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ABSTRACT

The brain is built from a large number of cell types
which have been historically classified using loca-
tion, morphology and molecular markers. Recent re-
search suggests an important role of epigenetics in
shaping and maintaining cell identity in the brain.
To elucidate the role of DNA methylation in neu-
ronal differentiation, we developed a new protocol for
separation of nuclei from the two major populations
of human prefrontal cortex neurons––GABAergic in-
terneurons and glutamatergic (GLU) projection neu-
rons. Major differences between the neuronal sub-
types were revealed in CpG, non-CpG and hydrox-
ymethylation (hCpG). A dramatically greater number
of undermethylated CpG sites in GLU versus GABA
neurons were identified. These differences did not
directly translate into differences in gene expres-
sion and did not stem from the differences in hCpG
methylation, as more hCpG methylation was de-
tected in GLU versus GABA neurons. Notably, a com-
parable number of undermethylated non-CpG sites
were identified in GLU and GABA neurons, and non-
CpG methylation was a better predictor of subtype-
specific gene expression compared to CpG methy-
lation. Regions that are differentially methylated in
GABA and GLU neurons were significantly enriched
for schizophrenia risk loci. Collectively, our findings
suggest that functional differences between neu-
ronal subtypes are linked to their epigenetic spec-
ification.

INTRODUCTION

The remarkable diversity of cell types that comprise com-
plex nervous systems had been described more than a cen-
tury ago by Ramon y Cajal (1), and it is universally agreed
that the identification, characterization, and comparative
analysis of these cell types is fundamentally important for
understanding brain function. The mammalian neocortex
contains two major classes of neurons, the excitatory glu-
tamatergic projection neurons (hereinafter GLU neurons)
and the inhibitory GABAergic interneurons (hereinafter
GABA neurons) which constitute about 80% and 20% of
all cortical neurons, respectively (2). Although less abun-
dant than projection neurons, interneurons are extremely
diverse in terms of morphology, connectivity, and physio-
logical properties, and play crucial roles in the development
and organization of cortical networks that underlie a wide
range of brain functions (3). The majority of the GABAer-
gic interneurons within the telencephalon originate from
one of the two embryonic subcortical progenitor zones, the
medial ganglionic eminence (MGE) and caudal ganglionic
eminence (CGE) (4–6). Within the cortex, the MGE gives
rise to the parvalbumin (PVALB)-expressing fast-spiking
interneurons and the somatostatin (SST)-expressing neu-
rons. The CGE produces relatively rarer subtypes, including
neurogliaform, bipolar and vasointestinal peptide (VIP)-
expressing multipolar interneurons.

Studies in mouse models and humans have shown that in-
terneuron dysfunction is associated with neurological and
psychiatric diseases such as schizophrenia (SCZ), autism
and epilepsy (7–11). Moreover, the dysfunction of in-
hibitory interneurons in the prefrontal cortex (PFC) is the
one of the most consistent findings in the SCZ research
(12–16). The observed functional impairment is largely at-
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tributed to the MGE-derived interneurons which comprise
60–70% of all cortical interneurons. The mechanisms that
lead to the molecular pathology of these interneurons have
not been characterized in detail, but at least in SCZ, have
been linked to an altered developmental pathway that in-
volves ontogenetic transcription factors SRY (Sex Deter-
mining Region Y)-Box 6 (SOX6) and LIM Homeobox 6
(LHX6) (10). These transcription factors have been shown
to play critical roles in the specification, migration, and mat-
uration of the MGE-derived interneurons (17,18). Numer-
ous studies have also implicated GLU signaling in SCZ (19).
In particular, recent large scale genome-wide association
study (GWAS) has identified highly significant associations
for SNPs in genes involved in glutamatergic neurotransmis-
sion (20).

Studies in adult animals have shown that different sub-
populations of GLU and GABA neurons express unique
patterns of genes (21,22) which are likely to broadly deter-
mine their distinct functional capacities (5). Despite consid-
erable effort, it remains poorly understood how the identity
of each neuronal cell type is attained during development
and how it is maintained throughout the life of a cell. DNA
methylation in cytosine-guanine dinucleotides (mCpG) is
believed to be a heritable epigenetic mark of cellular mem-
ory that maintains the unique gene expression pattern of a
cell (23). However, it remains unclear how DNA methyla-
tion relates to cell type-specific gene expression.

Recent studies indicate that composition and dynamics
of DNA methylation are highly distinct in the brain and/or
neurons compared to other tissues or cells (24). Similar to
stem cells, the adult human and mice brains show substan-
tial cytosine methylation outside of the CpG context (non-
CpG methylation or mCpH where H stands for A,T or C)
as well as a relatively high level of hydroxymethylation (hm-
CpG), whereas in other somatic tissues, mCpH and hm-
CpG are nearly absent (24,25). Unlike mCpG that is mostly
established during prenatal development (26), mCpH oc-
curs de novo after birth and until the young adult age in
neurons (but not in glia) (25). DNA hydroxymethylation is
thought to be an intermediate of mC demethylation (27,28),
but also could play a distinct role in gene regulation (29,30).
Whereas mCpG in promoters and active enhancers is asso-
ciated with transcriptional silencing (23,31–33), hmCpG is
enriched throughout the bodies of highly expressed genes
(34).

Although the majority of the studies on DNA methy-
lation in the brain have been performed using bulk tis-
sues, e.g. (26,35), several reports have clearly demonstrated
robust differences in mCpG and mCpH patterns between
neuronal and glial cell populations in human and rodent
brains (24,36,37). A recent study in the adult mouse cor-
tex, which used ‘nuclei tagged in specific cell types’ (IN-
TACT) approach, has demonstrated widespread differences
in DNA methylation among excitatory (glutamatergic),
PVALB, and VIP neurons that reflect distinct mechanisms
of gene regulation in these cellular populations (38). How-
ever, comparable genetic manipulations are not applicable
in human studies, and differences in DNA methylation pat-
terns among subpopulations of neurons in the human brain
have never been explored. Such differences in epigenetic
landscapes might ultimately contribute to the selective vul-

nerability of the MGE-derived GABA interneurons to neu-
rodevelopmental or environmental insults that could culmi-
nate in diseases such as SCZ.

In the present study, we developed a novel method
to separate neuronal nuclei from the autopsy specimens
of the human PFC into two sub-populations containing
GLU or MGE-derived GABA neurons, respectively, us-
ing fluorescence-activated cell sorting (FACS). We then
performed genome-wide expression and DNA methylation
analyses (including mCpG, mCpH and hmCpG) in these
two distinct neuronal populations and found that, in ad-
dition to the expected differences in gene expression, these
neuronal subtypes significantly differ in their DNA methy-
lation landscapes. Comparison of the methylomes with the
expression profiles revealed that non-CpG methylation is
particularly pertinent in inferring neuron subtype-specific
gene expression patterns. Finally, we detected a strong as-
sociation between epigenetic specification of the neuronal
subtypes and psychiatric disease.

MATERIALS AND METHODS

Brain specimens and tissue sample preparation

The brain specimens were obtained from the Brain Collec-
tion of Dr Yasmin Hurd (39,40). All specimens had been
collected at autopsy within 24 h after death by the person-
nel of the Department of Forensic Medicine (Semmelweis
University, Hungary) under approved local ethical guide-
lines. The subjects showed negative toxicology for com-
mon drugs of abuse (including alcohol) and for therapeu-
tic agents. Nicotine toxicology was not conducted, but to-
bacco use is frequent in the general population from which
the subjects were collected. The cause and manner of death
were determined by a forensic pathologist after evaluating
autopsy results, circumstances of death, toxicology data,
and police reports, as well as family interviews and medical
records. According to this assessment, all subjects used in
our study died of non-suicide causes, such as cardiac failure
or an accident. None of these individuals were diagnosed
with any neurological or psychiatric condition at the time
of death. Immediately after autopsy, brains were cut coro-
nally in 1.5-cm slabs, frozen, and kept at −70◦C. The dissec-
tions of the orbitofrontal cortex (OFC) were performed as
described in (37). Specimens obtained from seven and two
subjects were used in DNA methylation and gene expression
studies, respectively (Supplementary Table S1). There were
no significant differences in brain pH among all specimens,
and post-mortem intervals for all subjects were ≤24 h. Age
of death varied from 19 to 46 years for specimens used in
DNA methylation studies; individuals used for RNA-seq
studies were 37 and 44 years old.

Analysis of genetic background

Genome-wide genotyping of the study subjects’ DNA was
performed using Illumina HumanOmni2.5-8v1BeadChip.
To test their genetic background, principal component
analysis (PCA)-based population stratification was then
conducted using these data and genotype data from the
HapMap Project (http://hapmap.ncbi.nlm.nih.gov/) (Sup-
plementary Figure S1).

http://hapmap.ncbi.nlm.nih.gov/
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Nuclei isolation and FACS-based nuclear sorting

The crude nuclear pellet was prepared as described (37) and
was followed by incubation of nuclei in the blocking buffer
[1% goat serum, 2 mM MgCl2, Tris-buffered saline, pH 7.6
(TBS)] in the presence of the mouse monoclonal Alexa488-
conjugated anti-NeuN antibodies (1:1000 dilution, Milli-
pore; MAB377X) and primary guinea pig polyclonal anti-
Sox6 antibodies (1:1500 dilution) (41). After 1.5 h of incu-
bation, nuclei were centrifuged for 15 min at 2800g through
a layer of 1.1 M sucrose (37). Nuclear pellet was then re-
suspended in blocking buffer and incubated for 45 min
with the secondary antibodies (Alexa647-conjugated goat
anti-guinea pig, 1:1000 dilution, Jackson Immunoresearch,
106-606-003). Finally, nuclei were centrifuged through 1.1
M sucrose, resuspended in TBS containing 2 mM MgCl2,
and mixed with a DNA dye 7-aminoactinomycin (7-AAD,
Sigma, final concentration 2 �g/ml). FACS was performed
using Vantage with DiVa. For DNA methylation studies,
the sorted nuclear samples were pelleted by centrifugation
at 4000 rpm for 20 min and stored at −80◦C until the DNA
isolation step.

Immunofluorescence and immunohistochemistry

For the immunofluorescence assay of non-sorted human
brain nuclear samples, nuclei were isolated and stained with
anti-NeuN and anti-Sox6 antibodies as described in the pre-
vious section. Nuclei were then stained with a DNA dye
DAPI (0.1 �g/ml, 10 min), fixed with 2% formaldehyde for
10 min, and mounted on microscope slides. Confocal mi-
croscopy was performed on a LSM 700 microscope (Carl
Zeiss), using 405, 488 and 639 nm lasers and a 63×/1.40 oil
objective.

The procedure for double immunohistochemistry was
similar to that employed previously with paraffin sections
(42). Brain tissue was cut into 2-cm coronal slices and
fixed in phosphate-buffered 10%’ formalin for 5 days, then
transferred to phosphate-buffered saline (PBS) with 0.02%
sodium azide and stored at 4◦C until used. Sections of the
PFC were cut at 40 �m on a vibratome into PBS, boiled
in 10 mM citrate buffer, pH.6, incubated overnight at 4◦C
in guinea pig anti-SOX6 antibodies (41) diluted 1:8000 in
PBS with 3% normal goat serum. Bound anti-SOX6 was de-
tected by standard avidin-biotinylated peroxidase complex
(ABC) methods with 0.05% 3,3′-diaminobenzidine (DAB),
0.02% nickel ammonium sulphate, 0.02% cobalt chloride,
and 0.01% hydrogen peroxide, yielding a black reaction
product. The sections were then incubated overnight at
4◦C with anti-PVALB mouse monoclonal ascites (Swant,
PV235) diluted 1:4000, followed by ABC with DAB as be-
fore, but without metals, yielding a brown reaction product,
which cannot be seen in areas previously stained black.

RNA isolation, cDNA synthesis and qPCR

To isolate RNA from sorted GABA or GLU nuclei, the
FACS-separated fractions (∼1 million nuclei for each neu-
ronal subtype) were collected directly into tubes contain-
ing TRIzol LS reagent (Life Technologies). The final vol-
ume of TRIzol LS was then adjusted to be 3× the volume
of the collected nuclear fractions, and the resulting samples

were processed according to the manufacturer’s protocol.
RNA was precipitated in the presence of 1 �l of UltraPure
Glycogen (20 �g/�l, Life Technologies), washed twice with
70% ethanol, and dissolved in RNAse-free water. cDNA
synthesis was performed using iScript cDNA synthesis kit
(BioRad) and quantitative real-time PCR (qPCR) was per-
formed using specific TaqMan probes as described in (37).

Transcriptome profiling by RNA-seq

RNA-seq libraries were constructed using 0.7–1 �g of RNA
and TruSeq Stranded Total RNA with Ribo-Zero Gold Kit
(Illumina). The libraries were then sequenced using HiSeq
2000 with single-read (SR)-50 and paired-end (PE)-75 pro-
tocols for the first and the second pair of replicates, respec-
tively. RNA-seq reads were trimmed for low quality ends
(qphred scroe < 20) using Trimmomatic (v0.32) and aligned
to human hg19 genome using the tophat aligner (v2.0.11)
with the iGenomes UCSC hg19 gene annotation model un-
der default alignment options. Python script HTSeq was
used to count the number of reads aligned to the known
gene features. Genes with at least 1 count-per-million reads
in at least one of the libraries were considered ‘present’, and
17 884 such genes were identified in the data set, whereas
the ‘absent’ genes were filtered from further analyses. In or-
der to adjust for differences in library sizes, the scaling fac-
tors were estimated using the trimmed mean of M-values
(TMM) normalization method.

Analysis of differential expression between GLU and
GABA neurons was performed using the Bioconductor
‘limma’ package, with the sequencing batch incorporated as
a covariate. Genes with false discovery rate (FDR)-adjusted
P-value <0.05 and fold changes >2 were considered differ-
entially expressed (DE) between the two neuronal subpop-
ulations.

DNA methylation analysis by Infinium HM450K array and
Enhanced Reduced Representation Bisulphite Sequencing
(ERRBS)

Genomic DNA was extracted from the FACS-separated
nuclei fractions (∼0.75–1 million nuclei for each neuronal
subtype). Nuclear pellets were resuspended in DNA Prep
Buffer (100 mM NaCl, 10 mM EDTA, 0.5% SDS, 10 mM
Tris–HCl, pH 8.0), to which Proteinase K (Zymo Research)
was added immediately before use to the final concentration
0.2 mg/ml. After incubation at 50◦C for 4 hours, DNA was
extracted using two rounds of phenol/chloroform extrac-
tions and ethanol-precipitated overnight in the presence of
20 �g glycogen.

HM450K (Illumina) assay was performed by Illumina
Inc. as described in Supplementary Methods and in (37,43).
The initial data processing was done using GenomeStudio
(Illumina), generating β-values and detection P-values for
each of the 482 421 CpG sites probed by the HM450K ar-
ray. The CpG sites that overlapped with SNPs with MAF
>5% (based on the 1000 Genomes Project database (www.
1000genomes.org; N = 9462 sites), with missing �-values in
at least one sample (additional N = 5382 sites) and with de-
tection P-values >0.05 in at least one sample (additional
N = 549 sites) were removed from all subsequent analy-

http://www.1000genomes.org
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ses, resulting in the final data set of 467 028 sites. Sub-
sequent analyses of DNA methylation were done using R
(www.r-project.org) or custom Perl scripts.

ERRBS was performed by the Epigenomics Core of the
Weill Cornell Medical College (New York) as described in
Supplementary Methods and in (37,44). Data analysis was
done using the R package ‘methylKit’ (45).

Analysis of CpH methylation sequence context

A random sample of 10 000 CpH sites was selected among
those CpH sites which displayed mean β-value >20% in
the ERRBS data set. The human genomic sequence (±3
bp) surrounding the position of the methylated cytosine was
then extracted using the tools available in Bioconductor/R.
To generate the sequence logo profiles, the resulting mul-
tiple sequence alignments were submitted to the WebLogo
online tool (http://weblogo.berkeley.edu).

Analysis of correlations between DNA methylation and gene
expression

Spearman correlations between CpG or CpH methylation
and RNA expression levels were analyzed separately for
all expressed and for DE genes. For each gene, mCpG or
mCpH sites were combined into 1kb bins as a function of
the distance from TSS. Next, methylation levels for sites
within each bin were averaged, and the resulting average
value was correlated with gene expression using cor.test
function in R. The significance was determined as P < 0.01
after Bonferroni-correction for the number of bins (N = 12).

Quantification of hydroxymethylation (hmC) and methyla-
tion (mC) by mass spectrometry

Global analysis of hmC and mC levels in GABA, GLU
and GLIA cells was performed by Zymo Research Epige-
netic Services (ZRES) using liquid chromatography/mass
spectrometry (LC/MS). LC/MS enabled to determine
the concentrations of 5-hydroxymethyl-2′-deoxycytidine
(5hmdC) and 5-methyl-2′-deoxycytidine (5mdC) as a per-
centage of 2′-deoxyguanosine (dG) (i.e. [5hmdC]/[dG] and
[5mdC]/[dG]). The calibration curves were constructed us-
ing internal standards, corresponding to the calibrated
ranges of 0–2.5% for 5hmdC and 0–25% for 5mdC. The
samples (100 ng of DNA isolated form each cell type) were
run in technical replicates of 2 or 3.

Analysis of hmC by reduced representation hydroxymethyla-
tion profiling (RRHP)

The RRHP assay (Zymo Research) was performed by
ZRES as described in Supplementary Methods and in (46).
RRHP quantifies the level of hmCpG modification at the
CpG sites within the MspI enzyme recognition sequence
(CCGG; 2 297 198 sites in human genome) as a strand-
specific number of sequencing reads corresponding to each
such site. Only CpG sites that were flanked by 70–150 bp
MspI digested fragments were considered in order to elim-
inate possible dependence of the number of reads on the
fragment length, resulting in 465 487 sites. In this range of

the MspI fragment lengths, the average number of reads
was nearly independent (difference < 25%) from the length
of the fragment and thus, enabled a reliable comparison of
hmC levels between different loci within each sample. In or-
der to normalize the data for the sequencing depth, the aver-
age levels of hmCpG for each CpG site in GABA or GLU
cells were re-calculated as weighted averages between two
replicates, using the total number of reads in each sample.
For the CpG sites at which the hmC measures were avail-
able for both strands, the average number of reads was used
in the strand-independent analyses. To compare hmC lev-
els between the sense and the antisense strand, the RRHP
read numbers for CpG sites that were flanked by 70–150 bp
MspI digested fragments were averaged for each gene and
for each strand orientation.

Analysis of the overlap between differential methylation and
genetic associations

Summary statistics were downloaded from publically
available GWAS datasets (http://www.med.unc.edu/pgc/
downloads) for schizophrenia (SCZ) (20), autism spectrum
disorder (ASD) (see AUT in PGC downloads), major de-
pressive disorder (MDD) (47), Alzheimer’s disease (AD)
(48), rheumatoid arthritis (RA) (49), and the levels of to-
tal cholesterol (TC) and triglycerides (TG) (50). For each
GWAS dataset, SNPs were ‘clumped’ using Plink 1.9 (https:
//www.cog-genomics.org/plink2) and samples of European
ancestry from the 1000 genomes project phase 1 (51), us-
ing the following settings: two different thresholds of sig-
nificance for disease-associated SNPs (P-values < 5 × 10−8

and < 1 × 10−6), r2 = 0.6, and a window of 500 kb.
Enrichment of the common disease-associated risk vari-

ants within differentially methylated regions (DMRs) was
tested using Interval Enrichment Approach (INRICH)
(52). We assessed if the GWAS variants significantly over-
lapped with DMRs within 250 bp, 500 bp or 1 kb upstream
or downstream of each cell type-specific DM CpG site de-
termined by HM450K assay in this study and in (37). Sig-
nificance was determined using loci permuted within the
genome, but matched to the associated loci by the number of
SNPs, SNP density, and the number of overlapping DMRs
by estimating empirical P-values based on 10 000 permu-
tations. Multiple testing corrections were performed via a
second, nested round of 10 000 permutations to assess the
null distribution of the minimum empirical P-value across
all tested gene sets.

RESULTS

Isolation of specific subpopulations of neuronal nuclei using
FACS

Cell structure is not preserved in frozen autopsy brain spec-
imens. However, the nuclei of different cell types remain in-
tact and can be separated by FACS using antibodies against
nuclear antigens, such as a RNA-binding protein RBFOX3
(also known as NeuN), which is expressed in neuronal nu-
clei and has been employed to separate neuronal and non-
neuronal nuclei (53) and to compare DNA methylation be-
tween these two major classes of cells in the human brain
(37). Here we expand this line of research by developing a

http://www.r-project.org
http://weblogo.berkeley.edu
http://www.med.unc.edu/pgc/downloads
https://www.cog-genomics.org/plink2
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multicolor FACS protocol that further separates neuronal
[NeuN-positive, (+)] nuclei into the two major neuronal
subtypes, GABA and GLU neurons. To this end, in addi-
tion to anti-NeuN antibodies, we used antibodies against
SOX6, a transcription factor that regulates the ontogeny of
the MGE-derived GABA neurons and is robustly expressed
in these cells in the adult human and mouse cortex (10,18).

In order to validate the specificity of anti-SOX6 anti-
bodies, we used immunohistochemistry on sections of the
human PFC and immunofluorescence imaging of the un-
sorted nuclei that were isolated from the same PFC speci-
mens and contained mixed population of nuclei from neu-
ronal and non-neuronal cells (Figure 1). The immuno-
histochemical experiments confirmed that the anti-SOX6
staining significantly overlapped with staining of PVALB
(Figure 1A)––a well-characterized marker of the MGE-
derived GABA neurons (5). In our immunofluorescence ex-
periments, the anti-SOX6 antibodies clearly distinguished
a group of SOX6(+) nuclei over the background stain-
ing (Figure 1B). These SOX6(+) nuclei mostly belonged
to the neuronal [NeuN(+)] population, and the double-
positive SOX6(+)NeuN(+) population constituted ∼11%
of the total NeuN(+) nuclei. In addition, a small fraction
(<5%) of SOX6(+) nuclei was found within the NeuN(−)
population (not shown). Expression of Sox6 has been de-
scribed in oligodendrocyte precursor cells (18) and in Olig2-
expressing cells in adult mice (41), suggesting that this
SOX6(+)NeuN(−) population represents oligodendrocyte
precursors and/or mature oligodendrocytes in the adult hu-
man PFC.

A typical flow cytometry experiment is schematically de-
picted in Figure 1C. During the first two gating steps, a
DNA stain, 7-aminoactinomycin (7-AAD), was used as an
additional marker to help eliminate the debris, doublets
of nuclei and nuclei of dividing cells. At the final gating
step, anti-NeuN and anti-SOX6 staining was combined in
a dual-color protocol, resulting in efficient separation of
four populations of nuclei: (1) SOX6(+)NeuN(+) (MGE-
derived GABA neurons), (2) SOX6(-)NeuN(+) (largely
GLU projection neurons), (3) SOX6(-)NeuN(−) (non-
neuronal cells) and (4) SOX6(+)NeuN(−). The latter,
non-neuronal SOX6(+) population was also detected in
our immunofluorescence experiments. In agreement with
the immunofluorescence experiments that were performed
using non-sorted nuclear samples, the double-positive
SOX6(+)NeuN(+) nuclei accounted for ∼12–14% of the to-
tal NeuN(+) fraction. This number is compatible with the
published estimates according to which GABA interneu-
rons constitute ∼20% of all neurons in human and mon-
key PFC, whereas the MGE-derived SOX6(+) cells com-
prise ∼60% of the cortical GABAergic interneurons (2).

As an initial validation of the cell-type identity of the col-
lected nuclei, we isolated RNA from SOX6(+)NeuN(+) and
SOX6(−)NeuN(+) populations and confirmed the enrich-
ment of GABA cell-specific (LHX6, GAD1, SST, PVALB)
or GLU cell-specific [SLC17A7 (VGLUT1), SLC17A6
(VGLUT2), NEUROD6] markers in the respective nu-
clear populations using qPCR (Figure 1D) (21,54). The
SOX6(−)NeuN(−) population consists mostly of glial cells
(such as oligodendrocytes, astrocytes and microglia) as well
as a small population of endothelial cells (24,37). For the

sake of brevity, we hereinafter refer to populations (1), (2)
and (3) (Figure 1C) as ‘GABA’, ‘GLU’ and ‘GLIA’ cells, re-
spectively.

RNA-seq analysis confirms the specificity of FACS-isolated
neuronal subtypes

We next performed RNA-seq on the total RNA extracted
from GLU and GABA FACS-separated nuclei. The nu-
clei were isolated from autopsy specimens dissected from
a specific area of the PFC––OFC. The specimens were ob-
tained from two male Caucasian individuals of similar age
and similar (European) genetic background with no ante-
mortem diagnoses of any neurological or psychiatric dis-
orders and no discernible neuropathological lesions (Sup-
plementary Table S1, Supplementary Figure S1). Com-
pared to RNA extracted from brain tissue homogenate,
RNA extracted from sorted nuclei showed significantly
lower RIN numbers (4.0–4.8), suggestive of partial degra-
dation (Supplementary Table S1, Supplementary Figure
S2A). Therefore, high-throughput sequencing of ribosomal
RNA-depleted total RNA was performed (see Methods).
This approach has been shown to be compatible with quan-
tification of partially degraded RNA (55). Approximately
100 million uniquely mapped sequence reads were gener-
ated for each of the cell types (Supplementary Table S2,
Supplementary Figure S2B). We found that 66–70% of all
mapped reads were located in introns and 12–17% of the
reads mapped to exons, whereas the rest mapped to inter-
genic regions. This breakdown is in line with a previous
analysis of the total brain RNA which revealed a higher
proportion of reads originating from regions outside versus
within known exons, whereas more exonic than intronic or
intergenic RNA has been detected in polyA-selected RNA
preparations (56). In addition, a higher coverage of introns
could be expected in nuclear preparations used in our study
compared with whole-cell RNA analysis. A substantial ma-
jority of human protein-coding genes (N = 15 460) and
many genes for non-coding RNAs (N = 2424) were rep-
resented in at least one of the samples (see Materials and
Methods). For each neuronal subtype, RNA-seq profiles
were similar across replicate specimens (r = 0.97–0.98); the
correlations were weaker when samples from different sub-
types were compared (r = 0.91–0.92) (Supplementary Fig-
ure S2C).

The GABA-specific and GLU-specific transcriptomes
appeared concordant on a >10-Mb scale; nevertheless, the
presence of cell-specific gene expression was immediately
apparent as well (Figure 2A). We identified 1286 and 1366
genes that showed >2-fold differential expression (DE) in
GABA and GLU cells, respectively (FDR-adjusted P <
0.05), and which we for convenience hereinafter denote
GABA-DE and GLU-DE genes (Supplementary Table S3).
Notably, whereas the numbers of protein-coding genes were
similar among the GABA-DE and GLU-DE genes (1224
and 1084 genes, respectively), there were ∼4.5-fold more
GLU-DE than GABA-DE non-coding RNAs (282 versus
62 genes). As expected, known markers of GABA (e.g.
GAD1, GAD2, SOX6, SLC32A1, LHX6, PVALB, SST)
or GLU (e.g. SLC17A7, NEUROD1, NEUROD6, BDNF,
SATB2, TBR1) neurons (21,54) were enriched in the cor-
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Figure 1. Isolation of GABAergic (GABA) and glutamatergic (GLU) neuronal nuclei from the human PFC. (A) Immunohistochemical co-localization
of PVALB positive (+) (brown) and SOX6(+) (dark grey) PFC cells. The majority of PVALB(+) cells are also SOX6(+) (arrow heads). Small round grey
nucleus profile in the Insert is probably an oligodendrocyte. (B) Validation of anti-SOX6 antibodies by immunofluorescence confocal imaging of the PFC
nuclei. The image is a representative example from several experiments. Nuclei were stained with anti-NeuN antibodies (a, green color), which label all
neuronal nuclei, anti-SOX6 antibodies (b, red color), which label a subpopulation of GABA neuronal nuclei, and DNA stain DAPI (c, blue color). Panel
(d) depicts the overlap of images (a–c). (C) Isolation of the PFC neuronal nuclei subpopulations by FACS. Figure shows sequential gating steps using
anti-NeuN and anti-Sox6 antibodies, and 7-AAD DNA stain. Left: exclusion of debris and nuclear fragments. Middle: exclusion of doublets of nuclei and
nuclei of dividing cells. Right: separation of neuronal and non-neuronal nuclei based on NeuN labelling intensity, and separation of SOX6(+) and SOX6(-)
signals: (1) SOX6(+)NeuN(+)––GABA neurons; (2) SOX6(-)NeuN(+)––GLU neurons; (3) SOX6(-)NeuN(−)––GLIA; (4) SOX6(+)NeuN(−)––SOX6(+)
GLIA. (D) Confirmation of enrichment of SOX6(+)NeuN(+) and SOX6(−)NeuN(+) fractions for known markers of GABA (green bars) and GLU (red
bars) neurons, respectively. Shown are fold-differences that represent GABA to GLU (positive values) or GLU to GABA (negative values) gene expression
ratios. The data were obtained using qPCR.

responding types of purified nuclei (Figure 2B and C), in-
cluding the genes that we confirmed to be GABA- or GLU-
specific using qPCR (Figure 1D). SOX6 is not expressed in
non-MGE-derived GABA neurons which are, therefore, ex-
pected to sort together with SOX6(−)NeuN(+) population
of mostly GLU neurons. Although the proportion of these
non-MGE GABA neurons is relatively small (∼8% of the
total sorted GLU population) (2), we indeed detected signif-
icantly higher expression of the specific marker of the CGE-
derived GABA neurons (VIP) in the GLU- versus GABA
neurons (Figure 2C). Collectively, these findings confirm
the specificity of the SOX6(+)NeuN(+) fraction to MGE-
derived GABA neurons. We, however, note that, in addition
to GLU neurons, the SOX6(−)NeuN(+) fraction contains
a small percentage of non-MGE GABA neurons.

To the best of our knowledge, the present work is the first
to report GABA-specific and GLU-specific gene expression
profiling in the human brain. Therefore, to further vali-
date the results, we compared our data set with previously
described neuron subtype-specific expression data for the
mouse brain (38). We detected a highly significant overlap
between human and mouse preferentially expressed genes

from the similar neuronal subtypes (fold enrichments 4.0–
4.4; P-values <1e−116), but no significant overlap between
different subtypes (Supplementary Table S4).

Lastly, gene ontology analysis of GABA-DE and GLU-
DE gene lists using WebGestalt (57) showed enrichment
for multiple ontologies related to function or development
of nervous system for both neuronal subtypes (e.g. ‘synap-
tic transmission’, ‘neuron differentiation’) as well as enrich-
ment for categories that are specific to GABA (e.g. ‘gluta-
matergic amino acid catabolic process’, ‘clathrin-sculpted
GABA transport vesicle membrane’) or GLU (e.g. ‘micro-
tubule motor activity’, ‘dynein complex’) neurons and ap-
peared to be biologically relevant for the respective neuronal
subtypes (Supplementary Figure S3).

To summarize, we identified substantial differences be-
tween the expression profiles of the two isolated neuronal
populations, and the nature of the observed differences is
compatible with the assignment of these populations as
GABA and GLU neurons.
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Figure 2. Cell-specific intranuclear transcriptomes of GABA and GLU neurons obtained by RNA-seq. (A) Integrative Genomics Viewer (IGV) (96)
snapshot of intranuclear transcriptomes derived from GABA and GLU neuronal nuclei obtained from the OFC of 2 individuals. Tracks are colored by cell
type; GABA neurons are shown in green, and GLU neurons in red; 1 and 2 denote individual subjects. Two regions that represent genes with predominant
expression in GLU (PTPRD) or in GABA (ELAVL2) neurons are shown in the lower panel. (B) Profiles for archetypical GABA-specific (GAD2, encodes
GABA-synthesizing enzyme glutamate decarboxylase 2; upper panel) and GLU-specific (SLC17A7, encodes vesicular glutamate transporter, VGLUT1;
lower panel) genes. Note that MYO3A (neighboring GAD2), which is specifically expressed in cochlea and retina, does not show any significant number
of reads mapped to its locus. (C) Pairwise comparisons of gene expression measured by RNA-seq in GABA and GLU neurons. The most differentially
expressed genes (>5-fold change) are shown as colored circles, and selected neuron subtype-specific genes are labelled. r, Spearman correlation of log10-
transformed RNA-seq read counts. (D) Percentage of GABA-DE and GLU-DE genes with low-, medium- or high-CpG content within promoter regions,
and with promoters that overlap CpG islands. GABA-DE and GLU-DE genes were defined using criteria of (#) >2-fold enrichment and FDR < 0.05 or
(*) >4-fold enrichment and FDR < 0.01. All genes, data for all RefSeq genes; (1) housekeeping (HK) genes identified in (63,64); (2) HK genes identified
in (62); (3) HK genes identified in (61); TS, all tissue specific genes identified in (61); (4) TS genes identified in individual tissues in (65). Promoter regions
were defined as regions proximal to TSS (−1000 bp to +100 bp). Assignment of promoters to low, medium or high-CpG groups is shown in Supplementary
Figure S4.

GABA-specific genes are enriched for high-CpG promoters

CpG islands represent an important class of regulatory re-
gions in mammalian genomes that are characterized by high
local concentration of CpG sites (58). Previous studies have
shown that whereas the promoters of somatic tissue-specific
genes are often CpG-poor and lack CpG islands, the pro-
moters of housekeeping genes are CpG-rich and predomi-
nantly contain CpG islands (59,60). We, therefore, asked if
the promoters of the GABA- and GLU-specific genes show
features similar to those of tissue-specific promoters. We
first divided promoters of all genes in the RefSeq human
genome annotation into three groups, with low, medium
and high CpG content (33) (Supplementary Figure S4), and
then identified promoters for each of the neuron subtype-

specific genes. In line with previous findings, the propor-
tion of genes with high-CpG promoters was lower for the
GABA-DE and GLU-DE genes compared to housekeeping
genes (61–64). Surprisingly, this proportion was higher for
the GABA-DE compared to GLU-DE genes (60.6% versus
41.9%, respectively) (Figure 2D). We detected a compara-
ble difference (60.8% versus 39.5%) when we applied more
stringent criteria to define the DE genes (FDR-adjusted P-
value < 0.01 and fold change > 4), and thus analyzed sig-
nificantly fewer DE genes (261 and 277 DE genes in GABA
or GLU neurons, respectively). Similarly, there were more
GABA-DE than GLU-DE genes with promoters overlap-
ping with a CpG island (Figure 2D). Compared to previ-
ously identified tissue-specific genes (65), the GABA-DE
genes contained noticeably higher proportion of genes with
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high-CpG promoters, whereas the data for GLU-DE genes
was comparable to those previously reported for brain-
specific genes. These findings suggest that the promoters of
genes that are preferentially expressed in GABA or GLU
neurons have distinct sequence features that might translate
into functionally important differences in epigenetic regula-
tion (33).

DNA methylation landscapes significantly differ between
GABA and GLU neurons in the human PFC

We next characterized cell type-specific total (mC+hmC)
DNA methylation in GABA and GLU neuronal popula-
tions using OFC autopsy specimens obtained from five age-
matched male Caucasian subjects without antemortem di-
agnoses of any neurological or psychiatric diseases and no
visible neuropathological lesions (Supplementary Table S1).
Following the FACS protocol described above, we isolated
nuclei from 3 populations of cells: (1) GABA, (2) GLU, and
(3) GLIA (see Figure 1C). We then measured genome-wide
methylation of the DNA isolated from these sorted nuclei
using the Infinium HM450K beadchip array which includes
probes for ∼480 000 individual CpG positions across the
genome, covering most of the predicted genes, CpG islands,
as well as many predicted enhancers (66). A ‘β-value’ was
obtained for each CpG site, corresponding to the level of the
total DNA methylation (in the range between 0 and 1). We
then filtered out the probes that could potentially produce
unreliable data (see Materials and Methods).

In all three types of cells (GABA, GLU and GLIA), the
overall methylation frequency of individual sites showed
the expected bimodal distribution (with the majority of
sites showing β-values either <20% or >80%) (Supplemen-
tary Figure S5A) (67). Unsupervised hierarchical clustering
demonstrated a clear separation of the samples according to
the cell type, with the two neuronal (GABA and GLU) pop-
ulations clustering together, to the exclusion of the GLIA
population (Figure 3A). Correlation analysis showed that,
in contrast to the readily detectable differences among the
cell types, there was low variability in DNA methylation
among individuals for the same cell type (Supplementary
Table S5). The average level of DNA methylation across all
CpG sites probed by the HM450K assay was ∼3.2% and
3.9% higher in GABA versus GLU neurons or GLIA, re-
spectively (P-values <0.001 by paired t-test) (Supplemen-
tary Figure S5B).

Differences in DNA methylation between neuronal and
glial cells have been recently described in detail (37). Here
we focused on the comparison between the two neuronal
subpopulations. Pairwise comparison of methylation across
all HM450K CpG sites showed a substantially greater num-
ber of sites with higher methylation in GABA compared
with GLU neurons (Figure 3B), indicative of pronounced
differences in DNA methylation between the two neuronal
subtypes. In subsequent analyses, a CpG site was consid-
ered to be differentially methylated (DM) between GABA
and GLU neurons (i) if it showed a difference in total methy-
lation between the neuronal subtypes above 0.1 [|delta (β)| >
0.1] (68–72) and (ii) if its methylation level was significantly
different between these cell types by FDR-corrected (<5%)
paired t-test. Under these criteria, we identified 59 941

DM sites (∼12.8% of all assayed CpG sites) with a signifi-
cantly lower methylation in GLU versus GABA cells (GLU-
undermethylated, or ‘GLUUM’ sites), and 10 433 DM sites
(∼2.2% of all assayed CpG sites) with a significantly lower
methylation in GABA versus GLU cells (‘GABAUM’ sites)
(Supplementary Table S6). Thus, in line with data illus-
trated in Figure 3B, this analysis revealed significantly more
GLUUM sites than GABAUM CpG sites.

Both the GLUUM and GABAUM sites were depleted in
CpG islands but enriched within CpG island ‘shores’ (de-
fined as 2-kb regions flanking CpG islands) and in the areas
of genome distant from islands (‘open sea’ regions) (Figure
3C). The enrichment within shores was more pronounced
for the GLUUM versus GABAUM sites. In line with our
findings for CpG islands (which overlap with a high per-
centage of mammalian promoters (73)), both GABAUM
and GLUUM sites were strongly depleted from promoters
(Figure 3D). Notably, a strong enrichment of GABAUM
and GLUUM sites was detected within gene bodies, whereas
only marginal enrichment was detected in intergenic regions
(Figure 3D). The GABAUM and GLUUM sites were much
more likely to occur at positions distal (>1000 bp) to the
nearest TSS (Supplementary Figure S5C). This distal DM
was significantly enriched within gene bodies and shores lo-
cated both upstream and downstream of the nearest TSS,
whereas a markedly smaller enrichment was observed in the
upstream and downstream intergenic regions (Supplemen-
tary Figure S5D, E). All enrichments and depletions men-
tioned above were statistically significant by Fisher’s exact
test (P-values <2.0e−9).

It has been recently reported that regions that are dif-
ferentially methylated between neuronal and non-neuronal
cells are enriched within putative enhancer elements (37).
Similarly, both GLUUM and GABAUM sites were strongly
enriched in putative enhancer elements defined according
to the HM450K array annotation (P-values <2.2e−16)
(Figure 3E). The majority of the DM sites overlapping
with the HM450K-annotated enhancers were located at
the regions distal to TSS (Supplementary Figure S5F).
In addition, consistent with the epigenetic signatures of
active and poised enhancers, we observed strong enrich-
ment of both GABAUM and GLUUM sites within TSS-
distal regions marked by human brain-specific histone H3
mono-methylation at lysine 4 (H3K4me1) and histone H3
acetylation at lysine 27 (H3K27ac) as well as by com-
bination of these two marks that have been reported by
the NIH Roadmap Epigenomics Mapping Consortium
(REMC) (74) (Figure 3F). In contrast, depletion of the
DM sites within tissue-specific predicted enhancers was ob-
served in tissues that originate from different germ layers
[e.g. liver (Figure 3F), heart or muscle (not shown)]. Al-
though we identified the enrichment of the distal GABAUM
and GLUUM sites within both predicted enhancers and
CpG island shores, little overlap was observed between
these two subsets of the DM sites (Supplementary Figure
S5G). Thus, the neuronal subtype-specific DM sites in the
shores could not be assigned to the predicted enhancers, and
so remain to be functionally characterized.

To validate the DNA methylation results obtained by the
HM450K assay using a different methodology, we mea-
sured the total DNA methylation in GABA and GLU
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Figure 3. Characterization of DNA methylation in GABA and GLU neurons and in GLIA by Infinium HM450K array. (A) Unsupervised hierarchical
clustering of CpG methylation data. 1, 2, 3, 4, 5 denote individual subjects. (B) Scatter plot comparing averaged (across all five subjects) CpG methylation
between GABA and GLU samples. Each point represents an averaged � value for one CpG site from the array. The data demonstrate significant differences
in total CpG methylation among neuronal subtypes. (C) Enrichment / depletion of the differentially methylated (DM) CpG sites in CpG islands and
shores. ‘Open sea regions’ denote areas outside CpG islands and shores. (D) Enrichment / depletion of the DM CpG sites within promoters, gene bodies
and intergenic regions. (E) Enrichment of the DM CpG sites within predicted enhancers defined according to HM450K array annotation. (F) Enrichment
of the distal CpG DM sites within predicted enhancers defined based on ChIP-seq data from REMC for human brain (combined data sets for medial
prefrontal cortex and hippocampus), liver, muscle and heart (74). Tissue-specific histone marks were defined as mark-enriched regions which are only
present in one specific tissue but not in three other tissues.
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neuronal subpopulations using ERRBS, a next generation
sequencing-based method (44,75). The measurements were
performed for the OFC specimens obtained from three
Caucasian subjects (two males and one female) (Supple-
mentary Table S1). To ensure reproducibility of measure-
ments across the full range of values, the analysis was re-
stricted to sites with an at least 10x coverage (35).

The ERRBS analysis enabled a greater coverage than the
HM450K assay, yielding measurements for nearly 2 million
CpG sites which were represented in all six ERRBS samples
(two cell types × three subjects). Similar to the HM450K
data, the total methylation frequency of individual ERRBS
sites showed the expected bimodal distribution, and hierar-
chical clustering of methylation measurements clearly sep-
arated GABA from GLU samples (Supplementary Figure
S6A, B). The level of DNA methylation across all CpG sites
was on average 2.6% higher in GABA versus GLU neu-
rons (P = 0.019 by paired t-test); similar results were ob-
tained when only autosomal CpG sites were analyzed (Sup-
plementary Figure S6C). Analysis of the 106 248 CpG sites
that were represented in both data sets demonstrated a good
agreement between the results obtained with HM450K and
ERRBS (Supplementary Figure S6D and Supplementary
Table S7A).

Similar to the HM450K data, a comparison of methyla-
tion levels across all ERRBS-measured CpG sites demon-
strated considerable differential methylation between the
two cell types, with many more GLUUM than GABAUM
CpG sites (Supplementary Figure S6E). Using criteria for
differential methylation similar to those employed in the
analysis of the HM450K data ([|delta (β)| > 0.1 and FDR-
corrected P-value < 0.05), we identified 168 491 GLUUM
CpG sites (∼9.2% of all assayed CpG sites) and 45 162
GABAUM CpG sites (∼2.5% of all assayed CpG sites) when
all three subjects (two males and one female were analyzed
(Supplementary Table S8). A similar number of DM sites
was detected when only two male subjects were considered
(Supplementary Table S9). We also detected high correla-
tion between DM values obtained from three and two sub-
jects (Supplementary Figure S6F).

The ERRBS and HM450K data sets showed a good
agreement between the DM sites (GABAUM or GLUUM)
detected within the overlapping set of CpG sites (Sup-
plementary Table S7B). The distribution of the ERRBS-
detected DM sites within different genomic features was
largely compatible with that obtained with the HM450K
method. Both the GABAUM and GLUUM sites identified
by ERRBS were significantly depleted in CpG islands and
promoters but enriched within CpG island shores; further-
more, strong enrichment of DM sites was detected in gene
bodies and moderate enrichment was detected in inter-
genic regions (Supplementary Figure S7A, B) (all P-values
<2.2e−16). Also, both the GABAUM and GLUUM ERRBS
sites were significantly depleted in the vicinity of TSS, but
were more likely to reside distal to TSS (Supplementary
Figure S7C). These distal DM sites were strongly enriched
within brain-specific H3K4me1 and/or H3K27ac histone
marks reported by REMC (74), which are indicative of en-
hancers, but depleted in predicted liver-specific enhancers
defined by the same epigenetic signatures (Supplementary
Figure S7D). The enrichment of the DM sites within brain-

specific enhancers was more pronounced for the GLUUM
than for the GABAUM sites; this difference was also de-
tected by the HM450K assay (Figure 3F).

To summarize, using two independent methods, we iden-
tified significant differences in CpG methylation between
GABA and GLU neurons in the human PFC that were
mostly concentrated within gene bodies, CpG island shores
and predicted enhancers. Strikingly, among the DM sites,
there were significantly more GLUUM versus GABAUM
CpG sites.

Non-CpG methylation is prominent in both GABA and GLU
neurons and shows cell-specific differences in distribution

Whereas the HM450K assay probes included only 3000 in-
dividual cytosines in a non-CpG (CpH) sequence context,
precluding a detailed analysis, ERRBS enabled us to as-
sess methylation in ∼7.6 million CpH sites, considering only
sites which were present in all 6 ERRBS samples with the
coverage of ≥10 reads per site. Similar to the data recently
reported for mouse brain (38), we detected substantial lev-
els of CpH methylation in both GLU and GABA neuronal
populations (Figure 4A). Because mCpH is negligible in
the mouse and human fetal cortex and accumulates during
early postnatal development long after the divergence of the
excitatory and inhibitory neuronal lineages (24), these find-
ings suggest that mCpH is a shared characteristic of the ma-
ture GABA and GLU neurons.

In agreement with previous observations (24,37), mCpH
was significantly higher in neurons versus non-neuronal
cells from the same area of the PFC (Figure 4A). In con-
trast to our findings for mCpG and to recent findings in
the mouse brain for mCpH (38), the average level of mCpH
was not significantly different between the two neuronal
subtypes (2.58% for GABA versus 2.52% for GLU neu-
rons) when all CpH sites were considered. Similar results
were obtained when CpH sites on sex chromosomes were
excluded (Supplementary Figure S8A). We also detected
a similar motif preference for mCpH in GABA and GLU
neurons, with CAC having the highest methylation level
(Figure 4B), which was in line with the data reported in
the mouse brain (38). Unsupervised hierarchical clustering
of GLU and GABA mCpH profiles showed a clear separa-
tion of the samples into two groups according to their neu-
ronal subtype (Figure 4C), indicating a non-random cell-
specific profile of this epigenetic modification. In both sub-
types of neurons, the highest level of mCpH was detected
in intergenic regions (∼4.0%) and the lowest in promot-
ers (∼0.06%), whereas gene bodies showed an intermediate
level of methylation (∼2.2%) (Supplementary Figure S8B).
The levels of mCpH in these major genomic regions did not
differ between GABA and GLU neurons.

Next, we identified CpH sites that were differentially
methylated between the GABA and GLU neurons, using a
threshold of [|delta (β)| > 0.1] and FDR-corrected P-value
< 0.05. In contrast to the DM CpG sites, we detected com-
parable fractions of CpH sites that were undermethylated in
GLU versus GABA cells (GLUUM; N = 96 071; 1.3% of all
CpH sites) and in GABA versus GLU cells (GABAUM; N =
80 412; 1.1% of all CpH sites) (Supplementary Table S10).
A comparable number of DM sites and high correlation be-
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Figure 4. Analysis of non-CpG (CpH) methylation measured by ERRBS. (A) Average CpH methylation in GABA (green) and GLU (red) neurons, and in
GLIA (blue); N = 3 samples for each cell type. Data for GLIA are from (32); *P-values < 0.0001 for comparisons of GLIA with GABA or GLU (unpaired
t-test). (B) Sequence context of CpH methylation in GABA and GLU neurons. In both neuronal subtypes CpH methylation occurs in mostly the same
context––CACC. Methylated CpH cytosine is shown at position 4. (C) Unsupervised hierarchical clustering of CpH methylation data for GLU and GABA
samples. 1, 2, 3 denote individual subjects. (D) Enrichment / depletion of CpH DM sites within CpG island-related genomic features. The data presented
as% of total number of sites within each group (GLUUM, GABAUM and all CpH sites present in the ERRBS data set). (E) Enrichment/depletion of CpH
DM sites within promoters, gene bodies and intergenic regions. (F) Enrichment of the distal CpH DM sites within predicted enhancers defined based on
histone modification profiling data from REMC (74) (see Figure 3F for details).
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tween DM values was detected when only two male subjects
were considered (Supplementary Table S9 and Supplemen-
tary Figure S6F).

Similar to the DM CpG sites, the DM CpH sites were
strongly depleted in CpG islands and promoters; however,
in contrast to the DM CpG sites, the DM CpH sites were
slightly depleted also in shores and gene bodies, but were
highly enriched in intergenic regions and outside CpG is-
lands and shores (open sea regions) (Figure 4D and E)
(all P-values <6.7e−33). In addition, only GLUUM but
not GABAUM DM CpH sites were enriched within brain-
specific distal enhancers predicted based on the REMC
data (Figure 4F) (74). The latter finding suggests that a
different subset of putative enhancer regions is marked by
mCpG versus mCpH differential methylation. However,
this result might also reflect the fact that the REMC data
were obtained using homogenized cortical tissues. Because
the majority of neurons in the cortical tissues are projec-
tion GLU neurons, the REMC histone modification pro-
filing probably captures more GLU-specific than GABA-
specific enhancers. Indeed, in the case of CpG DM sites,
the REMC data showed a less pronounced enrichment
for GABAUM versus GLUUM sites within putative brain-
specific enhancers (see Figure 3F and Supplementary Fig-
ure S7D).

To summarize, we identified abundant mCpH in both
GABA and GLU neurons, and detected cell-specific dif-
ferences in the distribution of mCpH sites. In contrast to
mCpG, the differences in mCpH methylation between the
neuronal subtypes were more pronounced in intergenic re-
gions, and there was a comparable number of GLUUM ver-
sus GABAUM CpH sites.

Correlation of DNA methylation with gene expression

DNA methylation in promoters and gene bodies has been
previously reported to inversely correlate with gene expres-
sion in the mixed NeuN(+) population of mammalian corti-
cal neurons (24). Although these studies enabled the defini-
tive characterization of the relationship between DNA
methylation and gene expression for the projection GLU
neurons, which constitute ∼80% of all NeuN(+) cells in the
human and rodent PFC, the same could not be achieved
for GABA neurons, which account for only ∼10–15% of
all NeuN(+) cells. For example, NEUROD6 (a GLU spe-
cific transcription factor), which is highly expressed in GLU
but not in GABA neurons, exhibits low promoter CpG and
CpH methylation in the mixed NeuN(+) neuronal sam-
ples; however, LHX6 (a GABA-specific transcription fac-
tor), which is highly expressed in GABA but not in GLU
neurons, appears to be highly methylated in this mixed spec-
imen (Figure 5A). Our neuron subtype-specific data re-
solved this apparent discrepancy and showed that high level
of DNA methylation and active gene expression do not typ-
ically co-occur in the same neuronal subtype. Indeed, NEU-
ROD6 is significantly less methylated in GLU versus GABA
neurons whereas the opposite is true for LHX6.

When all expressed genes were analyzed (Figure 5B, left
panels), we observed a strong inverse correlation between
RNA expression and CpG methylation around the TSS re-
gion (±1 kb) for both GABA and GLU neurons (also see

Supplementary Figure S9A). This inverse correlation ex-
tended into the gene body (but not into the intergenic re-
gions) but rapidly subsided downstream from TSS. In con-
trast, the inverse correlation between RNA expression and
mCpH stretched throughout the gene body for at least 5 kb
reaching maximum at ∼1–2 kb downstream from the TSS
and also extended into the intergenic region. These find-
ings demonstrate that mCpH is not only abundant in dif-
ferent subpopulations of the PFC neurons but also corre-
lates stronger with gene expression in the TSS-distal regions
compared to mCpG. Similar patterns were observed in the
mouse brain (38).

A similar TSS-distance-dependent pattern of correlations
with DNA methylation was observed when DE genes were
analyzed (Figure 5B right panels). However, stronger cor-
relations for mCpG within the gene body and notable dif-
ferences between GABA and GLU cells were detected for
DE compared to all expressed genes. Specifically, the cor-
relation between TSS-proximal mCpG or mCpH and DE
gene expression was stronger for the GLU-DE genes in
GLU cells versus the GABA-DE genes in GABA cells. At
least for mCpG, this could stem from the higher propor-
tion of CpG-rich promoters in GABA-DE versus GLU-
DE genes (see Figure 2D). Because CpG-rich promoters
are rarely marked by DNA methylation, a smaller propor-
tion of GABA-DE versus GLU-DE genes should be asso-
ciated with promoter methylation, resulting in a stronger
correlation with mCpG in the latter. This is further sup-
ported by higher variability of promoter mCpG methyla-
tion for the GLU-DE genes compared to GABA-DE genes
(Supplementary Figure S9B). Notably, the mCpG variabil-
ity in gene bodies was comparable between GABA-DE and
GLU-DE genes.

Hydroxymethylation is higher in GLU compared to GABA
neurons

Because both assays that were used in this study (HM450K
array and ERRBS) measured the total level of CpG methy-
lation (mCpG plus hmCpG), we tested if the significantly
greater number of GLUUM versus GABAUM CpG sites
detected by these methods was due to higher hmCpG in
GABA compared to GLU cells. To this end, we character-
ized the hmCpG modification in GABA and GLU cells us-
ing two independent methods. First, we measured the total
levels of various cytosine modifications (mC, hmC or non-
modified cytosine) in the genomic DNA samples from the
FACS-separated GABA, GLU and GLIA nuclei obtained
from 4 human autopsy OFC specimens (Supplementary Ta-
ble S1) using LCMS/MS (Figure 6A and Supplementary
Table S11). In agreement with previous reports (24), the
level of mC was ∼2-fold higher in the neuronal compared
with glial cells (p-values <0.0001). This difference is prob-
ably due to the substantially higher level of CpH methy-
lation (which predominantly exists in the mC but not the
hmC form) in neurons compared to glial cells. The levels
of mC did not differ between GABA and GLU neurons; in
both neuronal subpopulations, ∼9% of the cytosines were
methylated. In contrast, the amounts of hmC differed sig-
nificantly among the cell types: 2.4%, 1.6% and 0.7% of all
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Figure 5. Analysis of correlation between DNA methylation and gene expression. (A) RNA-seq read density and DNA methylation in CpG and non-
CG contexts from ERRBS assay (CpG and CpH) at two genes, LHX6 and NEUROD6 that are specific for MGE-derived GABA and GLU neurons,
respectively. Traces for GLU and GABA neurons are marked in green and red, respectively. NeuN(+) CpG and NeuN(+) CpH are mixed neuron ERRBS
data from (37). 1 and 2 denote RNA-seq data for two different subjects. (B) Spearman correlations between mCpG or mCpH and RNA expression levels
of all expressed genes (left panels) and differentially expressed genes (right panels). For each gene, mCpG or mCpH sites were combined into 1kb bins as
a function of the distance from TSS. The significance (*) was determined as P < 0.01 after Bonferroni correction for the number of bins (N = 12).
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Figure 6. Analysis of hydroxymethylation in GABA and GLU neurons. (A) Percentage of total cytosine residues containing hmC or mC modifications in
human cortical non-neuronal cells (GLIA), GABA neurons or GLU neurons, as measured by the mass-spectrometry-based methodology (N = 4 samples
for each cell type). *P <0.01, **P <0.0001 (ANOVA followed by Tukey’s post hoc test). (B) Levels of hmC in GABA and GLU neurons measured by
the RRHP method in two replicate samples. Total number of reads is the measure of hmC content; *P <0.01 (by t-test). (C) Enrichment or depletion of
hmC within predicted distal enhancers. All CCGG regions for which the hmC data were obtained by the RRHP method were subdivided into 10 equally
populated groups (from lowest to highest levels of hmC). Predicted enhancer positions were obtained from the REMC ChIP-seq data for distal H3K4me1
and H3K27ac histone marks (74). GLU neurons––red color, GABA neurons-green color.

cytosines were hydroxymethylated in GLU, GABA and in
GLIA, respectively (P-values < 0.01 by ANOVA).

Next, we used the recently introduced RRHP assay (46)
to measure the level of hmC in GABA and GLU neu-
rons from the OFC of two individuals. The RRHP method
employs next generation sequencing and probes individual
CpG sites within the CCGG sequence context. The output
of RRHP is the number of sequencing reads corresponding
to each specific CpG site, which serves as a strand-specific
measure of its level of hmC. Initial data processing resulted
in a data set of ∼465 000 CCGG sites (∼20% of all CCGG
sequences in the human genome) (see Methods and Sup-
plementary Tables S12A, B). In a good agreement with the
results obtained by the mass-spectrometry, we detected sig-
nificantly higher (1.4-fold) hmCpG in GLU versus GABA
neurons (Figure 6B and Supplementary Table S13). Thus,
using two independent methods, we detected a substantially
higher level of CpG hydroxymethylation in GLU versus
GABA cells, rejecting the hypothesis that the larger num-
ber of GLUUM versus GABAUM CpG sites stemmed from
higher hmCpG content in GABA cells.

Previously reported data obtained in bulk (unsorted) hu-
man brain tissue samples suggest that hmC is enriched in

enhancers (34). To test if this held true also for the GABA
and GLU neurons, we subdivided the CpG sites within
GABA and GLU neuronal subpopulations by their hm-
CpG level into 10 bins, from the lowest to highest number
of RRHP reads. For both GLU and GABA samples, we
observed enrichment within the predicted distal enhancers
for sites with the lowest and the highest hmCpG levels,
whereas sites with intermediate hmCpG were depleted from
the enhancers (Figure 6C). This finding is in agreement with
the previously published study (34) which suggested that
enhancers with high and low hmCpG levels could corre-
spond to ‘poised’ and ‘active’ enhancers, respectively. An-
other intriguing feature of hmCpG described in bulk brain
tissue is its bias toward the sense compared with antisense
strand within gene bodies (34). We analyzed 16 512 genes,
for which the RRHP data were available, and detected a
higher hmCpG level in the sense versus the antisense strand
(differences of ∼3.0% for GLU and ∼4.6% for GABA neu-
rons) (all P-values < 3e−14 by paired t-test, see Supplemen-
tary Table S12C). Thus, our results support the conclusions
of previous studies performed with the human brain tissue,
and extend these findings to the neuronal subpopulations.
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Neuronal subtype-specific differentially methylated regions
are enriched for schizophrenia risk loci

A previous study has demonstrated enrichment of
schizophrenia (SCZ) risk variants within brain-specific
regulatory sequences (76). Here we examined if common
risk variants determined by the recent genome wide
associated studies (GWAS) for several neuropsychiatric
diseases––including SCZ, autism spectrum disorder (ASD),
major depressive disorder (MDD), and Alzheimer’s disease
(AD) (20,47,48)––significantly overlap with regions that
encompass GABAUM or GLUUM DM CpG sites from the
HM450K data set (which we for convenience hereinafter
denote differentially methylated regions, DMRs). We also
performed a similar analysis to investigate if common risk
variants for these diseases are enriched in the DMRs for
NeuN(+)-specific and NeuN(−)-specific DM CpG sites
using the data from our previous work (37). For com-
parison, we examined common variants associated with
non-neuropsychiatric conditions, including rheumatoid
arthritis (RA) (49) and the levels of total cholesterol (TC)
and triglycerides (TG) (50).

We analyzed the enrichment of SNPs in DMRs with win-
dows of 3 different sizes (500 bp, 1 kb and 2 kb) encom-
passing 250 bp, 500 bp or 1kb regions upstream and down-
stream from each DM CpG site, and considered two dif-
ferent thresholds of genome-wide significance for disease-
associated SNPs––P-values < 5 × 10−8 (stringent SNPs)
and less stringent P-values < 1 × 10−6 (relaxed SNPs). We
found that the SCZ risk variants were significantly enriched
within the GABAUM DMRs (adjusted P-values < 0.05 for
stringent SNPs) and within the GLUUM DMRs (adjusted
P-values < 0.05 for both stringent and relaxed SNPs), but
not within the non-DMRs (Figure 7A left panel). These
enrichments were significant within each of the three win-
dows analyzed. The SCZ GWAS identified 128 index SNPs,
which are the most significant SNPs per a disease-associated
locus (20). Among these 128 index SNPs, there were 13 and
3 SNPs that were found within 2 kb window GLUUM or
GABAUM DMRs, respectively (Supplementary Table S14).
There was no significant enrichment of risk variants for
ASD, MDD or AD, even at nominal (uncorrected) P-value
< 0.05, or for non-psychiatric data sets, except that the re-
laxed TC-associated SNPs were enriched within the 2 kb
window non-DMRs (adjusted P-value = 0.011).

We also detected a significant enrichment of the relaxed
SCZ SNPs within NeuN(+) DMRs (adjusted P-values <
0.05), but not for the NeuN(−) DMRs or non-DMRs (Fig-
ure 7A right panel). In contrast, no significant enrichment
of risk variants for ASD, MDD or AD was detected, even at
nominal P-value < 0.05. Among non-psychiatric data sets,
the TC-associated stringent and relaxed SNPs were signif-
icantly enriched within the NeuN(−) DMRs (adjusted P-
value < 0.05). Because the NeuN(-) cell population com-
prises mostly of glial cells (24,37), this finding suggests a
link between the level of TC and DNA methylation in glia.

DISCUSSION

To explore the potential role of DNA methylation in the
functional differentiation of the two major neuronal sub-
types in the human brain, we developed a FACS-based pro-

tocol to separate nuclei from the MGE-derived GABA in-
terneurons and GLU projection neurons. Both neuronal
subtypes have been specifically implicated in several neuro-
logical and psychiatric diseases, including SCZ (19,77).

In this study, we focused on characterizing GABA and
GLU neurons in the PFC of healthy individuals. We con-
firmed the specificity of the two sorted nuclear popula-
tions using genome-wide transcriptome analysis (RNA-
seq), which recovered the known GABA-specific and GLU-
specific markers. This genome-wide approach enabled us to
generate unique information-rich data sets that characterize
neuron subtype-specific transcriptomes which, to the best
of our knowledge, have not been so far available for the
human brain. In addition to identifying novel GABA and
GLU markers of the human PFC (e.g. ARPP21 for GLU
and DOCK11 for GABA neurons; see Supplementary Ta-
ble S3), we found that significantly more non-coding RNAs
were preferentially expressed in GLU compared to GABA
nuclei.

We identified a higher proportion of genes with CpG-
rich promoters in the GABA-DE compared to GLU-DE
genes. Our results suggest that this difference accounts for
the weaker correlation between the promoter CpG methy-
lation and the expression of the GABA-DE compared to
GLU-DE genes. We speculate that the promoters of genes
that are specifically expressed in GABA or GLU neurons
differ in the preferential epigenetic mechanisms that affect
their regulation. It has been previously reported that high
CpG density promoters of low expressed genes tend to be
enriched for H3K27me3, whereas promoters with a low
CpG density are mostly marked by DNA methylation (33).
Further studies of neuron subtype-specific histone modifi-
cation profiling are necessary to test this hypothesis.

We compared mCpG and mCpH landscapes between
GABA and GLU neurons using two independent meth-
ods (HM450K and ERRBS) and examined their hmCpG
status using LCMS/MS and RRHP. We identified numer-
ous CpG sites that were differentially methylated between
these neuronal populations. These DM CpG sites were
depleted in CpG-islands and promoters but concentrated
within gene bodies as well as in CpG island shores and
predicted enhancers although there was little overlap be-
tween the latter two sets of DM sites. These findings were in
line with previous reports which mapped tissue-specific and
cell-specific differential CpG methylation to shores and dis-
tal cis-regulatory elements (78,79), and in the case of neu-
rons, to gene bodies versus intergenic regions (37). Unex-
pectedly, we identified a dramatically greater number of un-
dermethylated CpG sites in GLU versus GABA neurons,
suggesting the possibility that many more genes were pref-
erentially expressed in GLU neurons compared to GABA
neurons. This prediction, however, was not borne out by our
RNA-Seq analysis which yielded comparable numbers of
GLU- and GABA-DE genes. This is consistent with a recent
study in the mouse cortex that reported about twice as many
CpG hypomethylated regions in the excitatory (GLU) neu-
rons compared to PVALB-expressing GABA interneurons,
whereas there was no significant difference in the number
of genes found to be differentially expressed between these
neuronal subtypes (38).
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Figure 7. Cell type-specific differentially methylated regions (DMRs) are enriched for schizophrenia risk loci. (A) Results of SNP enrichment analysis
using GABA- and GLU-specific DMRs (left panel) and NeuN(+) and NeuN(−) DMRs (right panel) from (37). Heatmap plots visualize the −log10(P)
value of disease-associated variants from recent GWAS of schizophrenia (SCZ), autism spectrum disorder (ASD), major depressive disorder (MDD),
Alzheimer’s disease (AD), rheumatoid arthritis (RA) and levels of total cholesterol (TC) and triglycerides (TG) within cell-specific DMRs. Black dots
indicate enrichment that was significant at corrected P-value < 0.05. GWAS variants were selected based on two statistical thresholds: 5 × 10−8 and 1 ×
10−6. Differentially methylated regions were defined as regions within 250 bp, 500 bp or 1kb upstream or downstream of the cell type-specific DM CpG
sites. (B) CpG methylation profiles (measured by HM450K) and gene expression profiles (measured by RNA-seq) in the vicinity of 3 of the 16 SCZ risk
SNPs which overlap with neuron subtype-specific DMRs. For each loci, top three traces depict β values in GLU (red) and GABA (green) cells and �β for
CpG sites undermethylated in GLU (red) or GABA (green) neurons, respectively; bottom two traces show RNA-seq reads in GLU (red) or GABA (green)
neurons, respectively. The position of the SCZ risk SNPs is shown as black arrow. The position of the nearest DM site in the HM450K array is encircled
in blue.

In contrast to mCpG, hmCpG has been shown to be asso-
ciated with active genes (30). Therefore, we tested the pos-
sibility that the lack of concordance between the differen-
tial CpG methylation and differential expression in GLU
versus GABA neurons could be explained by higher hm-
CpG level in GABA cells. Should that be the case, the ex-
cess of hmCpG in GABA cells could mitigate the observed
discrepancy between differential methylation and gene ex-
pression. However, we detected more hmC in GLU neu-
rons compared to GABA neurons. The higher abundance
of hmCpG sites in GLU versus GABA neurons appears in-
dicative of a difference in transcriptional potential between
the neuronal subtypes. The increased hydroxymethylation
could enable certain genes (e.g. activity-dependent genes) to
be more readily induced in GLU versus GABA neurons. In-
deed, a recent study has examined activity-dependent tran-
scriptional programs that were induced in the mouse brain-
derived embryonic neuronal cultures 1hr (early-response
genes) and 6 h (late-response genes) following membrane
depolarization (80). In line with our hypothesis, it has been
shown that significantly more early- (50 versus 28) and late-
(808 versus 438) response transcripts were activated in corti-

cal excitatory compared to MGE-derived inhibitory GABA
neurons (80).

We observed a strong inverse correlation between gene
expression and CpG methylation around the TSS in both
GABA and GLU neurons. These correlations, however,
were weaker within the gene body and rapidly subsided
with the distance from the TSS. Similar results have been
reported in the aforementioned mouse study (38) and ap-
pear surprising considering the depletion of the neuron-
subtype specific GLUUM and GABAUM DM sites in the
promoters and their enrichment in the regions distal to TSS
and in putative distal enhancers (see Figure 3). These find-
ings emphasize the importance of even subtle differences in
the promoter CpG methylation for neuron subtype-specific
gene expression. They also suggest that differences in CpG
methylation within gene bodies and distal regulatory ele-
ments are not always directly reflected in differences in gene
expression between neuronal subtypes.

We also detected abundant non-CpG methylation
(mCpH) in both GABA and GLU neurons. In contrast
to mCpG, mCpH showed no significant difference in the
number of DM GABAUM versus GLUUM sites. It should
be emphasized that methylation in the CpG and CpH
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sites was measured using the same assay (ERRBS). Thus,
the CpH sites provide an internal control to the CpG
sites, effectively eliminating the possibility of a cell-specific
bias in methylation measurements. Despite the lack of
bulk differences, the patterns of CpH methylation were
clearly specific for the neuronal subtypes (see Figure 4C).
This finding is compatible with the hypothesis that CpH
methylation is an important determinant of the identity
of mammalian neurons (24,25). Notably, and similar
to the findings in the mouse brain (38), mCpH within
gene bodies and intergenic regions was a better predictor
of neuron subtype-specific gene expression compared
to mCpG. This was again a surprising finding because,
compared to the DM mCpG sites, we detected less (for
GLUUM sites) or no (for GABAUM sites) enrichment of the
DM mCpH sites within putative distal enhancers. Thus,
the functional relevance of the association between gene
expression and distal non-CpG methylation remains to be
characterized. One possible mechanism is suggested by a
recent work which has shown that methyl-DNA-binding
protein MeCP2, previously proposed to function as a
transcriptional regulator (81), represses expression of long
genes by binding to mCA sites within gene bodies (82–84).

Finally, we investigated if the genetic risk for several
neuropsychiatric diseases relates to the cell type-specific
methylome. We found a significant overlap between neuron-
specific NeuN(+) DMRs [but not glia-specific (NeuN–)
DMRs] that were detected in our recent work (37) and
SCZ-associated genetic loci that were reported in the recent
comprehensive GWAS meta-analysis (20). We further ob-
served that the SCZ-associated loci were enriched among
both (GABA and GLU) neuron subtype-specific DMRs
from this report. Importantly, we did not observe an enrich-
ment of variants associated with non-neuropsychiatric con-
ditions (RA, TC, TG) in neuron- or neuron subtype-specific
DMRs. Collectively, these findings strongly suggest an asso-
ciation between the epigenetic specification of both GABA
and GLU neurons and SCZ. Indeed, we found that 12.5%
of SCZ index SNPs from (20) are situated in the vicinity of
neuron subtype-specific DM CpG sites. Some of these SNPs
and the neighbouring DMRs are located within genes which
could contribute to cellular and molecular biology abnor-
malities underlying SCZ (see Supplementary Table S14 and
Figure 7B). For example, CACNA1C encodes the subunit
of the L-type voltage-gated calcium channel which is ac-
tivated upon cellular depolarization and is involved in in-
tegration of dendritic information (85). Neurogranin, en-
coded by NRGN, is a calmodulin-binding protein that is an
important component of the ionotropic glutamate receptor-
signaling pathway that has been associated with synaptic
plasticity and memory formation (86). Moreover, human
brain imaging and behavioral studies have demonstrated
morphological and functional alterations in individuals car-
rying the CACNA1C and NRGN schizophrenia risk alleles
(87–91). Lastly, furin (encoded by FURIN) is a secretory
proprotein convertase that converts the precursor of brain
derived neurotrophic factor (BDNF) into the mature pro-
tein (92); BDNF has been implicated in SCZ by numerous
studies (93).

Although we used the results of the largest GWAS anal-
yses published so far for each disease, risk variants asso-

ciates with ASD, MD, or AD were not enriched within
neuron-specific or neuron subtype-specific DMRs, suggest-
ing that this association is specific to SCZ. Notably, com-
pared to the SCZ GWAS, the GWAS for other neuropsy-
chiatric diseases resulted in a significantly smaller number
of disease-associated loci. For example, even with the re-
laxed statistical threshold (P-values < 1 × 10−6), there are
344 SCZ-associated loci compared to 52 AD-associated, 5
MDD-associated and 2 ASD-associated ones. Therefore,
the power of the present analysis could be insufficient to
capture the link between the genetic risk and cell-specific
methylation, especially for MDD and ASD. Subsequent,
more extensive GWA studies might still reveal such asso-
ciations. An alternative explanation of our negative results
could be the involvement of different developmental stages
and/or brain regions in different diseases.

To summarize, our results demonstrate striking differ-
ences in DNA methylation landscapes, including CpG,
CpH and hCpG methylation, between GABA interneurons
and projection GLU neurons in the human PFC. The ap-
parent differences in the transcriptional potential that are
reflected in DNA methylation differences are likely to be re-
lated to functional characteristics of the neuronal subtypes.
Our data suggest that, compared to GABA interneurons,
GLU projection neurons are characterized by more permis-
sive chromatin state that is less constrained by repressive
DNA methylation marks and is instead controlled by more
dynamic means of transcription inhibition, such as non-
coding RNAs and/or histone modifications (33,94). In-
deed, we detected many more non-coding RNA genes that
are specifically expressed in GLU compared with GABA
neurons. Notably, a recent work, which integrated 111 ref-
erence human epigenomes for primary cells and tissues, em-
phasized the importance of chromatin state context in defin-
ing the relationship between DNA methylation and gene
expression (95). Thus, mapping neuron subtype-specific his-
tone modification marks in GABA and GLU neurons could
further help to test this hypothesis and to better understand
the relationship between cell-specific epigenome and vul-
nerability to disease.
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