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Persistent organic pollutants (POPs), including poly-
chlorinated biphenyls (PCBs) and polybrominated
diphenylethers (PBDEs) that bioaccumulate in lipid-
rich tissues are of concern as developmental neurotox-
icants. Epigenetic mechanisms such as DNA methyla-
tion act at the interface of genetic and environmental
factors implicated in autism-spectrum disorders. The
relationship between POP levels and DNA methyla-
tion patterns in individuals with and without neurode-
velopmental disorders has not been previously investi-
gated. In this study, a total of 107 human frozen post-
mortem brain samples were analyzed for eight PCBs
and seven PBDEs by GC-micro electron capture detec-
tor and GC/MS using negative chemical ionization.
Human brain samples were grouped as neurotypical
controls (n 5 43), neurodevelopmental disorders with
known genetic basis (n 5 32, including Down, Rett,
Prader-Willi, Angelman, and 15q11-q13 duplication
syndromes), and autism of unknown etiology (n 5

32). Unexpectedly, PCB 95 was significantly higher
in the genetic neurodevelopmental group, but not idi-
opathic autism, as compared to neurotypical controls.
Interestingly, samples with detectable PCB 95 levels
were almost exclusively those with maternal 15q11-
q13 duplication (Dup15q) or deletion in Prader-Willi
syndrome. When sorted by birth year, Dup15q sam-
ples represented five out of six of genetic neurodeve-
lopmental samples born after the 1976 PCB ban
exhibiting detectable PCB 95 levels. Dup15q was the
strongest predictor of PCB 95 exposure over age,
gender, or year of birth. Dup15q brain showed lower
levels of repetitive DNA methylation measured by
LINE-1 pyrosequencing, but methylation levels were
confounded by year of birth. These results demon-
strate a novel paradigm by which specific POPs may
predispose to genetic copy number variation of
15q11-q13. Environ. Mol. Mutagen. 53:589–598,
2012. VVC 2012Wiley Periodicals, Inc.
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INTRODUCTION

Autism spectrum disorders (ASD) are neurodevelopmen-

tal disorders characterized by deficits in social interaction,

verbal, and nonverbal communication, as well as a gain in

repetitive stereotyped behaviors [Volkmar and Pauls, 2003].

Autism affects males more than females with a 4:1 fre-

quency in the total population [Marco and Skuse, 2006]. A

strong genetic component to ASD risk has been presumed

based on past studies showing 70–90% concordance in

monozygotic twins and 0–10% concordance in dizygotic

twins [Steffenburg et al., 1989; Bailey et al., 1995]. How-

ever, a more recent study of twins born between 1987 and

2004 in California demonstrated a 60% concordance rate in

monozygotic twins and 27% concordance in dizygotic

twins, suggesting that shared in utero environment is of crit-

ical importance in ASDs [Hallmayer et al., 2011]. In recent

decades, ASD prevalence has apparently increased, with

current estimates at 1/88 children or 1/54 boys in the US

population [CDC, 2012], with similar estimates in South

Korea [Rice et al., 2007; Kim et al., 2011b]. While changes

in interpretation of symptoms and diagnosis are thought to

account for 1/3 of the increase in autism rates, the remain-

ing 2/3 increase in autism over recent decades is currently

unexplained, therefore suggesting a role for environmental

factors [Hertz-Picciotto et al., 2006]. Genetic and environ-

mental interactions, as well as the epigenetic interface of

genetic and environmental interactions are expected to be

important, but are poorly understood for ASDs.

Persistent organic pollutants, especially polychlorinated

biphenyls (PCBs) and polybrominated diphenyl ethers

(PBDEs), that have accumulated in landfills, in the food

supply, and human tissues, are of particular concern for

human brain development [Pessah et al., 2010; Gasull

et al., 2011; Weber et al., 2011]. PCBs and PBDEs are

known to disrupt neurotransmitter systems, endocrine sys-

tems, and intracellular signaling pathways [Eriksson et al.,

2001; Guvenius et al., 2003; Pessah et al., 2010; Dinge-

mans et al., 2011].

PCBs are a widely distributed class of environmental

pollutants that were used in industrial products until

adverse health effects were recognized in the 1970s,

resulting in discontinued use after the 1976 Toxic Sub-

stances Control Act passage in the US Congress. The de-

velopmental neurotoxicity of PCBs became devastatingly

apparent after the large-scale consumption of PCB-conta-

minated rice oil that occurred in 1968 in Japan and in

1979 in Taiwan [Kuratsune et al., 1971; Rogan et al.,

1988]. PCBs produced adverse effects on the developing

brain with exposed offspring displaying behavioral abnor-

malities as well as significantly lower verbal and full-

scale IQ [Chen et al., 1994].

While PCB levels are gradually declining in the envi-

ronment following discontinued use, exposures to legacy

sources remain a major concern to human health [Beyer

and Biziuk, 2009; Eubig et al., 2010; Pessah et al., 2010],

and increasing PBDE body burdens are a growing con-

cern for human exposures [Messer, 2010; Hertz-Picciotto

et al., 2011]. PBDEs are used commercially as a flame

retardant for plastics, foams and electronics. DE-71, a

commercial penta-PBDE mixture, represents the greatest

burden on Western populations. BDE-47 and -99, two

specific congeners of DE-71, are the most abundant and

found ubiquitously in the environment. Mouse models

have demonstrated adverse neurodevelopmental outcomes

associated with perinatal exposures to either PCBs or

PBDEs, including changes in synaptic plasticity and for-

mation of neuronal networks [Dingemans et al., 2007;

Pessah et al., 2010], as well as growth, reproduction, and

sociability [Ta et al., 2011; Woods et al., 2012].

PBDEs have been shown to have endocrine disrupting

effects. Previous work has shown that these POPs can

interact as antagonists or agonists at androgen, progester-

one, and estrogen receptors [Meerts et al., 2001; Branchi

et al., 2003]. PBDEs, like their chemically related non-

dioxin-like PCBs, disrupt Ca21 signaling by targeting ryan-

odine sensitive Ca21 channels that influence signaling

pathways responsible for activity-dependent dendritic

growth [Kim et al., 2011a; Wayman et al., in press]. Once

metabolized, hydroxylated PCBs and PBDEs are structur-

ally similar to thyroid hormones (TH) and have been

shown to displace TH from thyroxin plasma transporter

transthyretin (TTR) and decrease the levels of circulating

T3 and T4 [Hamers et al., 2006]. Collectively these xenobi-

otic mechanisms are of particular interest because the con-

vergence of estrogen and thyroid hormone signaling are

also mediated through Ca21-dependent pathways that are

important for proper neurodevelopment [Darras, 2008; Da-

vies et al., 2008; Muchekehu and Harvey, 2008; Prossnitz

and Maggiolini, 2009; Eubig et al., 2010].

A relatively unexplored area of the effects of POPs on

neurodevelopment is at the genetic and epigenetic level.

Epigenetic mechanisms, such as DNA methylation, act at

the interface of genetic and environmental factors, regu-

lating gene expression and genome stability. Interestingly,

an inverse correlation in DNA methylation at repetitive

Alu and long interspersed nucleotide element 1 (LINE-1)

sequences with high PCB concentrations was observed in

blood samples from Greenlandic Inuit population

[Rusiecki et al., 2008], and hypomethylation has been

observed in PCB-exposed rats [Desaulniers et al., 2009].

Although PCBs and PBDEs are not known to affect de-

velopmental neurotoxicity by direct mutagenesis, epige-

netic alterations such as repetitive DNA hypomethylation

induced by POP exposures could potentially lead to ge-

nome instability and rearrangement, because DNA meth-

ylation acts globally on highly repetitive mammalian

genomes to suppress retrotransposition. Large-scale chro-

mosomal rearrangements, called copy number variations,

occur frequently in the human genome between low copy
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repeats that are rich in CpG methylation sites. A higher

frequency of de novo copy number variations is found in

autism and other neurodevelopmental disorders such as

schizophrenia, epilepsy, and intellectual disability [Sebat

et al., 2007; Consortium, 2008; Pinto et al., 2008; Stefans-

son et al., 2008; Helbig et al., 2009]. However, very little

is understood about the risk factors that predispose an

individual to copy number variations. Even less is under-

stood about the interaction between environmental risk

factors and genetics in the etiology of ASDs.

In this study, we performed a comprehensive analysis

of POP congener levels on a panel of 107 human post-

mortem brain samples from idiopathic ASD, known

genetic neurodevelopmental disorders, and controls. From

these analyses, we discovered an unexpected association

between PCB 95 exposure and Dup15q syndrome.

METHODS

Human Postmortem Brain Samples

Frozen cerebral cortex (Broadmann Areas 9 and 19) and cerebellum

samples were obtained with assistance by the Autism Tissue Program

from the University of Maryland Brain and Tissue bank for Neurodeve-

lopmental Disorders, the Harvard Brain and Tissue Resource Center, and

the University of Miami Brain and Tissue Bank for Neurodevelopmental

Disorders. Brain samples were chosen from human cadavers where death

resulted from non-neurological causes and where the postmortem interval

was <24 h. Samples were obtained from three categories: neurotypical

controls with no known neurodevelopmental abnormalities, autism of

unknown etiology (idiopathic ASD), and neurodevelopmental disorders

with known genetic basis (genetic neurodevelopmental disorders). Brain

samples were matched for age (range 4–61 years for neurotypical con-

trols, 4–60 years for idiopathic autism, 2–56 years for genetic neurodeve-

lopmental disorders) and sex (M:F ratio 0.86 for neurotypical controls,

2.88 for idiopathic autism, 0.82 for genetic neurodevelopmental disor-

ders) based on sample availability. Genetic analysis of the genetic neuro-

developmental samples were either taken from Autism Tissue Program

records or have been published previously [Hogart et al., 2009; Nagara-

jan et al., 2008; Scoles et al., 2011; Wang et al., 2008].

Persistent Organic Pollutant Analysis

Postmortem brain samples were stored at 2808C until analyzed. Sam-

ple extraction and clean-up for analysis of persistent organic pollutants

on human postmortem cortex and cerebellum was performed as

described previously [Woods et al., 2012]. Nearly 100–500 mg of frozen

tissue was used per sample, and cortex and cerebellum samples were an-

alyzed separately if available from the same individual. PCBs were ana-

lyzed by the methods described previously with minor modifications

[Kostyniak et al., 2005]. Briefly, two surrogate standards (PCB-46 and

-143) and two internal standards (PCB-30 and -204) were added to each

sample. After sample extraction and cleanup, each sample was concen-

trated to 0.2 ml for chromatographic analysis. PCBs were analyzed with

an Agilent 6890 GC equipped with a micro electron capture detector,

and an HT8 capillary column, (50 m 3 0.22 mm i.d.; 0.25-lm film

thickness; SGE, Austin, TX). The injection temperature was set at 2608C
and helium gas flow rate was 1.2 ml min21. The initial oven temperature

was 1308C, and was increased to 2008C at 48C min21, then to 2108C at

18C min21, then to 2808C at 28C min21, and finally increased to 3108C
at 208C min21 and held at 3108C for 6 min.

After PCB analysis, the samples were further concentrated to 0.1 ml

prior to PBDE analysis, as described previously [Woods et al., 2012].

One reagent blank, two sample blanks, and three quality spike samples

prepared in rendered chicken fat were included in each batch run and

concentrations were determined from a standard curve.

Lipid content for each sample was determined by gravimetric analysis.

Concentrations were normalized to lipid content in each brain sample.

Pyrosequencing Analysis of DNAMethylation

Genomic DNA was isolated from cerebral cortex, Brodmann area 19

(BA19) using Gentra Puregene Kit (Qiagen). Bisulfite treatment of 400 ng

genomic DNA was performed, using EZ DNA methylation-direct conver-

sion kit (Zymo Research). Triplicate PCR amplifications of LINE-1 repeti-

tive elements were performed with Pyromark PCR kit (Qiagen) using the

recommended protocol for Pyromark Q24 CpG LINE-1 methylation assay

(Qiagen). Pyrosequencing of 6 CpG sites in the human OCA2 locus was

performed in duplicate, using Pyromark CpG Assay primers (Qiagen,

PM00168168). Published primers for pyrosequencing of p16 [Shaw et al.,

2006] were also tested, but preliminary analyses revealed �2% methyla-

tion at seven assayed CpG positions in all three groups, which is below

the level of sensitivity. Following amplification, pyrosequencing was per-

formed on a Pyromark Q24 Pyrosequencer (Qiagen) using the manufac-

turers recommended protocol. Briefly, samples were purified using strepta-

vidin sepharose high performance beads (GE Healthcare) and prepared for

pyrosequencing using the Pyromark Q24 Vacuum workstation. Samples

were sequenced using Pyromark Gold Q24 Reagents (Qiagen) and methyl-

ation levels were analyzed using Pyromark Q24 Software. An internal

bisulfite conversion control was used in the pyrosequencing assay, which

measured methylation at 3 CpG sites.

Statistical Analyses

Group comparisons of PCB and PBDE levels were performed as either

yes/no (scored for the presence or absence of each congener) or as con-

tinuous (using ng g21 lipid values or 0 for samples with levels below

the level of detection) using exact Wilcoxon nonparametric test with

Monte Carlo estimates of exact P values to account for numerous ties.

We constructed multivariate logistic regression models to estimate odds

ratios (ORs) adjusted for confounding variables and corresponding 95%

confidence intervals (CIs) for each PCB and PBDE congener using SAS,

version 9.3 software (SAS Institute, Cary, NC). We examined the fol-

lowing variables as potential confounders of the association between

each congener and idiopathic ASD or genetic ND: individual’s sex [male

5 reference, birth period (1976 or before, after 1976 5 reference), and

brain region (BA 9 5 reference, BA 19, cerebellum)]. Models were

adjusted for birth period and brain region, and if numbers allowed, sex.

Multivariate linear regression models were also constructed to examine

predictors of PCB 95 using SAS, version 9.3 software (SAS Institute,

Cary, NC). These models included the same variables described above in

addition to diagnostic group indicator variables. Student’s t tests were

used for initial comparisons for group means for LINE-1 and OCA2
pyrosequencing, but logistic regression models adjusting for confounding

variables were additionally used for methylation analyses.

RESULTS

Comprehensive Analysis of POP Levels in Human
Postmortem Brain Samples

To assess the relationship of POP levels in lipid-rich

brain tissue with ASD diagnosis, frozen postmortem human

brain samples from 107 individuals were chosen from
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existing tissue banks, with clinical information organized

through the Autism Tissue Program (http://

atpportal.org). Samples included two different cortical

regions (Cx, BA9, or BA19) cerebellum (Cb), or pons,

based on remaining availability from the tissue banks. For

some individuals, more than one brain region was sampled

but only one brain region is shown, for simplicity, in Sup-

porting Information Table I as brain region was not found

to be a significant confounding variable for exposures. Age

of the individual at death, year of birth and sex are also

shown when available as these factors were included as

variables in statistical tests, in addition to brain region.

Each sample was analyzed for seven congeners of PBDE

by GC/MS using negative chemical ionization and eight

congeners of PCBs by GC-micro electron capture detector,

normalized to lipid content, with the results shown in Sup-

porting Information Table I. Congeners to be analyzed

were selected based on detection in other human tissues

and relevancy to neurodevelopmental toxicity.

Samples were grouped in one of three groups: neurotypi-

cal controls with no known neurodevelopmental abnormal-

ities, autism of unknown etiology (idiopathic ASD), and

neurodevelopmental disorders with known genetic basis, to

test the hypothesis that idiopathic autism may correlate

with POP exposures. The idiopathic ASD group included

samples from 31 individuals diagnosed with autism and

one with pervasive developmental disorder, not otherwise

specified. Because of the limited availability of tissue for

any single genetic neurodevelopmental disorder, the com-

bined genetic neurodevelopmental disorder group (n 5 32)

included a mixture of Angelman syndrome (AS, n 5 4),

Down syndrome (DS, n 5 4), proximal 15q duplication

(Dup15q, n 5 6), Prader–Willi syndrome (PWS, n 5 6),

and Rett syndrome (RTT, n 5 12).

Unexpectedly, PCB 95 (2,20,3,50,6-pentachlorobiphenyl)

was found in significantly higher concentrations in the

genetic neurodevelopmental disorder group compared to

the neurotypical control group (Fig. 1A). Only one control

showed detectable levels. PCB 95 detection (yes/no) was

significantly associated with the neurodevelopmental dis-

order group after adjustment for brain region and birth

period in regression models (Odds ratio (OR) 5 54, 95%

confidence interval (CI): 5, 568). In contrast to PCB 95,

BDE 153 was significantly lower in the genetic neurode-

velopmental disorder group (P 5 0.0001) and idiopathic

ASD group (P 5 0.047), compared to controls (Fig. 1B).

After adjustment for brain region, birth period, and sex in

regression models, BDE 153 detection (yes/no) and con-

tinuous levels remained significantly negatively associated

with the neurodevelopmental disorder group (odds ratio

(OR) 5 53.9, 95% confidence interval (CI): 5.1, 568.3,

P 5 0.0009) and PCB 95 continuous levels associated

with borderline significance (OR 5 1.7, CI: 0.99, 3.0,

P 5 0.054). In addition, BDE 153 detection (yes/no)

remained significantly negatively associated with idio-

pathic ASD (OR 5 0.8, CI: 0.1, 0.7) but the continuous

variable did not (OR 5 0.9, CI: 0.8, 1.04). All other find-

ings remained similar (nonsignificant) after adjustment for

brain region, birth period, and sex for both yes/no and

continuous detection in regression models.

Analysis of POP Levels by Year of Birth and
Genetic ND Subgroup

Because of the expected differences in lifetime PCB

exposure, depending on generational differences, PCB ex-

posure levels in postmortem brain samples were analyzed

by both diagnostic groupings and year of birth. The year

1976 was chosen to divide the samples into two groups,

since this was the year of the PCB ban in the US. While

control samples were roughly equally divided between

pre- and post-1976 birth years, idiopathic ASD and

genetic neurodevelopmental disorder samples were more

frequently represented in the post-1976 grouping

(Fig. 2A). Figure 2B shows scattergrams of individual

samples colored according to diagnostic group and plotted

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Fig. 1. PCB and PBDE congener levels in human postmortem brain

samples compared by diagnostic group defined in Supporting Information

Table I as control, idiopathic ASD, or known genetic neurodevelopmen-

tal disorder (ND). (A) Average level of each PCB congener is compared

between diagnostic groups. The lowest level of detection is 0.1 ng g21

lipid for all PCB congeners. Samples having levels below the level of

detection were set to a value of 0 and used in the average. (B) Average

level of each PBDE congener in the sample groups. The lowest level of

detection is 0.012 ng g21 for PBDE-47, 228, 299, 2100, 2153, and

2154. PBDE-183 lowest level of detection is 0.05 ng g21. Samples with

levels below the level of detection were set to a value of 0 and used in

the average. Error bars are SEM. *P < 0.05, ***P < 0.001 by exact

Wilcoxon nonparametric test with Monte Carlo estimates of exact P val-

ues to account for numerous ties. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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according to year of birth with 1976 as the dividing inter-

sect for four PCB congeners (295, 2118, 2138, and

2153). Figure 2C shows the means of each diagnostic

group divided between pre- and post-1976. While PCB

118 and PCB 153 showed an expected decrease in indi-

vidual and average levels with increasing year of birth,

PCB 95 levels were highest in the genetic neurodevelop-

mental disorder group, both pre- and post-1976. Both

genetic neurodevelopmental disorder diagnosis (OR 5

12.6, CI:6.5, 19.7, P < 0.0001) and Dup15q (OR 5 31.2,

Environmental and Molecular Mutagenesis. DOI 10.1002/em

Fig. 2. Relationships between PCB exposure and year of birth. Because

of the ban on PCBs in the US in 1976, this year was selected for divid-

ing the samples between pre- and post-1976 (vertical line). (A) Distribu-

tion of samples by diagnostic group and year of birth group. Controls

were evenly distributed between the pre- and post-PCB ban groups,

while the idiopathic ASD and genetic ND groups were more frequently

born post 1976. (B) Each brain sample is graphed individually by PCB

congener level (four most common PCB congeners, 295, 2118, 2138,

and 2153) and year of birth, with a grey bar set at 1976 and a linear

slope shown by the red bar. PCB 138, and 2153 (but not PCB 95 or

2118) show a trend for decreased levels with increasing year of birth.

For PCB 95, six samples from the ND group have detectable levels de-

spite being born post-1976, and five of these samples were from Dup15q

syndrome. (C) Grouped comparisons of PCB 95, 2118, 2138, and

2153 in samples born before or after 1976.
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CI: 4.6, 6.8, P < 0.0001) were significant predictors of

PCB 95 by multiple linear regression testing adjusting for

brain region, birth year, and sex.

Strikingly, five samples from individuals born after

1976 with both genetic neurodevelopmental disorder (or-

ange triangles) and detectable PCB 95 levels (Fig. 2B,

top right) were from the same genetic subgroup of

Dup15q, despite only six total samples included in this

subgroup (Supporting Information Table I). Furthermore,

the three samples born prior to 1976 from genetic ND (or-

ange triangles) with detectable PCB 95 levels (Fig. 2B,

top left) were diagnosed with Prader-Willi syndrome (out

of six total PWS), another 15q genetic copy number vari-

ation with large deletions from similar breakpoints as

those observed in Dup15q.

Analysis of DNA Methylation Levels in Dup15q Brain
Samples Compared to ASD and Controls

Because PCB levels have been associated with reduced

levels of repetitive DNA methylation [Rusiecki et al.,

2008] and hypomethylation of repetitive DNA has been

shown to predispose to genome instability [Kim et al.,

2004; Shvachko, 2009], we investigated a possible epige-

netic link between the chromosomal rearrangements in

Dup15q and increased PCB 95 exposure. For methylation

analyses, all DNA samples were isolated from the same

brain region (cerebral cortex, BA19). DNA isolated from

all six Dup15q samples were compared to control and idio-

pathic ASD samples for repetitive LINE-1 methylation lev-

els by pyrosequencing. Figure 3A demonstrates that

Dup15q, but not idiopathic ASD samples showed lower

LINE-1 methylation, corresponding to �2% decrease in

average methylation, which was significant by t test. In

contrast, the promoter of a single gene locus on 15q13.1,

OCA2, was not significantly different between control and

Dup15q or idiopathic ASD (Fig. 3B). Adjusted analysis for

the association between methylation and Dup15q show that

age and sex were not confounders [cause <10% change in

the beta (and OR) estimate for methylation]. Unexpectedly,

birth year was a confounder, with earlier year of birth asso-

ciated with higher methylation for both LINE-1 and OCA2
in controls (Figs. 3C and 3D). For LINE-1 in Dup15q com-

pared to controls, analysis adjusted for year of birth pro-

duced an OR of 0.6 (0.2, 1.6) compared to a crude OR of

0.5 (0.2, 1.1). Therefore, even though Dup15q samples

were hypomethylated at LINE-1, we do not know if this

difference is due to the genetic, PCB 95 exposure, or year

of birth differences in this sample group.

DISCUSSION

This study reaffirms the presence of detectable levels

of PCBs in human brain [Dewailly et al., 1999; Chu

et al., 2003; Caudle et al., 2006], a tissue that is a target

of both the lifetime accumulation and the predominant

neurodevelopmental toxicity. In spite of the small sample

size analyzed, this investigation revealed some unexpected

and provocative results about the relationship between

PCB 95 levels and chromosomal rearrangements of

15q11-q13 found in ASD. In this study, we observe that

Dup15q genetic diagnosis was the strongest predictor of

PCB 95 exposure, over year of birth, brain region, or sex.

Furthermore, Dup15q samples showed DNA hypomethy-

lation, suggesting an epigenetic component to the associa-

tion between Dup15q and PCB 95.

Dup15q is one of the most common copy number var-

iations observed in ASD, at an estimated 1–3% of cases

[Hogart et al., 2008]. Duplications of proximal 15q occur

as either a supernumary isodicentric chromosome (idic15)

or interstitial duplications through misalignment errors of

low copy repeat rich breakpoint hotspots (BP1-5) in meio-

sis I. The 15q11-q13 deletions that result in Prader-Willi

and Angelman syndrome occur between similar break-

point regions as the duplications. Environmental factors

leading to 15q11-q13 deletions or duplications have not

been previously reported. However, there are reported

unexplained differences in the percentage of PWS cases

caused by 15q11-q13 deletion in Taiwan (84%), [Lin

et al., 2007] and Japan (80%), [Nakamura et al., 2009]

compared to Holland (54%), [Sinnema et al. ] and the UK

(50%) [Whittington et al., 2007]. Our results demon-

strated that 3/6 Prader-Willi syndrome and 5/6 Dup15q

brain samples showed detectable levels of PCB 95 sug-

gests that this exposure should be investigated as a poten-

tial environmental contributor of the differing copy num-

ber variation rates in different geographical regions.

In the emerging area of ‘‘environmental epigenetics,’’

several environmental toxins, such as diethylstilbestrol,

bisphenol A, and dioxin, are associated with reduced levels

of repetitive DNA methylation [Baccarelli and Bollati,

2009]. In contrast, increasing the dietary supply of methyl

donors through folate supplementation is associated with

increased DNA methylation [Dolinoy et al., 2007]. These

results suggest that PCB congeners like PCB 95 influence

both the glutathione synthesis pathway and the one-carbon

metabolism pathway, which supplies methyl groups for

DNA methylation [Lee et al., 2009]. In our previous investi-

gation of perinatal exposure of BDE-47 in a Mecp2 mutant

mouse model, defects in sociability corresponded to reduced

levels of DNA methylation in brain in female offspring

[Woods et al., 2012]. High levels of DNA methylation in

neurons identified by large-scale genomic mapping identify

neurodevelopmental and synaptic genes [Schroeder et al.,

2011], so reduced DNA methylation from environmental

exposures may compromise gene expression of a large sub-

set of neurodevelopmentally important transcripts.

Developmental exposure of rats to PCB 95 alters corti-

cal networks [Kenet et al., 2007], hippocampal connectiv-

ity and long-term potentiation [Schantz et al., 1997; Kim

Environmental and Molecular Mutagenesis. DOI 10.1002/em
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et al., 2009, 2011a], and activity dependent dendritic

growth [Lein et al., 2007; Wayman et al., in press], appa-

rently by interfering with Ca21 dependent signaling medi-

ated, at least in part, by direct interactions with ryanodine

receptors [Samso et al., 2009]. It is important to note that

Ca21-dependent pathways influenced by PCB 95, such as

those regulated by Ca21/CaM kinases [Wayman et al., in

press], are essential for regulating epigenetic memory. For

example, Ca21/CaM kinase regulates phosphorylation of

the methyl-CpG binding protein MeCP2 [Zhou et al.,

2006; Murgatroyd and Spengler, 2011], and genes

involved in Ca21-dependent pathways were significantly

enriched in neuronal highly methylated domains

[Schroeder et al., 2011].

These investigations suggest that an ‘‘integrative genet-

ics’’ approach [LaSalle, 2011] of investigating environ-

mental exposures, together with genetic investigations of

copy number variations and the dynamic epigenetic land-

scape in brain, may be most informative for deciphering

the complex etiology of autism.
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Fig. 3. DNA methylation levels of postmortem brain samples. DNA iso-

lated from cerebral cortex Brodmann area 19 (Cx BA19), 12 Control, 12

Idiopathic ASD, 6 Dup15q were assayed for DNA methylation levels by

the Pyromark pyrosequencing assay. (A) Methylation of repetitive LINE-

1. The mean percent methylation of the 3 CpG sites was determined for

each individual for the values shown, but results were also compared for

each individual CpG site with similar results (data not shown). The CV

for the averaged LINE-1 methylation for control, idiopathic autism, and

Dup15q were 5.5, 5.9, and 4.3%, respectively. Graphs are box and

whisker plots representing mean 6 SEM of different individuals.

*P 5 0.05 by t test. (B) Methylation of single copy gene OCA2, aver-

aged from 6 CpG sites. Graphs are box and whisker plots representing

mean 6 SEM. The CV for the averaged OCA2 methylation for control,

idiopathic autism, and Dup15q were 2.5, 3.3, and 2.6%, respectively (C)

Year of birth was the largest confounder, compared to age and sex, with

a trend toward lower percent methylation of LINE-1 with increased year

of birth in controls (P 5 0.06). (D) A significant association was

observed for decreased methylation with increased year of birth for

OCA2 (P 5 0.006).
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