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Abstract

Understanding epigenetic differences that distinguish neurons and glia is of fundamental importance to the nascent field of
neuroepigenetics. A recent study used genome-wide bisulfite sequencing to survey differences in DNA methylation between
these two cell types, in both humans and mice. That study minimized the importance of cell type-specific differences in CpG
methylation, claiming these are restricted to localized genomic regions, and instead emphasized that widespread and highly
conserved differences in non-CpG methylation distinguish neurons and glia. We reanalyzed the data from that study and came
to markedly different conclusions. In particular, we found widespread cell type-specific differences in CpG methylation, with a
genome-wide tendency for neuronal CpG-hypermethylation punctuated by regions of glia-specific hypermethylation.
Alarmingly, our analysis indicated that the majority of genes identified by the primary study as exhibiting cell type-specific CpG
methylation differences were misclassified. To verify the accuracy of our analysis, we isolated neuronal and glial DNA from
mouse cortex and performed quantitative bisulfite pyrosequencing at nine loci. The pyrosequencing results corroborated our
analysis, without exception. Most interestingly, we found that gene-associated neuron vs. glia CpG methylation differences are
highly conserved across human and mouse, and are very likely to be functional. In addition to underscoring the importance of
independent verification to confirm the conclusions of genome-wide epigenetic analyses, our data indicate that CpG
methylation plays a major role in neuroepigenetics, and that the mouse is likely an excellent model in which to study the role of
DNA methylation in human neurodevelopment and disease.

expression) is the cause of major neurodevelopmental diseases

Introduction

Methylation of cytosines in CpG dinucleotides is a highly stable
epigenetic mechanism (1) with established roles in genomic im-
printing, X-inactivation, and silencing of retrotransposons (2).
Various data indicate that DNA methylation also plays crucial
roles in brain development and transcriptional regulation, with
implications for neural function and disease. Differentiation of
neurons and glia (3-5), axon guidance (6), and synapse remodel-
ing (6-8) are all associated with DNA methylation, and it has been
suggested that DNA methylation mediates memory formation
(8). Aberrant genomic imprinting (parent-of-origin specific

including Prader-Willi syndrome (9) and Angelman syndrome
(10). Further, age-related ‘epigenetic drift’ in DNA methylation
is associated with the development of neurological diseases
such as Alzheimer’s (11) and Parkinson'’s (12).

Understanding the epigenetic etiology of neurological disease
is complicated by the functional and epigenetic specialization of
different regions of the brain, and by the epigenetic heterogeneity
of different cell types. Cells in the central nervous system are di-
chotomized as either neurons or glia. Unlike neurons, glia do not
generate action potentials but perform diverse functions includ-
ing structural support, maintenance and homeostatic regulation
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(13). Two recent studies used the Illumina Infinium Human-
Methylation450K (HM450) array to characterize neuron vs. glia
differences in CpG methylation in the human brain. One reported
that 14% of loci showed at least a 20% methylation difference
between the two cell types (6). The other found that genomic
regions of cell type-specific differential methylation are en-
riched at predicted enhancers (14). Using a different approach
for reduced-representation methylation profiling, we recently re-
ported major differences in CpG methylation between neuronal
and non-neuronal cells in the mouse hypothalamus (15).

Improving upon previous studies using the HM450 array
(6,14,16) or other reduced-representation platforms (15-17), Lister
et al. recently performed genome-wide bisulfite sequencing
(Bisulfite-seq) on neuronal and non-neuronal DNA isolated from
several samples of mouse and human cortex (18). The breadth
and depth of their dataset make it the presumptive gold standard
for analysis of differential methylation between neurons and
glia. Contrary to previous analyses, however, Lister et al. reported
only minor cell type-specific CpG methylation (mCG) differences,
and concluded that ‘differential mCG between neurons and glia
was restricted to localized regions’. In trying to understand the
reason for the discrepancy between their findings and those of
previous studies, we noted that Lister et al. used a non-standard
normalization procedure to analyze their Bisulfite-seq data. For
each gene, they normalized intragenic methylation relative to
the median methylation in a 50-100 kb flanking region. We pos-
tulated that this non-standard normalization approach may have
led to a misinterpretation of their data.

We therefore reanalyzed the Bisulfite-seq data of Lister et al.
(18) without normalization, and generated our own lists of genes
with neuron vs. glia CpG methylation differences. To confirm the
accuracy of our analysis, we used NeuN immunostaining and
fluorescence-activated sorting to isolate neuronal and non-neur-
onal nuclei from mouse cortex, and performed extensive valid-
ation by quantitative bisulfite pyrosequencing. Contrary to the
conclusions of Lister et al. (18), our re-analysis of their data and
our independent verification indicate widespread and dramatic
gene-associated CpG methylation differences between neurons
and glia, in both mouse and human cortex. Most interestingly,
our analysis additionally yielded the novel insight that these
cell type-specific CpG methylation differences are remarkably
well conserved across these two species.

Results

Widespread neuron vs. glia differences in CpG
methylation in mouse cortex

Lister et al. (18) isolated NeuN* and NeuN™ nuclei (neuronal and
non-neuronal, respectively) from mouse and human cortex,
and performed Bisulfite-seq. (Although the NeuN™ nuclear frac-
tion from brain includes a small fraction of other cell types, glia
vastly predominate (14,15). For simplicity, we refer herein to the
NeuN~ fraction as representing glia.) We downloaded their Bisul-
fite-seq read count data and performed our own CpG methylation
analysis. As previously described and validated (19), we per-
formed our analysis at 200 bp resolution, focusing on all 200 bp
genomic bins containing at least 2 CpG sites. We first evaluated
an apparent discrepancy in Lister et al.’s data on mouse cortex.
They showed that average CpG methylation genome-wide was
substantially higher in NeuN" relative to NeuN~ cells in mouse
cortex (their Fig. 2C) (18), consistent with our analysis (Fig. 1A).
We were therefore surprised by their statement (18) that ‘differ-
ential mCG between neurons and glia was restricted to localized

regions’. Our genome-wide analysis at 200 bp resolution (Fig. 1B)
showed essentially the opposite, indicating widespread differ-
ences in CpG methylation between neurons and glia. The general
tendency for neuronal hypermethylation relative to glia (N>G)
across the genome is punctuated by regions of relative glial hy-
permethylation (G>N). Interestingly, although G>N bins were
fewer in number, these methylation differences were generally
of greater magnitude than N>G bins (P <107%).

Of the 1.8 M 200 bp bins with sufficient coverage, 554 691
showed N>G (absolute average difference of at least 10% methy-
lation) and 226 369 showed G>N. Altogether, therefore, we found
nearly half (43.6%) of informative bins to be differentially methy-
lated. To gain a clearer view of the CpG methylation landscape
distinguishing neurons and glia, we visually examined our re-
presentation of Lister et al.’s data on the UCSC genome browser.
(Users can browse the genome-wide data via a link included in
Supplementary Material). Surveying mouse chromosomes 1, 13
and 17, for example, led to the identification of many large gen-
omic regions with nearly exclusive N>G or G>N (Supplementary
Material, Fig. S1). Regions of N>G (Supplementary Material,
Fig. S1A, C, G, I and ]) tended to be large (often spanning several
Mb) and in some cases encompassed clusters of functionally-
related small genes (Supplementary Material, Fig. S1I and J).
G>N regions, on the other hand, were generally smaller than
N>G regions (<500 kb) and tended to overlap precisely with genes,
such as Satb2, Pbx1, Phactrl, Atxnl, Mef2c, Fbxl17 and Nrxnl (Sup-
plementary Material, Fig. S1B, D, E, F, H, K and L, respectively).

Gene-centered analysis highlights specific discrepancies

A centerpiece of the Lister et al. analysis (their Fig. 4A) was a heat-
map representation of 25 260 genes clustered on the basis of CpG
and non-CpG methylation (18). In their heat map, intragenic methy-
lation was normalized relative to the median methylation in a 50-
100 kb region flanking each gene. Although the rationale for this
normalization approach was not stated, one potential reason
would be to correct for sample-specific differences in bisulfite con-
version efficiency. Since CpC dinucleotides are rarely methylated in
mammalian cells, observed CpC methylation can be used as an in-
dicator of conversion efficiency (20). Our analysis of CpC methyla-
tion in the Lister et al. data, however, indicated genome-wide
bisulfite conversion efficiency of greater than 99.5% in all the mur-
ine neuron and glia samples (Supplementary Material, Table S9).

To compare our CpG methylation results directly with those
of Lister et al., we too performed a gene-centered analysis. We
contacted the authors to obtain lists of genes corresponding to
the clusters delineated by the horizontal lines in panel B of
their Figure 4, which we designated A through O (top to bottom).
Based on the text describing the boxes in their Figure 4A, genes
from that figure were categorized as G>N if they belonged to clus-
ters A or B, and N>G if they belonged to cluster H. In our analysis,
we classified a gene as differentially methylated if the average ab-
solute neuron vs. glia methylation difference across all bins in-
formative within that gene was greater than 10% (see Methods
and Supplementary Material, Table S1).

Of the 1711 genes we classified as CpG-hypermethylated in
glia relative to neurons (G>N), only about half were similarly ca-
tegorized by Lister et al. (Fig. 2A). Of the 2993 genes we classified
as CpG-hypermethylated in neurons relative to glia (N>G), the
agreement with Lister et al. was even poorer; only 17% overlapped
those they identified as such (Fig. 2B). A compelling example is
provided by the 3 Mb region of mouse chromosome 17 with gen-
eral N>G (Supplementary Material, Fig. S1I). Of a cluster of 21
Vmn2r genes (Vmnr2r90-110) within this region, none was
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Figure 1. Differential CpG methylation between murine neurons and glia. (A) Global levels of methyl-CpG are substantially higher in neuronal (NeuN*) compared with
non-neuronal (NeuN~) cells in mouse cortex. (Shown are the six samples analyzed by Lister et al. and presented in their Fig. 2C.) (B) Chromosome plots of cell
type-specific methylation differences (neuronal minus non-neuronal) reveal a general pattern of neuron-specific hypermethylation punctuated by regions of dramatic

glia-specific hypermethylation.

identified as N>G by Lister et al., whereas our analysis (Supplemen-
tary Material, Table S1) identified 20 as N>G. We noted that genes
with low CpG density were more likely to be classified differently
in the two analyses. Most of the genes classified only by Lister
etal. as G>N were among the lowest three quartiles of CpG density,
whereas most of the genes classified only by us as N>G were among
the lowest quartile of CpG density (Supplementary Material,
Fig. S2A and B, respectively). Alarmingly, many of the genes we
identified as showing neuron vs. glia CpG methylation differences
were categorized by Lister et al. as showing the opposite cell type-
specific difference (291 and 77) (Fig. 2A and B, respectively).

Quantitative bisulfite pyrosequencing validates our
analysis

Since both our analysis and that of Lister et al. were based on the
same Bisulfite-seq data, such marked discrepancies indicate that
at least one of them is unreliable. We therefore performed inde-
pendent validation by quantitative bisulfite pyrosequencing (15),
focusing on genes categorized discordantly by the two analyses.
We isolated nuclei from mouse cortex, immunostained them for
the neuron-specific marker NeuN, and performed fluorescence-
activated sorting to separate neuronal and non-neuronal DNA
(Supplementary Material, Fig. S3).
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Figure 2. Genes classified as hypermethylated in neurons or in glia by our analysis
overlap poorly with those similarly classified by Lister et al. (A) Of the 1711 glia-
hypermethylated genes from our analysis, less than half were classified as such
by Lister et al. Additionally, of 6700 genes from their analysis with that
classification, 291 were classified oppositely by our analysis. (B) About 17% of
the 2993 genes we classified as hypermethylated in neurons were similarly
classified by Lister et al.; of the 2798 neuron-hypermethylated genes from their
analysis, 77 were classified oppositely by our analysis.

Two genes (Cops8 and Imp4) included by Lister et al. in a cluster
of genes with ‘intragenic mCG enrichment in glia and depletion
in neurons’ (their cluster B) showed no cell type-specific methy-
lation differences in our analysis. The pyrosequencing data
(Fig. 3A-B) agreed with our assessment. Five genes (Kcnj10,
Ptprz1, Slcla3, Qk and Thbs2) classified by Lister et al. as showing
no cell type methylation differences (i.e. included in their clusters
G and M) (18) were classified by our analysis as hypermethylated
in neurons relative to glia. Again, in all five cases, the pyrose-
quencing data (Fig. 3C-G) corroborated our classification. We
also examined two genes characterized by Lister et al. as having
‘intragenic mCG and mCH hypomethylation in neurons but
not glia’ (Epn2, their cluster A), or ‘neuronal mCG and mCH
hypermethylation, and glial mCG and mCH hypomethylation’
(Pcdhac2, their cluster H). These were classified by our analysis
as showing the exact opposite cell type-specific differences. In
both cases, the pyrosequencing results (Fig. 4A-B) supported
our classification. Hence, in 9 out of 9 genes tested, independent
quantitative measurements in mouse cortex verified the reliabil-
ity of our non-normalized cell type-specific methylation analysis.

Comparisons with other analytical approaches, and
an independent data set, also corroborate our analysis

In addition to our pyrosequencing studies, we sought comple-
mentary means by which to test the validity of our analysis.
We compared our lists of differentially methylated genes with
those identified by MOABS (21), a statistically-based and easily
reproducible method for identifying differentially methylated re-
gions (DMRs) from Bisulfite-seq data. (MOABS identifies ‘credible

differences’ in methylation based on confidence intervals around
the mean methylation in two samples.) Although we employed
settings intended to enable the identification of large DMRs
(e.g. by allowing up to 5kb between ‘adjacent’ differentially
methylated CpGs), MOABS identified 182138 DMRs, most of
which were under 20 kb in size (Supplementary Material, Fig. S4).
Consistent with our analysis (Fig. 1B), MOABS identified more N>G
than G>N DMRs, and G>N DMRs showed greater credible differ-
ences (Supplementary Material, Fig. S5). Only 856 MOABS DMRs
were larger than 20 kb, and the largest was 307 kb. Many of the
multiple-Mb N>G tracts we identified by eye (Supplementary Ma-
terial, Fig. S1) were subdivided into discrete DMRs by MOABS; for
example, within the 6 Mb N>G region on chromosome 17 (Supple-
mentary Material, Fig. S1J), MOABS identified 203 DMRs together
encompassing only 869 kb. Nonetheless, to compare genic methy-
lation differences identified by MOABS with those we identified,
we compiled all the genes located within MOABS DMRs. By this
approach, MOABS identified 288 genes as N>G, and 132 as G>N.
Over 1/3 of the genes MOABS identified as either N>G or G>N
were likewise classified by our analysis (Supplementary Material,
Fig. S6). Most importantly, unlike in the comparison of our results
with those of Lister et al. (Fig. 2), no genes identified by MOABS
as either N>G or G>N were classified oppositely by our analysis
(Supplementary Material, Fig. S6).

Guintivano et al. (6) recently reported DNA methylation profil-
ing (Illumina HM450) in neuronal and glial DNA from human cor-
tex from 58 individuals, providing an additional opportunity to
test the validity of our approach for calling differentially methy-
lated genes. We downloaded Lister et al.’s Bisulfite-seq data on
neurons and glia from human cortex and used our bin-specific
approach to identify differentially methylated genes. We con-
tacted Zachary Kaminsky, the senior author of the Guintivano
et al. study, who kindly provided us with an annotated list of all
the HM450 probes with statistically significant (FDR corrected)
methylation differences between neurons and glia in their data
set (6). Of the 902 genes identified as G>N from the Guintivano
et al. data, approximately 1/3 overlapped with G>N genes in our
analysis of the Lister et al. data (Supplementary Material,
Fig. S7A). Likewise, over 1/4 of the 835 genes identified as N>G
from the Guintivano et al. data overlapped with N>G genes in
our analysis of the Lister et al. data (Supplementary Material,
Fig. S7B). Again, unlike in the comparison of our analysis with
that of Lister et al. (Fig. 2), opposite classification of genes as
G>N or N>G between Guintivano et al. and our analysis of the
Lister et al. human data was negligible (Supplementary Material,
Fig. S7). Together, the comparisons with the MOABS results and
with the Guintivano et al. data set reinforce the validity of our
analysis.

Our analysis uncovers remarkable conservation of cell
type-specific CpG methylation differences from mouse
to human

Lister et al. used their Bisulfite-seq data on neurons and glia from
mouse and human cortex to identify CG-DMRs (CpG-differentially
methylated regions) in both species, and provided a gene-functional
analysis of those they found in mouse. They did not, however, re-
port a detailed analysis of the conservation of neuron vs. glia CpG
methylation differences across species. We therefore set out to
determine the degree to which cell type-specific differences in
CpG methylation are conserved across mouse and human cortex.
We analyzed the Bisulfite-seq data of Lister et al. to identify genes
exhibiting neuron vs. glia CpG methylation differences in cortex
in both species. A nominal absolute methylation threshold was
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Figure 3. Quantitative bisulfite pyrosequencing validates our analysis of Lister et al.’s Bisulfite-seq data. (A, B) Cops8 and Imp4, classified by Lister et al. as showing
‘intragenic mCG enrichment in glia and depletion in neurons’ showed no evidence of cell type-specific methylation differences, either in our analysis of their
Bisulfite-seq data (left) or in our pyrosequencing assays (right). (C-G) Five genes (Kcnj10, Ptprz1, Slcla3, Qk and Thbs2) classified by Lister et al. as showing no cell type-
specific methylation differences all showed neuron-specific hypermethylation, both in our analysis of their data (left) and in our pyrosequencing assays (right).
Asterisks above gene diagrams indicate genomic regions covered by pyrosequencing. Pyrosequencing data represent the mean + SEM of 6-7 samples per cell type.



228 | Human Molecular Genetics, 2016, Vol. 25, No. 2

A Epn2
chr11 61,350,000 |
= 100
2z
02
_.‘C_: 1 04
q) i
2
s +100 Epn2  mifieeefipeeees e
B Pcdhac2
chr18 | 37,300,000
— 100+
2z
ot -
g2 7 NARN
=3
RE 109 poghace m

NeuN* ® NeuN-
61,400,000 | 100

501 o

% Meth.

rrrrrrrrrrrrrrr | 1 2

CpG site
| 37,350,000 100

50

% Meth.

CpG site

Figure 4. At genes with discrepant cell type-specific methylation calls between the two analyses, quantitative bisulfite pyrosequencing validates our analysis. (A) Epn2,
classified by Lister et al. as showing ‘intragenic mCG and mCH hypomethylation in neurons but not glia’ is actually hypermethylated in neurons relative to glia, according
to both their raw Bisulfite-seq data (left) and our bisulfite pyrosequencing (right). (B) Pcdhac, classified by Lister et al. as showing ‘neuronal mCG and mCH
hypermethylation, and glial mCG and mCH hypomethylation’ is actually hypermethylated in glia relative to neurons, according to both their raw Bisulfite-seq data
(left) and our bisulfite pyrosequencing (right). Asterisks above gene diagrams indicate genomic regions covered by pyrosequencing. Pyrosequencing data represent the

mean + SEM of 6-7 samples per cell type.

set for cell-type differences (>10%); to focus on robust differences,
only genes with at least five informative bins were included (Sup-
plementary Material, Table S2).

We were surprised by the high degree of conservation across
species. Of genes classified in either mouse or human as N>G,
86% were classified as such in both species (Supplementary Ma-
terial, Table S3). Likewise, of genes classified in either mouse or
human as G>N, 87% were classified as such in both species (Sup-
plementary Material, Table S6). Interestingly, conservation of cell
type-specific methylation differences was higher in gene bodies
than in promoter regions; 93% of genes with gene body neuron
vs. glia methylation differences in both species were hyper-
methylated in the same cell type, compared with 75% for promo-
ters (¥?, P=5.6 x107*%). Not surprisingly, conservation of cell
type-specific methylation differences was positively associated
with conservation at the gene sequence level (Supplementary
Material, Fig. S8). We performed a gene ontology (GO) analysis
to evaluate the functional relevance of these highly conserved
methylation differences, and found strong and highly significant
enrichments specific to processes and components involved in
neurogenesis and brain development. Notably, genes with con-
served hypermethylation in neurons relative to glia were en-
riched for glia-related processes including axon ensheathment,
and regulation of glial cell differentiation and immune response
(Fig. 5A and Supplementary Material, Tables S4 and S5). Con-
versely, genes with conserved hypermethylation in glia relative
to neurons were enriched for neuron-related processes including
regulation of neurogenesis and dendrite development, and neu-
ron components such as synapse part, neuron projection, and
dendrite (Fig. 5B and Supplementary Material, Tables S7 and S8).

Discussion

We have independently reanalyzed the neuron- and glia-specific
genome-wide CpG methylation data of Lister et al. (18) and come
to conclusions substantially different from theirs. Our interpret-
ation is that the non-standard approach they used to normalize

their Bisulfite-seq data (in both their Figs. 4 and 5) introduced
nonexistent cell type-specific methylation differences and
obscured or even reversed real differences. Contrary to their
assertion that ‘differential mCG between neurons and glia [is]
restricted to localized regions’, our analysis demonstrates that
widespread differences in CpG methylation distinguish neurons
and glia. Further, thousands of genes we characterized as show-
ing intragenic methylation differences between neurons and glia
were classified otherwise by Lister et al.

Unlike Lister et al., we validated our analysis by independently
sorting NeuN™ and NeuN~ cortical nuclei and performing quanti-
tative bisulfite pyrosequencing. Because Bisulfite-seq experiments
directly yield quantitative estimates of percent methylation, it is
not uncommon for studies employing Bisulfite-seq to forgo inde-
pendent verification of their results (18,22,23). The potential for
systematic errors (such as those caused by PCR biases following bi-
sulfite modification (24)), however, combined with the complex
and non-standardized analytical methods used in these types of
studies, necessitate independent verification of Bisulfite-seq ana-
lyses to confirm their reliability (20). Clearly, normalization of in-
tragenic methylation based on flanking region methylation
should be avoided. Moreover, normalization of Bisulfite-seq data
is likely inappropriate in general; these data provide methylated
and unmethylated read counts at each methylation site, so are
effectively normalized at the CpG (or CpH) level.

Few previous studies have explored neuroepigenetic conser-
vation between human and mouse on a genomic scale. One ana-
lysis, using the Methyl-MAPS procedure (25), found that CpG
methylation is weakly correlated across human and mouse
brain, both in the promoters of nearly 9000 orthologous genes
and in regions with high sequence conservation. An analysis of
over 900 orthologous genes in visual cortex in human and
mouse found that most genes showed similar expression be-
tween the two species (26). In a study comparing human and
mouse gene expression microarray data in three brain regions,
over 80% of the top 500 genes with expression differences
between caudate nucleus and cerebellum in humans showed
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Figure 5. Gene ontology analysis of genes with conserved neuron vs. glia methylation differences between mouse and human reveals strong and highly significant
enrichments for major neural processes. (A) Genes with conserved neuronal hypermethylation are significantly enriched for glia-specific processes such as glial
differentiation, axon ensheathment and immune system functions. (B) Genes with conserved glial hypermethylation are significantly enriched for neuron-related
processes such as dendrite development, synaptic transmission and actin filament organization. ‘Enrichment’ is the fold enrichment of the GO term relative to the
background set. ‘Q’ represents the P-value of the enrichment corrected for multiple testing by GOrilla.

similar expression differences in mice (27). Importantly, none of
these previous studies performed separate analyses in neuronal
and glial fractions.

Conservation of tissue- and cell type-specific methylation
differences from mouse to human has previously been reported
for several genes (28-31), and one recent study reported the con-
servation of neuron-specific CpG methylation at Cacnalc (32). Our
reanalysis of the Lister et al. data enabled the discovery that gene-
associated neuron vs. glia CpG methylation differences are well
conserved from mouse to human. This is the first report of con-
servation of these differences on a genome-wide scale, and the
degree of this conservation—over 85%—is remarkable. Although
many genes were excluded due to naming ambiguity or lack of

coverage, it is clear that these cell type-specific epigenetic differ-
ences are generally consistent between mouse and human.
Moreover, GO analysis of these conserved CpG methylation
differences provided powerful support for the hypothesis that
CpG methylation plays a central role in neural differentiation.
Conserved hypermethylation in glia relative to neurons was as-
sociated with neuronal functions such as regulation of dendrite
development and neurogenesis, as well as actin filament organ-
ization, which is required for development of long-term memory
(33). GO analysis of genes with conserved hypermethylation in
neurons relative to glia found associations with axon ensheath-
ment and glial development, as might be expected, but also
revealed a strong enrichment for immune response-related
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genes. This finding is consistent with the role of glial cells as
mediators of immunity in the CNS (34-36). Our analysis therefore
suggests that CpG methylation plays an important role in regulat-
ing the CNS immune response. In particular, given that dysregu-
lation of the glial immune response is a contributing factor to
neurodegenerative diseases (37,38), the high degree of conservation
of neuron vs. glia CpG methylation differences within immune re-
sponse genes supports the use of mouse models to gain insights
into epigenetic mechanisms underlying neurodegeneration.

Overall, our findings suggest that CpG methylation plays an
important role in cell type-specific epigenetic regulation in the
brain. Moreover, the extremely high conservation of neuron vs.
glia epigenetic differences from mouse to human indicates that
the mouse is likely to be an excellent animal model of human
neuroepigenetic development and disease.

Materials and Methods

Reanalysis of Bisulfite-seq data

We downloaded the mapped read count data from Lister et al.’s
Bisulfite-seq experiments for NeuN* and NeuN~ fractions from
three murine cortex samples (male, 7 week; female, 6 week; fe-
male, 12 month) (GSM1173786-91 on GEO) and two human cortex
samples (female, 53 years; male, 55 years) (GSM1173773-4, GSM
1173776-7). Coordinates from human experiments were lifted
over to hgl9. For robust quantitation we considered only CpG
sites covered by at least 10 reads. As previously described (19)
we performed our analysis at a 200 bp resolution, focusing on
all 200 bp bins genome-wide containing >2 CpG sites, using the
same criteria for bin coverage. The quantitative accuracy of our
Bisulfite-seq analytical pipeline has been validated by bisulfite
pyrosequencing (19). For each cell type, average percent methyla-
tion was calculated across all samples at the 200 bp bin level,
from which average cell type-specific methylation differences
(neuron minus glia) were determined. (The samples from the 6
week-old female mouse were excluded from these and all subse-
quent calculations due to low coverage relative to the other two
mice). Only bins covered across all samples were considered. In-
tragenic methylation differences were defined as the average
methylation difference across all covered bins within each gene.

Estimation of bisulfite conversion efficiency

The methylation percentage of each non-CpG (i.e. CpH) read from
Lister et al.’s data on GEO was determined, as well as the identity
of the non-guanine base in the CpH dinucleotide. Overall percen-
tages for CpC, CpA and CpT methylation were calculated for each
of the four murine samples (Supplementary Material, Table S9).

Gene-centric comparison with the findings of Lister et al.

We contacted Ryan Lister and Eran Mukamel, who provided us
with lists of genes indicated in the 15 clusters of Figure 4A of
their paper (18). (To avoid confusion with the numbered boxes
in their Fig. 4A, clusters were designated as A-O, from top to bot-
tom, delineated by the horizontal lines in their Fig. 4B). Using a
10% intragenic methylation difference threshold, we categorized
all genes with at least one informative bin as neuron-hyper-
methylated, glia-hypermethylated, or not differentially methy-
lated (Supplementary Material, Table S1). We then compared
our lists of genes showing cell type-specific differences with
those identified by Lister et al. (18). For the analysis presented in
Supplementary Material, Figure S2, CpG density for each RefSeq
gene was calculated by dividing the number of CpG sites within

the gene body by the number of dinucleotides in the gene body.
Density scores were averaged for genes with multiple transcripts.
Genes were split into quartiles by CpG density score, and the
numbers of genes in each quartile from the N>G and G>N gene
lists were plotted.

Independent verification of methylation differences

We used immunostaining for the neuron-specific marker NeuN,
followed by fluorescence-activated sorting to isolate neuronal
and non-neuronal nuclei (15) from C57BL/6] mouse cortex at
postnatal age 140 days (P140) (Supplementary Material, Fig. S3).
Quantitative measurement of CpG site-specific DNA methylation
was performed by bisulfite pyrosequencing (15) (N=7 NeuN~ and
6 NeuN" samples). Prior to use, each pyrosequencing assay’s lin-
earity and quantitative accuracy was verified using methylation
standards (39) (Supplementary Material, Fig. S9).

Unbiased statistical search for differentially methylated
regions

We used MOABS (21) to find differentially methylated regions
genome-wide. Since we were interested in neuron vs. glia differ-
ences, and MOABS can only be used to make pair-wise compari-
sons, the two neuron and the two glia samples were combined in
a single MOABS run. The following parameters were used: min-
imum credible difference: 0.1; minimum nominal difference:
0.1; maximum distance between consecutive DMCs: 5000 bp;
DMR-finding method 2. To verify that combining both samples
into a single MOABS run did not introduce technical errors,
MOABS was run with the same settings, except the combined
male neuronal and female glia samples were run against the
combined male glial and female neuronal samples. MOABS
found a relatively small number of DMRs using the mixed inputs
(N =2870vs. 182 138 for the neuron vs. glia run), implying that the
combination of the male and female reads for the neuron vs. glia
analysis had a minimal effect on the DMR finding. Overlaps of
DMRs with the regions visible in the genome browser (Supple-
mentary Material, Fig. S1) and with genes identified as N>G or
G>N1in our analysis of the Lister et al. data (Supplementary Mater-
ial, Table S1), as well as other various BED file processing steps,
were performed using bedtools (40).

Comparison of gene-based analysis with published
human data

We calculated genic methylation scores from Guintivano et al.’s
[llumina HM450 data (6) by averaging the neuron minus glia
methylation difference of all probes which were labeled as
‘body’ in the gene annotations field and had an FDR P-value
<0.05. Genes were considered to be hypermethylated in one cell
type if they contained at least 5 FDR-significant probes and had
at least a 10% methylation difference between neurons and glia
(N'=835 for N>G and N =902 for G>N). The lists of differentially
methylated genes were compared to our lists of human genes
containing atleast five informative bins and having a 10% methy-
lation difference (N = 1326 for N>G and N = 1017 for G>N) (Supple-
mentary Material, Fig. S7).

Comparison of cell type-specific methylation differences
across human and mouse

The list of human and mouse gene name conversions was
downloaded from HGNC Comparison of Orthology Predictions
website (41). To remove ambiguity, only genes having a
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one-to-one correspondence in gene name between the two spe-
cies were considered in this analysis. From these unambiguous
genes (N =10460), only those with solid informativity (i.e. con-
taining >5 intragenic bins with coverage in both species) were
kept, leaving 7998 genes. Genes for which both species had at
least a 10% intragenic methylation difference were classified as
showing cell type-specific hypermethylation (N =383; Supple-
mentary Material, Table S2). Of these, genes were classified as
‘congruent’ if they were hypermethylated in the same cell type
in both species. Gene ontology analysis was performed with GOr-
illa (42) using the congruent genes (N =167 for neuron-hyper-
methylated genes, N=189 for glia-hypermethylated genes,
respectively) as the target set and the 7998 informative genes
as the background set (Supplementary Material, Tables S3 and
S6). This analysis was repeated using promoter methylation (pro-
moter defined as the 3 kb window centered on the TSS), except
the number of required informative bins was relaxed to two to
account for the generally smaller size of promoters compared
to genes. This yielded 5912 informative promoters; of these, 704
had cell type differences of at least 10% in both species, and 529
genes (N =249 for neuron-hypermethylated genes and N = 280 for
glia-hypermethylated genes) had congruent differences.

Comparing methylation conservation with sequence
conservation

To investigate the relationship between conserved methylation
and sequence-level conservation, exonic sequence conservation
data were downloaded in bulk from NCBI Homologene (43) and
extracted using a custom script. Of the 7998 informative genes
from above, 7720 had a sequence conservation score in Homolo-
gene; these genes were then split into quartiles by Homologene
score. The Homologene quartile distribution of the 338 genes
which had consistent cross-species methylation differences
(i.e. the subset of the 383 genes from above which had a Homolo-
gene score) was then determined (Supplementary Material,
Fig. S8). Since the Homologene score is derived from intragenic
sequence comparisons, this analysis was not performed on the
promoter methylation conservation data.

Statistical analyses

To determine whether there was a difference in the distribution
of methylation differences between neuron- and glia-hyper-
methylated bins, a two-tailed unequal variances t-test was per-
formed (N =554 691 neuron-hypermethylated bins and 226 369
glia-hypermethylated bins). The significance of the difference in
inter-species congruence between promoter and gene body
methylation was determined by chi-squared test.

Supplementary Material

Supplementary Material is available at HMG online.
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