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Neurons show distinctive DNA methylation profile
and higher interindividual variations compared

with non-neurons

Kazuya lwamoto,'%7-® Miki Bundo, "%’ Junko Ueda,' Michael C. Oldham,?
Wataru Ukai,* Eri Hashimoto,* Toshikazu Saito,* Daniel H. Geschwind,>®

and Tadafumi Kato'-®

7Laboral‘ory for Molecular Dynamics of Mental Disorders, RIKEN Brain Science Institute, 2-1 Hirosawa, Wako, Saitama 351-0198,
Japan; 2Department of Molecular Psychiatry, Graduate School of Medicine, The University of Tokyo 7-3-1 Hongo, Bunkyo-ku, Tokyo
113-8655, Japan; 3Department of Neurology, The Eli and Edythe Broad Center of Regeneration Medicine and Stem Cell Research,
University of California, San Francisco, California 94143-0525, USA; *Department of Neuropsychiatry, Sapporo Medical University,
S.1, W.16, Chuo-ku, Sapporo 060-8543, Japan; *Program in Neurogenetics, Department of Neurology, and the Semel Institute

for Neuroscience and Human Behavior, David Geffen School of Medicine, University of California, Los Angeles, California 900935,
USA; GDepartment of Human Genetics, University of California, Los Angeles, California 90095, USA

Epigenome information in mammalian brain cells reflects their developmental history, neuronal activity, and envi-
ronmental exposures. Studying the epigenetic modifications present in neuronal cells is critical to a more complete
understanding of the role of the genome in brain functions. We performed comprehensive DNA methylation analysis
in neuronal and non-neuronal nuclei obtained from the human prefrontal cortex. Neuronal nuclei manifest quali-
tatively and quantitatively distinctive DNA methylation patterns, including relative global hypomethylation, dif-
ferential enrichment of transcription-factor binding sites, and higher methylation of genes expressed in astrocytes.
Non-neuronal nuclei showed indistinguishable DNA methylation patterns from bulk cortex and higher methylation
of synaptic transmission-related genes compared with neuronal nuclei. We also found higher variation in DNA
methylation in neuronal nuclei, suggesting that neuronal cells have more potential ability to change their epigenetic
status in response to developmental and environmental conditions compared with non-neuronal cells in the central
nervous system.

[Supplemental material is available for this article. The microarray data from this study have been submitted to the NCBI

Gene Expression Omnibus (GEO) (http:// www.ncbi.nlm.nih.gov/geo) under accession no. GSE15014.]

In mammals, DNA methylation primarily occurs at the fifth posi-
tion of the cytosine residue in CpG dinucleotides. Aberration of
DNA methylation is associated with various diseases, as clearly
seen in tumorigenesis (Bird 2002; Feinberg 2007). DNA methyla-
tion also plays an important role in the development and cellular
function within the brain. For example, changes in DNA methyl-
ation are associated with neuronal and glial differentiation from
neural stem cells (Takizawa et al. 2001). The neural stem cells of
mice lacking Mbd1 have reduced neuronal differentiation (Zhao
et al. 2003). Aberrations of DNA methylation are also involved in
human neurologic and psychiatric diseases (Iwamoto et al. 2005b;
Tsankova et al. 2007; Mill et al. 2008; Keller et al. 2010). Mutations
in MECP2 lead to Rett syndrome (Chahrour and Zoghbi 2007), and
those in the imprinted genes are also implicated in some mental
disorders (Wilkinson et al. 2007).

Accumulating evidence suggests that DNA methylation also
has an important role in the function of adult post-mitotic neu-
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rons and behavior. DNA methylation status varies globally or lo-
cally across different brain regions (Ladd-Acosta et al. 2007; Brown
et al. 2008). Blocking DNA methyltransferase activity results in the
loss of long-term potentiation (Levenson et al. 2006) and a de-
crease in the frequency of miniature excitatory synaptic current
(Nelson et al. 2008) with demethylation of neuronal genes. In
addition, membrane depolarization can induce changes in DNA
methylation in the promoter region of the Bdnf (Chen et al. 2003;
Martinowich et al. 2003). At the behavioral level, fear conditioning
induces changes in DNA methylation (Miller and Sweatt 2007),
and increased nurturing behavior of rat mothers alters DNA
methylation in the promoter of Nr3cl in the hippocampus of
offspring (Weaver et al. 2004).

Taken together, the epigenome information in mamma-
lian brain cells reflects their developmental history and activity
(Borrelli et al. 2008; Jiang et al. 2008). In addition, epigenetic
modifications are affected by environmental conditions, including
chemical, nutritional, and social factors (Meaney and Szyf 2005;
Maze et al. 2010). Unraveling the epigenetic status of neuronal
cells would, therefore, be critical to understand the molecular basis
of brain functions. However, despite its importance, epigenetic
profiling in the brain, especially in the human brain, has been
sparsely explored. Many challenges remain, including the het-
erogeneity of cell types, such as neurons and glia.
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DNA methylation in neurons

Figure 1. Separation of neuronal and non-neuronal nuclei by FACS.
(A) Typical example of the nuclei sorting based on Alexa Fluoro 488-
conjugated anti-NeuN antibody. (B) Microscopic examination of iso-
lated neuronal (NeuN+) and non-neuronal (NeuN—) nuclei. Note that
the image did not reflect the yield because of the different levels of
dilution.

Here we performed comprehensive DNA methylation analy-
sis in neuronal and non-neuronal nuclei obtained from the human
prefrontal cortex by using a cell sorter-based separation method.
Using the extracted DNA from separated fractions, we quantified
both global and site-specific DNA methylation and examined ge-
nome-wide promoter methylation status.

Results

Separation of neuronal and non-neuronal nuclei
from post-mortem brains

We separated fresh-frozen prefrontal cortex cells into neuronal
and non-neuronal nuclei by fluorescence-activated cell sorting
(FACS) based on NeuN, which is a well-known nuclear antigen
specific for neurons in mammals (Mullen et al. 1992). We con-
sidered NeuN-positive (NeuN+) and -negative (NeuN—) fractions
as neuronal and non-neuronal nuclei, respectively (Fig. 1A). We
typically obtained >1 X 10° nuclei in each fraction from 0.1 g of
tissue, from which we yielded >1 pg of genomic DNA. The purity
of each fraction was confirmed by resorting analysis by FACS and
by microscopic examination of sorted nuclei (Fig. 1B). We esti-
mated >95% and 99.9% purities for NeuN+ and NeuN— fractions,
respectively.

We conducted several lines of methylation experiments using
genomic DNA extracted from various sources (Supplemental Table 1).
Because of the limitation of the specimen and the aim of each assay,
not all assays were performed for all material (Supplemental Table 2).

Global DNA methylation level

We measured global DNA methylation levels using the lumino-
metric methylation assay (LUMA) method (Fig. 2; Karimi et al.
2006). We found significantly lower DNA methylation levels in
NeuN+ samples compared with bulk cortical samples (P = 0.001,
Student’s t-test).

Next, we quantified DNA methylation levels of four CpG
sites of the long interspersed nuclear element 1 (LINE-1) retro-
transposable elements and found that all samples were highly
methylated and were not statistically different across samples
(Supplemental Fig. 1).

Quantification of site-specific DNA methylation

We then performed DNA methylation analysis using the Illumina
GoldenGate assay (Bibikova et al. 2006). To gain insight into the
extent of the evolutionary conservation of the epigenetic signature
in the human brain, we included genomic DNA derived from the
bulk cortex of chimpanzees.

Consistent with a previous report (Ladd-Acosta et al. 2007),
unbiased clustering analysis revealed that DNA methylation pro-
files were markedly different between bulk human cortical and
bulk cerebellum samples (Supplemental Fig. 2A). Whereas NeuN—
samples were closely clustered together with bulk cortical samples,
NeuN+ samples were distinct from bulk cortex samples. Consistent
with this result, scatter plotting of the average methylation level
of three subjects and statistical analyses illustrated that NeuN—
samples have stronger correlation with bulk cortex samples
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Figure 2. Global DNA methylation assay by LUMA. (Top) Hpall/Mspl
ratio of the standard samples. (Bottom) Hpall/Mspl ratio of the bulk and
sorted brain samples. Theoretically, when all CCGG sites are not methyl-
ated, the ratio of Hpall/Mspl is close to 1, whereas the ratio is expected to
be close to 0 when all sites are methylated. To test the accuracy of the
methods, we used samples containing various amounts of methylated and
unmethylated genomic DNA as standard samples. Values are mean = SD.
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compared with NeuN+ samples (Fig.

>

3A,B). These findings suggest that DNA
methylation patterns observed using
bulk cortex largely reflect non-neuronal
cells, and neurons show a unique DNA
methylation pattern that cannot be
assessed using bulk cortex.

We also found that the epigenetic
signature in the prefrontal cortex appeared
to be highly conserved between two spe-
cies (Fig. 3C), although there were some
exceptions (Supplemental Fig. 2B; Sup-
plemental Table 3; Supplemental notes).
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DNA methylation analysis using
the promoter tiling array

We then examined the DNA methylation
status of the promoter regions of about
22,000 human genes using the Affymet-
rix promoter tiling array, which covers
about 8 kb upstream and 2 kb down-
stream from the first exon of each gene.
We used MBD2b-conjugated beads (MBD2-
beads) to retrieve methylated DNA frag-
ments, which was similar to the previously
reported method (Rauch et al. 2006; Sup-
plemental Fig. 3).
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After the identification of methylated
regions (MRs) in each sample (Supple-
mental Fig. 4; Supplemental notes) using
model-based analysis of tiling-arrays
(MAT) software (Johnson et al. 2006),
we identified MRs that were shared by
either all neuronal samples (neuronal
MRs), non-neuronal samples (non-neuronal MRs), or both samples
(common MRs) in all three subjects (Supplemental Fig. 3). It should
be noted that this was a conservative and robust approach to ex-
clude the regions whose methylation levels showed interindividual
variation due to sequence variation or stochastic DNA methylation
(or both) in the initial analysis. Consequently, we identified a total
of 834, 1049, and 660 MRs as neuronal, non-neuronal, and com-
mon, respectively (Supplemental Tables 4-6).

Figure 3.

Validation of tiling array results

To validate the MRs, we surveyed the DNA methylation status of
known imprinted genes. As expected, the regions around some of
the imprinted genes showed clear DNA methylation signals (Fig. 4A;
Supplemental Fig. 5). Next, we compared the DNA methylation
status with gene-expression level using gene-expression profile in
a large set of control subjects (Iwamoto et al. 2005a). As expected,
the genes with common MRs in the CpG island are silenced (Sup-
plemental Fig. 6; Supplemental note). We then performed DNA
methylation analysis using a different tiling-array platform, the
NimbleGen promoter tiling array, and confirmed the consistency of
the detected MRs (Supplemental notes). Finally, a subset of the
common MRs and differential MRs were confirmed by extensive
bisulfite sequencing analysis (Fig. 4C; Supplemental Fig. 7).
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Differential epigenetic signatures between neuronal and non-neuronal nuclei and evolu-
tionary conservation of methylation status. The assay allowed quantification of DNA methylation levels
at 1505 individual CpG sites chosen from 807 genes (Bibikova et al. 2006). (A) Scatter-plot of average
methylation levels of the 1505 CpG sites. (B) Statistical comparison of correlation. Values are mean =
SD. (C) Hierarchical clustering based on the 833 CpG sites that showed an identical sequence with
regard to the probe region between human and chimpanzee.

Ontology analysis of the genes associated with MRs

We searched the genes located close to the MRs (within 10 kb
upstream and downstream from the MR). We found that 129, 410,
and 366 RefSeq genes were associated with neuronal, non-neuro-
nal, and common MRs, respectively (Fig. 5A; Supplemental Tables
7-9). Through the PANTHER (protein analysis through evolu-
tionary relationship) ontology analysis (Thomas et al. 2003), we
found the over-representation of neuronal activity-related cate-
gories in the genes associated with non-neuronal MRs among the
wide-ranging differences (Fig. 5B). They included a number of
genes that have an important role in neuronal function, such
as NRXN1, DMD, DNAJCS, ITPR1, CARTPT (also known as CART),
MADD, CNTNAPI1, SRR, GABBR1, CAMKK1, DLGAP1, TIAM2,
DLGAP2, INPP5A, and HTRI1D. For example, post-synaptic den-
sity proteins such as DLGAP1 and DLGAP2 interact with NMDA
receptors and potassium channels in neurons (Kim et al. 1997).
CAMKK]1 encodes a serine/threonine kinase that phosphorylates
the calcium/calmodulin kinases that are involved in neuronal gene
expression. CNTNAPI encodes an axonal protein important for
cell-cell communication between neurons and glias (Peles et al.
1997). Focusing on the neuronal activity-related genes, we con-
firmed differential DNA methylation status by bisulfite sequencing
analysis (Supplemental Fig. 7). The Supplemental notes contain
further discussions about ontology analysis.
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Figure 4. Promoter tiling array analysis. (A) Example of results of the methylation status of the imprinted gene, MEG3, and (B) commonly (DRDS,

dopamine receptor 5) or differentially (NRGN, neurogranin) methylated genes. Exon structure of the MEG3 is illustrated in a collapsed manner. Individual
MRs detected by the MAT analysis are shown in pink (neuronal) or light blue (non-neuronal) bars. Common MRs are shown in dark green. Supplemental
Figure 5 shows the methylation status of other imprinted genes. (C) The results of bisulfite sequencing of DRD5 and NRGN. Our bisulfite sequencing
analysis excluded the possibility that tiling array signals are derived from DRD5 pseudogenes. In addition, their methylation levels were separately analyzed

(data not shown).

Transcription factor (TF)-binding sites in the MR

Through the computational search of TF-binding sites (Cartharius
et al. 2005), we examined whether they are over-represented in the
MRs (Supplemental Fig. 8; Supplemental notes). We found that
binding sites in the CREB family were enriched in both neuronal-
specific and non-neuronal-specific MRs. In non-neuronal nuclei,
binding sites of the HIFF family were over-represented. The HIFF
family not only includes hypoxia-inducible factors, but also TFs
related to circadian rhythm, such as ARNTL (BMAL1), CLOCK, and
NPAS1 (Supplemental note). In neuronal cells, we found the over-
representation of PAX3 family binding sites. This family included
PAX3 and PAX7, both of which are important for glial gene ex-
pression, which is consistent with the silencing of glial genes in
neurons. At the RefSeq gene level, a total of 82 and 340 genes
contained CREB family binding sites in neuronal and non-neuronal
MR-associated genes, respectively. In addition, 49 neuronal MR-as-
sociated genes contained PAX3 family binding sites, and 265 non-
neuronal MR-associated genes contained HIFF family binding sites.

Module membership analysis of MR-associated genes

We previously revealed the functional organization of the tran-
scriptome in the human brain (Oldham et al. 2008). By analyzing
gene coexpression relationships, we identified modules of coex-

pressed genes corresponding to basic functional aspects of brain
function, such as major cell types (e.g., neurons, oligodendrocytes,
and astrocytes), as well as those corresponding to other functional
characteristics such as mitochondria and hypoxia. We analyzed
whether genes associated with MR are enriched within specific
modules. We found that genes associated with common MRs are
enriched in a module related to hypoxia (Fig. 6A). Genes associated
with non-neuronal MRs showed enrichment in modules related to
mitochondria, glutamatergic synapses, and microglia, consistent
with silencing of neuronal genes in non-neurons. On the other
hand, those associated with neuronal MRs showed enrichment in
a module that was not well characterized. Although none passed
multiple testing corrections except for the module related to mi-
tochondria in non-neuronal cells, most of module enrichment was
repeatedly detected across different levels of module membership
significance.

We then assessed the expression similarity of genes associated
with neuronal or non-neuronal MRs to the eigengene (principal
component of a module) of each module (Fig. 6B). We found that
expression of genes associated with neuronal MRs showed signifi-
cantly increased correlation to the eigengenes of astrocyte-related
modules, compared with all brain-expressed probe sets. This also
fits with the notion that the expression of astrocyte genes, which is
suppressed by methylation, is turned off in neurons. We also found
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Figure 5. Ontology and expression analysis of the genes associated with DNA methylation. (A) Venn diagrams of the RefSeq genes associated with MRs.
Supplemental Tables 7-9 list the genes. (B) PANTHER ontology analysis of the genes associated with neuronal and non-neuronal MRs. The ontology terms
are arbitrarily grouped based on their functions. (ns) Not significant; (BP) biologic process; (MF) molecular function.

that expression of genes associated with non-neuronal MRs
showed significantly higher correlation to the eigengenes of mi-
tochondria-related modules compared with all brain-expressed
probe sets.

Neuronal samples showed higher interindividual variation
than non-neuronal samples

We next assessed the interindividual variation of the promoter
DNA methylation pattern. A pairwise comparison of the in-
tensities of all tiling array probes resulted in significantly lower
correlation in NeuN+ compared with NeuN—. We confirmed that
the data normalization procedure did not affect these results, and
we also confirmed that the type of reference samples did not affect
the results by using a different reference data set (Fig. 7A). Con-
sistent with this, we found that the ratio of MRs identified in only
one subject was significantly higher in neuronal cells, and the ratio
of conserved MRs was lower in neuronal cells compared with non-
neuronal cells (Fig. 7B).

To confirm these findings, we also performed a similar anal-
ysis using an independent sample set containing 24 male brain
samples (Supplemental Table 11). We found that the number of
neuronal or non-neuronal MRs was not significantly correlated
with age, post-mortem interval, or brain pH (data not shown). In
this sample set, we confirmed the lower number of MRs in NeuN+
compared with NeuN— (P = 0.031 in paired t-test).

We then calculated a pairwise correlation of the intensities of
all tiling array probes (Fig. 8A). We found that correlation was
significantly lower in NeuN+ samples (average R = 0.850) com-
pared with NeuN— samples (average R = 0.875, P= 6.4 X 107! by
the Student’s t-test; normalization off). This was not affected by
the effect of the data processing procedure (P = 5.7 X 10~7° nor-
malization on). The DNA methylation pattern of NeuN+ nuclei

in an individual was more similar to the NeuN— nuclei of the same
individual (average R = 0.859) compared with NeuN+ nuclei of
other individuals (P = 9.1 X 107!9). This also rules out the possi-
bility of different data quality between neuronal and non-neuronal
fractions (Fig. 8A). Similar to the initial sample set, we then exam-
ined the ratio of MRs of neuronal cells compared with non-neurons.
As expected, we found that the ratio of MRs identified in only one
subject was significantly higher, and that of conserved MRs was
lower in neuronal cells compared with non-neuronal cells (Fig.
8B).

We then searched the most variably methylated regions
(VMRs) in neuronal nuclei and identified 23 candidate regions
(Supplemental Fig. 9A). We performed validation analysis by quan-
titative polymerase chain reaction (Q-PCR) about three arbitrarily
chosen VMRs (Supplemental Fig. 9B). Most of them were located
within the gene and contained short repeatlike regions. However,
some of the VMRs may be functional. As an example, the DNA
methylation level of SMYD3, which encodes a histone methyl-
transferase expressed in several neural tissues, was significantly
correlated with its gene-expression level (Supplemental Fig. 9C).

Discussion

To deal with the complexity of cell types in the brain, we separated
the brain cells into neuronal and non-neuronal nuclei. Although
both fractions were still expected to be heterogeneous, we expected
to extract common DNA methylation characteristics in neuronal
and non-neuronal nuclei in the current study. A similar approach
was previously successfully applied to the other studies (Rehen
et al. 2005; Spalding et al. 2005; Siegmund et al. 2007; Cheung
et al. 2010). In the present study, we found that neuronal nuclei
show differential and distinctive DNA methylation patterns com-
pared with non-neuronal nuclei in that they show (1) low global
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Figure 6. Module membership analysis of the genes associated with MRs. (A) Enrichment analysis for modules of coexpressed genes. Each color indicates
one of 19 coexpression modules that was previously identified in the human cortical transcriptome (Oldham et al. 2008). Each module was examined at
various levels of module membership significance, with the P-values on the x-axis corresponding to the maximum significance thresholds for the Pearson
correlation between the expression level of a gene and a module’s eigengene (i.e., the first principal component obtained by singular value decomposition).
The significance of enrichment was calculated for each level of module membership using the Fisher exact test (y-axis). The red line indicates significance at P <
0.05, whereas the red dotted line indicates significant enrichment after applying a Bonferroni correction for multiple comparisons. (B) Average correlation
analysis. Average correlation between each module eigengene (Oldham et al. 2008) and the expression levels of genes associated with neuronal MR (NeuN+),
non-neuronal MR (NeuN—), and all brain-expressed genes (all probes). Dagger indicates significant difference (P < 0.05, one-way ANOVA, followed by the
Dunnet test using all brain-expressed genes [lwamoto et al. 2005a] as reference). (NA) Functional characteristics were not assigned to that module.

DNA methylation; (2) distinctive DNA methylation signatures;
(3) distinctive and functional DNA methylation differences in
the promoter regions, which were supported by ontology, module
membership, and TF-binding site analyses, and (4) high inter-
individual variations.

We found a lower global DNA methylation in neuronal nuclei
compared with bulk cortex. It should be noted that LUMA assesses
the methylation level of the CCGG sites, which is known to dis-
tribute nonuniformly in the human genome. Despite this limita-
tion, our finding is also supported by the results of tiling-array
experiments of the lower number of MRs in neuronal nuclei com-
pared with non-neuronal nuclei. In contrast, we did not find sig-
nificant differences in the LINE-1 DNA methylation levels. Taken
together, we suggest that global hypomethylation in neuronal
nuclei occurs at the nonrepetitive genomic sequences in the hu-
man genome. Given that hypomethylation of specific LINE-1 se-
quence in the adult brain compared with other tissues (Coufal et al.
2009), examining the DNA methylation level of a more specific
LINE-1 subfamily would be interesting.

It should be noted that our array data may include false-
negative results because of several technical factors. First, probe
density and design of tiling array directly determine what region
we can see. Second, because we used MBD2b to enrich methylated
DNA, low methylated regions (in terms of the DNA fragments)
cannot be considered. Third, there are inevitable biases during
sample amplification for tiling array, such as low coverage of
higher GC-rich regions. Fourth, we took a stringent bioinformatic
approach to extract MRs. For example, we extracted common MRs
only when all samples showed consistent methylation signals to
focus on the most rigorous methylation signals. However, our
main conclusions are not likely to be affected, because both nuclei
fractions are identically influenced by these factors.

We found that the DNA methylation status in the promoter
region of neuronal nuclei showed higher interindividual varia-
tions compared with non-neuronal nuclei. Although we identified
the VMRs, which may have functional significance in the brain,
our analysis suggests that these variations are accounted for by the
accumulation of subtle methylation changes in a promoter-wide

Genome Research 693
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Iwamoto et al.

A
1
1 i
t T
Sos £l g’
=
[
8 os 1 |1;—|
[
(=2}
(]
© 0.4
>
<
02 -
k3 o i . .y _i MM SR
+ v 4 + v+ + -f : + & :
ON OFF ON OFF
TAS normalization TAS normalization
Ref: McrBC-treated Ref: non-specific binding
unmethylated DNA DNA to MBD2-beads
B
Number of MRs
NeuN+ NeuN- P value
single occurrence 1055 (34.4%) 1106 (30.6%) 0.00114
multiple occurrences 2013 (65.6%) 2505 (69.4%) )
non-conserved 2299 (74.9%) 2622 (72.6%) 0.03186
conserved 769 (25.1%) 989 (27.4%) :
total 3068 3611

Figure 7. Variations in neuronal and non-neuronal methylation. (A)
Average correlation of pairwise comparisons of signal intensities of all
probes on the tiling array. Green bars indicate the average correlation
coefficient between NeuN+ and NeuN— samples from the same subject
(n = three pairs). Blue and red bars indicate the average correlation co-
efficient between NeuN— samples (n = six combinations) and between
NeuN+ samples (n = six combinations), respectively. The dagger indicates
P < 0.05 by the Student’s t-test. Values are mean = SD. (B) Interindividual
variations of the location of neuronal and non-neuronal MRs. Number of
MRs detected in various conditions are shown. Single occurrence: MRs
found in only one subject. Multiple occurrences: MRs shared by two or all
subjects. Nonconserved: MRs in one subject or shared by two subjects.
Conserved: MRs shared by all subjects. P-values are determined by the Fisher
exact test. Note that the number of shared MRs in three subjects differed
from that represented in the text because of the exclusion of common MRs
from every individual MR for this analysis (Supplemental Fig. 3).

manner (Figs. 7, 8). Our finding is consistent with previous cellular
and animal studies, in which researchers reported altered DNA
methylation in neurons with neuroplastic changes (Levenson et al.
2006; Nelson et al. 2008; Feng et al. 2010). This finding is also
consistent with the reported DNA methylation changes of neurons
throughout life (Siegmund et al. 2007). In addition to these envi-
ronment- or development-induced epigenetic changes, several
possibilities may contribute to the higher variations of DNA
methylation within neurons. First, our NeuN+ fraction included
several classes of neuronal cell types. If each cell type has a dis-
tinctive DNA methylation pattern, interindividual variation of the
fraction of neuronal cell types may affect the observed variation.
Second, recently discovered hydroxymethyl cytosine (hmc)
(Kriaucionis and Heintz 2009; Tahiliani et al. 2009), which exists
abundantly in the brain, may also generate the cell type—specific
differences. Because MBD2b does not bind to hmc (Jin et al. 2010),
variation of hmc content may affect the results. Third, genomic
variations within neurons (Muotri and Gage 2006), including
retrotransposition of LINE-1 element in neuronal cells and neu-
ronal aneuploidy, may also generate epigenetic variations. Further
epigenome and genomic analyses of neurons will be needed to
clarify the role of each factor. In addition, it would be valuable to
study the neuronal DNA methylation status of a larger number of

subjects of various ages and of diseased subjects using high-
throughput sequencing technologies.

Methods

Human and chimpanzee post-mortem brains

Post-mortem prefrontal cortex and cerebellum samples were
obtained from the same three Japanese male subjects. They did not
suffer from neurologic or psychiatric diseases (Supplemental Table
1). To confirm interindividual variations in neuronal and non-
neuronal samples we used 24 healthy, unrelated male subjects
(Broadmann area 10), provided by the Stanley Medical Research
Institute. Supplemental Table 11 presents the demographic vari-
ables. Post-mortem prefrontal cortex samples from two chimpan-
zees were obtained through the Great Ape Information Network
(GAIN) project in Japan. The apes died of natural causes at Japanese
zoos. This study was approved by the ethics committees of RIKEN.

NeuN labeling and nuclei sorting

After nuclei preparation from post-mortem brains (Supplemental
Methods), 1 pg of anti-NeuN antibodies (#MAB377, Chemicon)
was directly conjugated with Alexa Fluor 488 using a Zenon Alexa
Fluor 488 mouse IgG labeling kit (Molecular Probes) according to
the manufacturer’s instructions. Isolated nuclei were blocked with
a STKM buffer containing 2.5% bovine serum albumin (BSA) for
2 h at 4°C. They were stained with Alexa Fluor 488-conjugated
NeuN antibodies in a STKM buffer containing 2.5% BSA at 4°C,
with gentle shaking overnight. After nuclei samples were diluted to
five times the volume of STKM buffer, NeuN+ and NeuN— nuclei
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NeuN+ NeuN- P value
single occurrence 13508 (17.5%) 13933 (16.9%) 0.00097
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- 73232 (95.0% 774 %
non-conserved 3232 (95.0%) 68 (93.9%) <0.00001

conserved 3873 (5.0%) 5000 (6.1%)
total 77105 82468

Figure 8. Confirmation of higher variations in neurons compared with
non-neurons. (A) Histogram of correlation determined in independent
samples (n = 24 male control subjects). Pairwise correlation coefficients
were plotted. Red, blue, and green bars indicate comparison between
NeuN+ samples, between NeuN— samples, and between NeuN+ and
NeuN-— from the same subject, respectively. (B) Interindividual variations
of the location of neuronal and non-neuronal MRs. Single occurrence:
methylated probes found in one subject. Multiple occurrences: methyl-
ated probes shared by more than two subjects. Nonconserved: methyl-
ated probes in one subject or shared by up to 23 subjects. Conserved: MRs
methylated probes shared by all subjects. P-values are determined by the
Fisher exact test.
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were sorted by either FACS Vantage or FACS Aria (BD). Before
fractionation, debris was removed based on scatter plotting of
forward scatter area/side scatter area (FSC-A/SSC-A), and doublets
were removed based on scatter plotting of FSC-H (height)/FSC-W
(width), followed by SSC-H/SSC-W, respectively.

LUMA and LINE-I assay

To quantify the global DNA methylation level, LUMA (Karimi et al.
2006) was used. In brief, a total of 200 ng of genomic DNA was
digested with EcoRI and either Hpall or Mspl. After enzyme di-
gestion, primer extension luciferase assay using PSQ96MA system
(Biotage) was performed.

To quantify the LINE-1 DNA methylation, we amplified the
CpG sites in the LINE-1 sequences using bisulfite-modified geno-
mic DNA as a template, according to the manufacturer’s protocol
(PyroMark LINE-1, Biotage) (Yang et al. 2004).

To test the accuracy of the pyrosequencing methods, we
used samples containing various amounts of methylated and
unmethylated human genome DNA. Unmethylated human
genomic DNA was prepared by whole-genome amplification
using a GenomiPhiv2 kit (GE Healthcare). Aliquots of purified
unmethylated genomic DNA were treated with the CpG methyl-
transferase, Sssl, for 4 h at 37°C. The reaction mixture was purified
with MinElute Reaction column, yielding methylated genomic DNA.

The Supplemental Methods provide details for the Illumina
GoldenGate assay and pyrosequencing.

Bisulfite modification and cloning-PCR analysis

Typically, 1 pg of genomic DNA was used for bisulfite modifica-
tion. Reaction and subsequent purification were performed using
an EpiTect Bisulfite kit (Qiagen) according to the manufacturer’s
protocol. PCR primers were designed using MethPrimer (Li and
Dahiya 2002) as listed in Supplemental Table 10. PCR was per-
formed based on the previously determined condition (Tochigi
et al. 2008). Details of the PCR condition in each gene are available
on request. After the separation by Agarose gel electrophoresis,
PCR products were excised and purified using an MinElute Gel
extraction kit (Qiagen). Products were then TA cloned using a
TOPO TA cloning kit (Invitrogen) and DHS5a bacterial strain. Single
bacterial colonies were subject to sequencing analysis. Results are
illustrated using QUMA software (Kumaki et al. 2008).

Enrichment of methylated fraction

Enrichment of methylated DNA was performed using Methyl-
Collector (Active Motif) according to the manufacturer’s protocol
(see Supplemental Methods). For reference, we prepared two types
of DNA samples. First, we prepared McrBC-digested unmethylated
DNA, which was extracted from each sorting fraction of the rele-
vant subjects. We also prepared DNA fragments that were not
specifically bound to the beads. These were also prepared from the
relevant subjects. In each subject, we performed triplicate experi-
ments (three independent MBD2-bead treatments) in both target
and reference samples.

Tiling arrays

We used an Affymetrix human promoter 1.0R tiling array and
a NimbleGen HG18 CpG promoter array. Probe preparation and
labeling were performed according to the Affymetrix chromatin
immunoprecipitation assay protocol (Affymetrix), with minor
modification (see Supplemental Methods). Tiling array data are
available under the accession GSE15014.

Data analysis

We used triplicate samples and triplicate references in each subject
for MAT analysis (Johnson et al. 2006) to extract methylated peaks.
Parameters used in the MAT analysis were as follows: bandwidth,
300; max gap, 300; minimum number of probes, 10. We consid-
ered P< 10~ * to be significant. The Supplemental Methods describe
and provide details on data analysis and other bioinformatic
analyses.

Analysis of independent brain samples

To estimate interindividual variation of NeuN+ and NeuN— sam-
ples, we used 24 well-defined male post-mortem brain samples
provided by the Stanley Medical Research Institute (Supplemental
Table 11). In each fresh-frozen sample, tiling array analysis was
similarly performed as described above with some modifications.
Instead of using restriction enzymes, fragmentation was per-
formed with an acoustic solubilizer (Covaris). Methylated DNA
was enriched using a MethylCollector Ultra kit (Active Motif). All
analyses were performed in duplicate. Parameters used in the MAT
and TAS analyses were the same as described above, but we con-
sidered P < 102 to be significant in MAT analysis.
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