al., 2005; Nelson and Espy,
2009), that are of unknown mechanisms .

Here, we report that acute exposure to physiological levels
of Pb does not affect the viability of undifferentiated hESCs,
which concurs with previous reports with mouse ESCs (Visan
et al., 2012) or human amniotic fluid-derived fetal stem cells
(Gundacker et al., 2012). The lack of effects of acute Pb expo-
sure on the undifferentiated hESCs could be due to their relative
resistance to hypoxia and oxidative stress (Bolin et al., 2006).
Indeed, exposure to Pb has been associated with increased lipid
peroxidation, decreased expression, or changes in the activity
of antioxidant enzymes, and reduction of nitric oxidative syn-
thase, factors that contribute to increased oxidative stress and
conditions mimicking hypoxia (see Nava-Ruiz et al., 2012 for
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TABLE 3
GO (Gene Ontology) Analysis of Genes Exhibiting Linearly Pb-Induced Methylation Changes (Hypermethylation and

Hypomethylation) in Differentiating hESCs (Paradigm B in Fig. 1A).

Methylation status GO category p value

Hypermethylated GO:0070509 Calcium ion import (4/32) 0.0008
Hypermethylated GO:0090279 Regulation of calcium ion import (3/19) 0.002
Hypermethylated GO:0048172 Regulation of short-term neuronal

synaptic plasticity (2/7)
0.0036

Hypermethylated GO:0031175 Neuron projection development (18/726) 0.009
Hypomethylated GO:0030029 Actin filament-based process (50/488) 8.9E-06
Hypomethylated GO:0030036 Actin cytoskeleton organization (46/437) 1.02E-05
Hypomethylated GO:0070509 Calcium ion import (9/32) 3.31E-05
Hypomethylated GO:0050877 Neurological system processes (93/1267) 0.0012

TABLE 4
Examples of Genes Exhibiting Pb-Induced Methylation Changes (GEE Analysis, See Methods) in Differentiating (Diff.) hESCs and

NPC0–19 (Paradigms B and C in Fig. 1A).

Cells Cluster
Pb effect
size

Pb effect
standard error p value p adjusted

CpG
sites/clusters CpG sites Genes Methylation type Gene location

Diff. hESCs 3227 −0.052 0.017 0.003 0.0127 5 cg17830308 NEUROG1 chr5:134870740–
134872051

TSS1500

cg11863728
cg08451582
cg02604503
cg13336665

Diff. hESCs 5099 0.083 0.020 3.32E-05 0.0003 2 cg24469977 PLXNA4 non CpG TSS200, 1st Exon
cg24091954

Diff. hESCs 5842 −0.088 0.02 9.94E-06 8.59E-05 3 cg15833797 LHX3 chr9:139090420–
139095472

Body

cg21172615
cg08967938

Diff. hESCs 10227 −0.136 0.028 1.54E-06 1.58E-05 2 cg15490703 EFNA2 chr19:1295513–
1295891

Body

cg22676470
Diff. hESCs 7121 −0.100 0.040 0.013 0.040498 5 cg25113360 GRIK4 non CpG TSS1500TSS200

cg24226238
cg27179693
cg10961484
cg25316569

NPC0–19 6415 0.106 0.016 1.05E-10 5.8E-08 2 cg15490703 EFNA2 chr19:1295513–
1295891

Body

cg22676470
NPC0–19 4442 0.112 0.025 1.02E-05 0.0018 4 cg18247436 GRIK4 chr11:120856725–

120857174
Body

cg15174564
cg24255125
cg12122877

NPC0–19 3581 0.065 0.013 2.62E-07 0.00007 2 cg00522018 LHX3 Chr9:139090420–
139095472

Body

cg14381623

review). Decreasing oxygen or nitric oxide levels have been
shown to improve the proliferation of mouse ESCs (Tejedo
et al., 2010). In contrast, differentiating hESCs exhibited a dose-
dependent decrease in viability in response to acute Pb expo-
sure, reaching a significant 31–32% decrease at 1.5–1.9�M Pb.
This greater vulnerability of differentiating versus undifferenti-
ated state of hESCs to acute Pb exposure is similar to a previous
report demonstrating that whereas differentiating mouse ESCs
viability was reduced by 15% at doses as low as 0.1�M Pb, a
similar effect was only observed with undifferentiated cells at
levels of about 70 �m Pb (Visan et al., 2012). Using the MTT
assay, we did not detect any remarkable changes in the mito-
chondrial enzymatic activity of Pb-exposed hESCs. The dis-

crepancy between the Trypan blue and MTT data for differenti-
ating hESCs could be due to the difficulty to control cell num-
bers in growing EBs and/or interferences between MTT and Pb,
because Pb has been shown to influence mitochondrial activity
(Sanders et al., 2009). We also found that, at the concentrations
tested, Pb does not modify the in vitro pluripotency potentials of
exposed hESCs, because they could differentiate into cells that
expressed markers of all three embryonic lineages. However,
we cannot exclude that their further differentiation into lineage-
specific cells may be altered, warranting further investigation.

In all exposure paradigms tested, Pb exposure did not
prevent hESCs from generating true NPCs, as assessed by
expression/immunostaining of the neural markers Msi1, Nestin,
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Sox2, and Pax6, and their capability to differentiate into TUJ1-
positive neurons. However, and in contrast to acute treatments,
we found that chronic Pb exposure induced a significant reduc-
tion in the expression levels of the neural marker genes MSI1
and PAX6, while maintaining the percentage of NPCs generated
stable. These effects were observed only when hESCs had been
exposed to Pb at the stage of neural rosettes formation (days
11–19), suggesting an increased sensitivity of the differentiat-
ing hESCs at this particular time window. Because both MSI1
and PAX6 genes are essential for neural stem/progenitor self-
renewal, proliferation, and differentiation of the NPCs (Okano
et al., 2005; Osumi et al., 2008), it is likely for some of these
functions to be altered in NPC11–19. We were however surprised
that a similar decline in neural marker expression did not occur
in cells derived from hESCs treated with Pb throughout the dif-
ferentiation protocol, which includes the neural rosette forma-
tion stage. It is possible that Pb exposure prior to this window
of Pb sensitivity provides some form of protection to the dif-
ferentiating hESCs. Although the mechanisms of such protec-
tion are unclear, they could be partially related to the capabil-
ity of Pb to interfere with calcium (Ca2+)-sensitive pathways.
Indeed, Pb can substitute to Ca2+ and regulate the activity of
various key cellular enzymes, including protein kinase C (Lid-
sky and Schneider, 2003), a protein involved in neuroprotec-
tion (Maher, 2001). Furthermore, calcium preconditioning has
recently been shown to confer protection to pig retinal ganglion
cells neurons against glutamate-induced excitotoxicity (Brandt
et al., 2011). Interestingly, preconditioning with low doses of
the heavy metal cobalt chloride was shown to improve infarct
size and functional deficits induced in the neonatal rat brain fol-
lowing hypoxia (Jones et al., 2008).

Our data show that NPC0–19 obtained under 1.9�M Pb gener-
ated almost three times more TUJ1-positive neurons than con-
trol NPCs. Furthermore, whereas the longest neurites of control
neurons did not extend beyond a distance of 300–350 �m, about
18% of NPC0–19-derived neurons reached a maximal distance
ranging from 400 to 600 �m. This increase in neuronal gener-
ation observed in NPC0–19-derived neurons suggests that prior
treatment with the highest doses of Pb may have promoted neu-
ronal differentiation and/or improved survival of the resulting
neurons. These data are reminiscent of previous in vitro stud-
ies reporting that 3–30�M concentrations of Pb exhibited neu-
rotrophic effects, increasing both neuronal numbers and neuritic
length in cultures of developing rat primary dorsolateral corti-
cal cells (Davidovics and DiCicco-Bloom, 2005). Similar neu-
rotrophic effects of Pb on the generation of MAP2-positive neu-
rons were recently reported following continuous direct expo-
sure of mouse ESCs to Pb(II) acetate concentrations of 30–1000
�g/dL (Baek et al., 2011). However, in our study the “trophic”
effects were a delayed rather than a direct response to Pb, indi-
cating subtle but long-lasting effects of Pb.

Although we observed no remarkable changes in their overall
number compared with control conditions, neurons generated
from NPC11–19 clearly demonstrated a significant decrease in

neuritic average maximal length, average number of crossings
and branchings. We observed a significant decrease in the av-
erage maximal length of axon-like neurites in neurons derived
from NPC11–19 generated under exposure to 1.9�M Pb. This
could be related in part to the decreased expression of PAX6
observed at this concentration in NPC11–19, gene that was re-
cently shown to increase axonal growth in cultures of mouse
post-mitotic neurons (Sebastian-Serrano et al., 2012). The de-
creased MSI1 expression may also be involved in the changes in
neuronal morphology observed in NPC11–19. Msi1 is an RNA-
binding protein that is enriched in the embryonic and adult cen-
tral nervous system (CNS) (Kaneko et al., 2000; Sakakibara
et al., 1996) and binds to multiple targets, including Numb, a
regulator dendritic branching, axonal growth and synaptogen-
esis (Franklin et al., 1999; Imai et al., 2001; Nishimura et al.,
2006; Shen et al., 2002). Therefore, because Msi1 downregu-
lates Numb expression, it is possible that in response to the re-
duction of Msi expression in NPC11–19, Numb expression is up-
regulated, subsequently leading to shorter processes. However,
the fact that we did not observe a marked increase in axonal
length, which is also induced by Numb via antagonization of
the Notch signaling pathway (Franklin et al., 1999; Imai et al.,
2001), suggests that other developmental mechanisms are in-
volved. Further research is needed to better understand the in-
volvement of MSI1 and PAX6 in the effects of Pb exposure on
human neuronal growth.

Alterations in epigenetic marks help define the transcriptional
pathways that contribute to the differentiation of hESCs into
NPCs (Xie et al., 2013). DNA methylation regulates gene ex-
pression and is most commonly associated with gene silenc-
ing (Elango and Yi, 2011). As a first step in understanding
the role of epigenetic determinants in Pb-induced neurotoxic-
ity, we first analyzed the genome-wide methylation patterns of
undifferentiated and differentiating hESCs exposed to Pb for
24 h (acute exposure) and in hESC-derived NPCs (chronic ex-
posure). The rationale behind the acute exposure paradigms is
that we wanted to determine how fast Pb exposure could trig-
ger DNA methylation changes in hESCs and that the limited
number of epidemiological studies looking at the effects of Pb
exposure on the human epigenome relate to long-term exposure
paradigms. The latter studies demonstrated that changes in DNA
methylation may play a role in the etiology of Pb neurotoxicity
(Schneider et al., 2013; Senut et al., 2012). Our observation of
changes in the methylation status of numerous CpG sites oc-
curing within 24 h of exposure shows that Pb can rapidly mod-
ify the epigenetic landscape of hESCs. This is consistent with
the dynamism of epigenetic determinants and the rapid turnover
of DNA methylation (Yamagata et al., 2012). Compared with
undifferentiated hESCs and NPC0–19, Pb exposure dramatically
increased the number of hypomethylated and hypermethylated
DMCs in the differentiating hESCs. This not only reflects the
active regulation of gene expression taking place during cel-
lular differentiation (Meissner et al., 2008; Fisher and Fisher,
2011), but also suggests that the epigenome of hESCs at the
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early stages of neuronal induction is extremely susceptible to
DNA methylation changes in response to acute Pb exposure.
Furthermore, once engaged in the neural differentiation path-
way, a majority of DMCs showed Pb-associated hypomethyla-
tion. This “hypomethylation” effect is in accordance with pre-
vious human epidemiological studies showing an inverse rela-
tionship between bone/BLLs and methylation of LINE-1 (Pil-
sner et al., 2009; Wright et al., 2008) or collagen type1 al-
pha2 (Hanna et al., 2012). Unexpectedly, we did not observe
this “hypomethylation” effect in NPCs derived from hESCs
chronically exposed to Pb throughout the entire neural differ-
entiation protocol. Indeed, the observation that chronic expo-
sure to Pb induced methylation changes at a much more re-
duced scale than that observed in differentiating hESCs may
reflect an adaptation to prolonged Pb exposure, substantiating
our observations of a lack of changes in neural gene expres-
sion in NPC0–19. In the three experiment groups analyzed, our
DNA methylation studies did not show methylation changes
for MSI1 and PAX6, which suggests that Pb-induced decreased
expression of these genes in NPC11–19 may be mediated by
mechanisms other than DNA methylation (i.e., histone modifi-
cations) (references in Senut et al., 2012) or other than epigenet-
ics (post-transcriptional) (Mata et al., 2005). Additional studies
are necessary to further characterize the methylation profiles of
these genes in NPC11–19. Interestingly, genes that showed linear
changes of methylation profile with increasing Pb concentra-
tions included genes involved in neurogenesis, such as EFNA2
(Holmberg et al., 2005; Jiao et al., 2008), GRIK4 (Knight et al.,
2012), and the motor neuron specification factor LHX3 (Lee
and Pfaff, 2003), which were hypomethylated in differentiat-
ing hESCs and hypermethylated and NPC0–19. In addition, the
axonal guidance PLXN4 (Waimey et al., 2008) and the neu-
ronal differentiation factor NEUROG1 (Sun et al., 2001) were
found to be hypermethylated and hypomethylated, respectively,
in Pb-exposed differentiating hESCs. Interestingly, an increase
in NEUROG1 expression was recently reported in mouse brains
exposed to Pb during gestation and in neurons derived from
Pb-treated mouse ESCs (Sanchez-Martin et al., 2013). Because
methylation changes close to the transcription start site may im-
pact gene expression, hypomethylation of NEUROG1 in Pb-
exposed differentiating cells could be in part involved in the
morphological effects we observed in the generated neurons.
As a whole, these data show that acute and chronic Pb exposure
of hESCs can epigenetically alter genes key to neuronal devel-
opment.

In conclusion, our study demonstrates that Pb exposure dur-
ing the neural differentiation of hESCs alters the number and
morphology of generated neurons and induces aberrant patterns
of DNA methylation of genes involved in neurodevelopmen-
tal pathways. Further studies are now in progress to determine
whether genes eliciting Pb-induced changes in their methylation
status exhibit changes in expression that may partly explain the
morphological features observed in hESC-derived neurons fol-
lowing Pb exposure. Cross comparison with genetic databases

for neurological disorders will allow us to identify key pathways
affected by Pb and to better understand the mechanisms behind
the neurological deficits observed in Pb-exposed children.
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