
Hahn et al., Sci. Adv. 2019; 5 : eaax0080     23 October 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 13

G E N E T I C S

Reprogramming of DNA methylation at NEUROD2-
bound sequences during cortical neuron differentiation
Maria A. Hahn1, Seung-Gi Jin2, Arthur X. Li3, Jiancheng Liu4, Zhijun Huang2, Xiwei Wu5,  
Byung-Wook Kim1, Jennifer Johnson2, Adrienne-Denise V. Bilbao2, Shu Tao5, Jacob A. Yim1, 
Yuman Fong1, Sandra Goebbels6, Markus H. Schwab6,7, Qiang Lu4*†, Gerd P. Pfeifer2*†

The characteristics of DNA methylation changes that occur during neurogenesis in vivo remain unknown. 
We used whole-genome bisulfite sequencing to quantitate DNA cytosine modifications in differentiating 
neurons and their progenitors isolated from mouse brain at the peak of embryonic neurogenesis. Localized 
DNA hypomethylation was much more common than hypermethylation and often occurred at putative 
enhancers within genes that were upregulated in neurons and encoded proteins crucial for neuronal differ-
entiation. The hypomethylated regions strongly overlapped with mapped binding sites of the key neuronal 
transcription factor NEUROD2. The 5-methylcytosine oxidase ten-eleven translocation 2 (TET2) interacted 
with NEUROD2, and its reaction product 5-hydroxymethylcytosine accumulated at the demethylated 
regions. NEUROD2-targeted differentially methylated regions retained higher methylation levels in Neurod2 
knockout mice, and inducible expression of NEUROD2 caused TET2-associated demethylation at its in vivo 
binding sites. The data suggest that the reorganization of DNA methylation in developing neurons involves 
NEUROD2 and TET2-mediated DNA demethylation. 

INTRODUCTION
Neurogenesis in the embryonic mouse brain initiates in the ventricular 
zone (VZ) and sub-ventricular zone. Neuroepithelial cells differen-
tiate into radial glial cells, a fate-restricted neural progenitor cell 
(NPC) population that can give rise to young neurons directly or 
through intermediate progenitor cells. Embryonic day 14.5 (E14.5) 
and E15.5 represent the peak stages of neurogenesis in the mouse 
cortex. This is a critical step at which proliferating NPCs transition 
from proliferation to differentiation (1–6).

This transition is initiated by a number of transcription factor 
changes, e.g., down-regulation of NPC-specific factors and engage-
ment of neuronal differentiation–promoting factors that cooperate 
with epigenetic modifications present on DNA and chromatin 
(1, 2, 4, 5). These epigenetic processes are likely important for 
achieving and maintaining the differentiated state, leading to the 
establishment of neuronal cell identity (2, 4, 5, 7–9). Further com-
mitment steps lead to the formation of the different types of cortical 
neurons.

5-Methylcytosine (5mC), formed primarily at CpG sequences in 
mammals, is an epigenetic DNA modification linked to the control 
of gene expression, the faithful execution of certain developmental 
pathways, and long-term maintenance of cellular memory (10–14). 
When found at promoters or enhancers, 5mC is generally viewed as 
a repressive DNA modification incompatible with gene expression. 
Genome-wide and gene-specific 5mC patterns undergo marked 

changes during mammalian development (15) and also change as 
part of cell differentiation steps. For example, in vitro differentiation 
of embryonic stem (ES) cells into neuronal progenitors involves 
de novo methylation of hundreds of gene promoters and also the 
formation of hypomethylated DNA regions (16–18). However, it is 
largely unknown to what extent and with what sequence specificity 
DNA methylation patterns are modulated in vivo during key neuro-
developmental transitions.

We previously characterized 5mC and 5-hydroxymethylcytosine 
(5hmC) patterns during neuronal differentiation using genome- 
wide mapping approaches (19). These in vivo studies have shown 
that the modified cytosine base 5hmC, which is produced by oxida-
tion of 5mC by ten-eleven translocation (TET) proteins, increases 
along gene bodies of neuronal differentiation–associated genes in 
differentiating neurons along with a loss of the Polycomb mark 
H3K27me3 (19). To compare NPCs and their derived neurons, we 
used a dual- reporter labeling strategy by using transgenic mice in 
which NPCs are labeled with green fluorescent protein (GFP) ex-
pressed from the Nes (Nestin) promoter, and differentiated neurons 
are labeled with red fluorescent protein (RFP) expressed from the 
Dcx (doublecortin) promoter. This in vivo system allows the efficient 
parallel purification of NPCs and daughter neurons from the same 
mouse brain (19, 20).

In the present study, we used whole-genome bisulfite sequenc-
ing (WGBS) to comprehensively interrogate DNA methylation 
patterns in NPCs and in neurons at single-base resolution. We 
observed hundreds of specific DNA hypomethylation events during 
this critical step of neurogenesis in mice. Most of these methylation- 
reprogramming events were targeted to genomic binding sites of 
the basic helix-loop-helix (bHLH) transcription factor NEUROD2, 
a critical neuronal differentiation factor, and were associated with 
up-regulation of many neuronal function–related genes that harbor 
these hypomethylated differentially methylated regions (DMRs). Loss- 
and gain-of-function studies provide further support for a role of 
NEUROD2 in DNA methylation remodeling.
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RESULTS
Global DNA methylation changes during neurogenesis
The goal of our study was to obtain detailed, genome-wide informa-
tion on DNA methylation changes at single-base resolution during 
the transition from proliferating NPCs to differentiated neurons in 
the embryonic mouse brain. We made use of a double-transgenic 
system, in which progenitors are labeled with GFP expressed from 
the nestin (Nes) promoter, and differentiated neurons are marked 
with RFP under the control of the Dcx promoter (20). The use of a dif-
ferentiation reporter in conjunction with a progenitor cell–specific 
promoter helps alleviate the problem of carryover of GFP from a 
primitive cell to progeny, thus allowing effective copurification of 
NPCs and daughter neurons from the brain (see scheme in Fig. 1A). 
We isolated DNA from NPCs and neurons from E15.5 mouse brain 
and subjected it to WGBS. The bisulfite-based approach detects the 
sum of 5mC and 5hmC as modified bisulfite-resistant cytosines 
(21, 22). Thus, we were scoring events that reflect either de novo 
methylation (formation of 5mC and/or 5hmC from C) or loss of 
modified cytosines (DNA demethylation; change of 5mC and/or 
5hmC into C). DNA demethylation or de novo methylation may 
represent critical steps during neuronal differentiation, but the 
extent and sequence characteristics of these processes in vivo are 
unknown. The data from the two WGBS biological replicates of NPCs 
and neurons were highly correlated with R = 0.96 and R = 0.95, 
respectively (fig. S1, A and B). The total percentage of cytosines at 
CpG sequences that were modified to 5mC/5hmC (subsequently 
referred to as “methylated”) ranged from 77.4 to 80.1%, with no 
significant difference between NPCs and neurons. We also deter-
mined the percentage of methylated cytosines at CHG and CHH 
sequences to assess the contribution of non-CpG methylation, which 
is found in certain mammalian cell types including neuronal cells 
(23, 24). These values were only between 0.4 and 0.7%, which is 
close to the background level of remaining unconverted cytosines 
achieved by use of the bisulfite sequencing technique. The data show 
that DNA methylation at this developmental stage of mouse neuro-
genesis is mostly limited to CpG sequences.

At CpG islands and at promoters, most of CpG dinucleotide 
positions were close to unmethylated, with a methylation level of 0 to 
10%, as expected (fig. S1, C and D). In contrast, methylation levels 
increased to 60 to 100% in gene bodies and in intergenic regions 
(fig. S1, E and F). There was generally no major difference in CpG 
methylation profiles between NPCs and neurons in the different ge-
nomic compartments (fig. S1, C to F).

Hypomethylated DMRs in gene bodies
We used the Bioconductor package Dispersion Shrinkage for Se-
quencing (DSS) (25) to identify DMRs between NPCs and neurons. 
This analysis identified 1306 hypomethylated DMRs in neurons but 
only 26 hypermethylated DMRs, indicating that hypomethylation 
in neurons is 50 times more common than hypermethylation (Fig. 1B 
and table S1).

Figure 1C shows an example of a genomic region about 200 kb 
upstream of the Sox5 gene on chromosome 6, where several neighboring 
CpGs become hypomethylated in neurons. These hypomethylated 
DMRs were generally no more than a few hundred base pairs in length. 
More than half of the hypomethylated DMRs were in intragenic 
regions, very few in promoters, and the rest were in intergenic areas 
(Fig. 1D). The very few hypermethylated DMRs were most common 
in intergenic genomic regions. Less than 10% of the hypomethylated 

intragenic DMRs were in exons, placing most of them into intronic 
sequences (Fig. 1E). There were only two hypermethylated DMRs that 
occurred in exons. The composite profiles revealed that hypomethylated 
DMRs were associated with a localized gain of 5hmC according to 
5hmC immunoprecipitation (Fig. 1F), suggesting a likely role of 5mC 
oxidation in the DNA demethylation process. Gene ontology (GO) 
analysis of genes with intragenic hypomethylated DMRs showed 
enrichment of terms related to cell adhesion, neuron projection 
development, and axon formation (Fig. 1G). The most highly enriched 
category of “cell adhesion” included adhesion molecules encoded by 
the genes Cadm1, Clstn2, App, Negr1, Ptprk, Ptprm, Magi1, Nrxn3, 
Sdk1, Sdk2, Nrxn1, Btbd9, Ctnna2, Lsamp, Reln, Dst, Dscaml1, Spock1, 
Cdh4, Rgmb, Pvrl1, Sorbs1, Nfasc, Stab2, Cdh13, Col19a1, Col14a1, and 
Ntm. Many of these genes encode cell surface proteins critical for axon 
formation, neuron migration, axon guidance, and synapse formation.

We also inspected hypomethylated DMRs that occur within 10 kb 
upstream of the transcription start sites (TSSs). This analysis showed 
an enrichment of terms such as developmental maturation and metal 
ion transport (fig. S2A). Genes with DMRs within 10 kb downstream 
of the transcription end sites (TESs) were associated with p53 sig-
naling and cell cycle regulation (fig. S2B).

Hypomethylation at putative enhancer regions
The presence of hypomethylated DMRs in introns suggested that 
they might be associated with enhancers. Figure 2 shows the enrich-
ment profile of the active enhancer mark H3 lysine 27 acetylation 
(H3K27Ac) at the hypomethylated DMRs and browser views of 
these intragenic regions that become hypomethylated in neurons. 
Because of limited cell numbers obtainable from NPCs for compre-
hensive chromatin immunoprecipitation sequencing (ChIP-seq), 
we used published ChIP-seq data for H3K27Ac obtained from 
mouse forebrain at E14.5 (26), which contains ~85% neurons. This 
dataset gave the strongest signals and was used in quantitative com-
parisons. Very similar H3K27Ac profiles were also seen in an inde-
pendent dataset from E16.5 mouse cortex (27), which has more 
than 90% differentiated neurons, and in Encyclopedia of DNA Ele-
ments (ENCODE) data from E15.5 forebrain, suggesting that these 
profiles predominantly reflect enhancers in differentiated neurons. 
This conclusion is also supported by the strong mirror image of 
H3K27Ac and DNA methylation levels that we observed in neurons, 
where H3K27Ac generally coincided with DNA sequences having 
low methylation. The profile of H3K27Ac over the center of hy-
pomethylated DMRs and their flanking sequences show a strong 
accumulation of the H3K27Ac enhancer mark at the center of 
 hypomethylated DMRs (Fig. 2, A and B). Examples of H3K27Ac- 
associated enhancer regions that undergo DNA hypomethylation 
in neurons are shown for the genes Auts2 (autism susceptibility 
candidate 2, a regulator of neuronal migration) and Itpr1 (inositol 
1,4,5-trisphosphate receptor, which acts as a calcium release channel) 
(Fig. 2, C and D).

Using microarray data for NPCs and neurons, we asked whether 
genes with intragenic hypomethylated DMRs undergo changes in 
gene expression. Of the genes associated with intragenic hypometh-
ylation, for which expression data were available, 194 became at 
least 1.5-fold activated and 108 genes became at least 1.5-fold re-
pressed in neurons (fig. S3A; see table S2 for statistical analysis). In 
total, 29% of the intragenic hypomethylated DMRs were colocalized 
with H3K27Ac-marked putative enhancers (fig. S3B), and this colo-
calization was more frequent in activated genes compared to repressed 



Hahn et al., Sci. Adv. 2019; 5 : eaax0080     23 October 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 13

genes (fig. S3, D and E). In neurons, intragenic H3K27Ac-associated 
DNA hypomethylation was associated with stronger gene activa-
tion, in contrast to intragenic hypomethylated sites, which were not 
colocalized with H3K27Ac (Fig. 2E). Because enhancer gene pairs 
are difficult to assign, we cannot exclude the possibility that an in-
tragenic putative enhancer regulates a more distant gene. In con-

trast to the intragenically hypomethylated genes, the genes (n = 11) 
carrying intragenic hypermethylated areas were predominantly re-
pressed in neurons (fig. S3F). In intergenic genomic areas, there 
were 622 hypomethylated DMRs (Fig. 1D). A smaller fraction of these 
intergenic hypomethylated DMRs also colocalized with sequences 
carrying H3K27 acetylation (fig. S3C).
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Fig. 1. Hypomethylated and hypermethylated DMRs and their genomic distribution. (A) Outline of the experimental approach to purify NPCs and early differentiat-
ing neurons. NPCs were marked with Nes-GFP and neurons were marked with Dcx-RFP. CP, cortical plate. (B) Numbers of DMRs identified. Hypomethylated DMRs are 
much more frequent than hypermethylated ones. (C) Example of neighboring CpG sites that undergo synchronous hypomethylation (green bar indicates the DMR). This 
region is ~200 kb upstream (5′) of the promoter of the Sox5 gene. (D) Genomic distribution of hypomethylated and hypermethylated DMRs in intragenic, intergenic, and 
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NEUROD2-linked DNA hypomethylation  
during neurogenesis
Since the hypomethylated DMRs tended to localize to putative 
enhancer regions, we then conducted a de novo transcription factor 
motif finding analysis to identify potential regulatory elements that 
become hypomethylated during neuronal differentiation. This analysis 
revealed a highly significant enrichment of two E-box–type motif classes 
(Fig. 3A). One motif, 5′ACAGATGG, was assigned by the JASPAR 
database to the bHLH transcription factors neurogenic differentiation 
factor 1/2 (NEUROD1/2), twist-related protein 2 (TWIST2), T-cell 
acute lymphocytic leukemia protein 1 (TAL1), transcription factor 3 
(TCF3), basic helix-loop-helix family member a15 (BHLHA15), and 
several others (Fig. 3A). The other enriched motif was 5′CATATG, 
which was assigned to NEUROD1/2, basic helix-loop-helix family 
member e22 (BHLHE22), atonol homologue 1 (ATOH1), and a few 
others. Some of these factors showed only very low expression levels 
in NPCs and neurons, including Myod1, Atoh1, Tal1, Bhlhe23, 
Pou5f1, and Myog. Expression of a number of other candidates was 
down-regulated in neurons, including Neurog1 and Neurog2 (Fig. 3B). 
The most significantly up- regulated genes were Neurod2 and Bhlhe22, 
which reached very high expression levels in neurons (Fig. 3B), con-
sistent with expression analysis in mice (28, 29). Neurod1 was also 
up-regulated. BHLHE22/ BHLHB5 is a transcription factor required 

for neuron differentiation and neuronal circuit assembly and func-
tions primarily as a transcriptional repressor (30, 31). NEUROD2 is 
an important neurogenic differentiation factor and transcriptional 
activator (28, 32–36). Broad areas, ~30 kb in length, of H3K27 
acetylation are found at the Neurod2 gene in E14.5 mouse cortex 
(Fig. 3C) but not at the Neurod1 or Bhlhe22 genes. This feature has 
been suggested to be a determinant of so-called “super-enhancers” 
and may be a hallmark of cell identity genes often encoding import-
ant lineage-specific differentiation factors (37).

We then compared available ChIP-seq data for NEUROD2 in E14.5 
mouse cortex (38), which has ~85% neurons, with our hypomethylated 
DMRs (Fig. 4, A to C, and fig. S4, A to F). According to a heatmap 
of NEUROD2 binding at the hypomethylated DMRs and surrounding 
areas, a large fraction of these DMRs colocalized with NEUROD2 
binding (Fig. 4C). A peak identification algorithm identified the 
NEUROD2 peaks in 51% (343 of 677) of intragenic hypomethylated 
DMRs and in 54% (334 of 622) of intergenic hypomethylated DMRs. 
Examples for the colocalization of NEUROD2 peaks and hypo-
methylated DMRs are shown in Fig. 4 and fig. S4, and data for intra-
genic regions are summarized in table S3.

A number of important neuronal differentiation genes showed 
the feature of NEUROD2-associated DNA hypomethylation, in-
cluding Nfasc (Fig. 4A) and Efnb2 (fig. S4), and a number of others 
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such as Nav2, Myt1l, and Dlg2 (table S3). In contrast, the numerous 
other genomic H3K27Ac-enriched sequences without NEUROD2 
peaks only very rarely were associated with loss of DNA methylation 
in neurons. GO analysis for intragenic hypomethylated NEUROD2- 
associated DMRs showed a strong enrichment for terms of neuron 
differentiation, including neuron projection development and axono-
genesis for the up-regulated genes (n = 116) (fig. S4G). For the 
fewer NEUROD2-linked hypomethylation-associated genes that 
were down- regulated in neurons (n = 58), a number of other terms 
were moderately enriched (fig. S4H). This observation suggests that 
NEUROD2 may function as a transcriptional repressor for some 
genes or, alternatively, that NEUROD2 regulates a more distant 
gene in those cases.

A role for TET-mediated 5mC oxidation in  
neuronal DNA demethylation
DNA demethylation at NEUROD2 motifs may be linked to 5mC 
oxidation by TET proteins. Hypomethylated DMRs are associated 
with broader and more intensive increases of 5hmC in neurons in 
the presence of NEUROD2 versus regions without this transcrip-
tion factor (Fig. 4D). This is true for both intragenic and intergenic 
hypomethylated DMRs, suggesting that NEUROD2 binding at the 
DNA demethylation sites is linked to 5mC oxidation. Examples for 
5hmC accumulation at specific genes are shown in fig. S5. For most 
hypomethylated DMRs in neurons, the WGBS data do not indicate 
complete “demethylation.” Therefore, the remaining signals (also at 
sequences immediately flanking the hypomethylated sites) may be 
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derived from 5hmC, which, in the case of enhancer demethylation, 
can perhaps be viewed as an intermediate base of the demethylation 
process rather than as a stable DNA base. The E-box motifs recog-
nized by NEUROD2 do not contain a CpG site themselves (Fig. 3A). 
However, several CpGs in close proximity to the motifs and the 
NEUROD2 peaks undergo DNA hypomethylation. To further confirm 
an interaction between NEUROD2 and TET proteins, we focused on 
TET2, which has been linked to DNA demethylation at enhancer- like 
sequences in other cell types (39–44). Using coexpression of tagged 
TET2 and NEUROD2 proteins (Fig. 4E) or coimmunoprecipitation 
(co-IP) of the endogenous proteins in E15.5 mouse cortical tissue 
(Fig. 4F), we observed a clear interaction between NEUROD2 and 
TET2, further supporting a role of TET2-mediated DNA demethylation 
activity at NEUROD2-bound sequences.

We then proceeded to test whether methylation of NEUROD2- 
bound sequences interferes with gene expression from a linked pro-
moter. We cloned the promoters of the genes Tiam2 and Rgmb into 
the pGL3-basic luciferase vector. NEUROD2-bound sequences 
located within less than 15 kb downstream of the TSS of these genes 
were inserted in an unmethylated form or in a CpG-methylated form 
downstream of the luciferase gene, and the activity was measured. 
We found that CpG methylation decreased the expression from both 
promoters in two different NEUROD2-expressing cell lines (fig. S6).

Reduced DNA demethylation in Neurod2 knockout mice
To test a functional role of NEUROD2 in DNA demethylation, we 
obtained DNA from E16.5 cortices of wild-type and Neurod2 homo-
zygous or heterozygous knockout mice (28), which contain >90% 
differentiated neurons at this stage of development. This DNA was 
converted with sodium bisulfite, and several NEUROD2-targeted 
genomic regions were analyzed by deep sequencing. The percent 
methylation at individual CpGs was determined (Fig. 5). A hypo-
methylated DMR in the gene Nfasc (Fig. 5A) showed 5 to 15% higher 
methylation levels at almost all individual CpG sites in the Neurod2 
knockout mice compared to wild-type or heterozygous mice (P < 0.05) 
(Fig. 5B). A similar effect was seen at several CpG sites in the genes 
Gabbr2 and Satb2 (fig. S7, A and B). The bisulfite sequencing anal-
ysis allows analysis of individual DNA molecules (Fig. 5C and fig. 
S7, C and D). We found that for the Nfasc locus, there were either 
mostly unmethylated or mostly methylated DNA strands in both 
wild-type and knockout mice (fig. S7, C and D). However, in the 
Neurod2-deficient mice, the fraction of unmethylated strands was 
significantly reduced with a concomitant increase of fully methylated 
DNA strands (Fig. 5C and fig. S7, C and D). These data suggest that, 
although there is a degree of cellular heterogeneity with respect to 
methylation state and likely neuronal subtypes, loss of NEUROD2 
reduces the extent of DNA hypomethylation in differentiated neurons.

NEUROD2 induces DNA demethylation
We wanted to know whether NEUROD2 is able to change the 
methylation state at its target sites in cells in which it is not normally 
expressed. We chose the mouse P19 embryonal carcinoma cell line, 
which has previously been used to induce neuronal differentiation 
with bHLH transcription factors including NEUROD2 (45, 46). We 
expressed NEUROD2 from a doxycycline- inducible lentiviral vector 
(Fig. 6A). Fifteen days after doxycycline treatment, the NEUROD2- 
expressing cells expressed neuronal marker genes, including Mapt, 
Tubb3, and several others (fig. S8, A and B). These cells also ex-
pressed increased levels of Tet2 and Tet3 but only low and non-

inducible levels of Tet1. We chose several genes with intragenic 
NEUROD2 peaks in the brain for DNA methylation analysis. These 
target loci also harbored identical NEUROD2 peaks in P19 cells as 
observed with overexpressed NEUROD2 (46). The NEUROD2- 
targeted sequences were highly methylated (>80%) in P19 cells 
without NEUROD2 induction (Fig. 6, B to E, and fig. S8, C to G). 
After doxycycline treatment, NEUROD2-bound regions became 
demethylated. The most substantially demethylated sequences were 
observed for the genes Aff3, Nfasc, Cog7, and Zhx2 (P < 0.0015; 
Fisher’s exact test, two-tailed). Significant demethylation was also 
observed at the genes Rgmb, Wwc1, Glis2, and Tiam2 (Fig. 6 and 
fig. S8). Next, we analyzed expression of those genes that underwent 
NEUROD2-induced demethylation in P19 cells with and without 
NEUROD2 induction. We observed that the genes Aff3, Nfasc, Zhx2, 
Rgmb, Itpr2, Cog7, Wwc1, Glis2, and Tiam2 were all induced after 
doxycycline treatment (fig. S8B).

To test an involvement of the 5mC oxidase in the demethylation 
process, we used short hairpin–mediated RNA (shRNA) knockdown 
to deplete Tet2 from P19 cells. After induction of NEUROD2 expres-
sion with doxycycline, we tested the methylation of several NEUROD2 
target regions and the expression of the associated genes Aff3, Zhx2, 
and Cog7 (fig. S9). We observed higher methylation levels at the 
target sequences in the Tet2 knockdown cells (fig. S9A). Expression 
of Aff3 and Cog7 was reduced but not that of the Zhx2 gene (fig. S9B), 
which may be regulated primarily by other mechanisms.

Together, this set of data shows that NEUROD2 has the capacity 
to induce DNA demethylation near its target sites in vivo concomitant 
with induction of gene expression and supports a role of this factor 
in remodeling DNA methylation in neurons.

DISCUSSION
Our data show that loss of DNA methylation during cortical neuron 
differentiation occurs at a set of defined localized regions targeted 
by the bHLH transcription factor NEUROD2 but is less common at 
other places in the neuronal genome. The data suggest a critical role 
of NEUROD2 in epigenome remodeling during neuron development 
in vivo.

Previous studies have analyzed DNA methylation changes in vitro 
after differentiation of ES cells toward the neuronal lineage. Whereas 
numerous methylation changes were observed during the initial 
differentiation of ES cells to NPCs, fewer changes seemed to occur 
when NPCs undergo final differentiation to neurons in this system 
(17, 18). Our study is the first comprehensive analysis of DNA cyto-
sine methylation changes occurring during the key cell differentiation 
steps at early stages of neuron formation in the mouse brain in vivo.

DNA methylation changes occurring at the initial stages of neu-
ronal differentiation from NPCs to young neurons are restricted to 
specific sequences. They almost never occur at CpG islands or at 
gene promoters. These data are consistent with our previous lower 
resolution analysis, in which we observed that activation of neuronal 
differentiation genes is not frequently accompanied by changes in 
5mC but rather by a loss of the Polycomb mark H3K27me3 and by 
deposition of 5hmC along gene bodies of the same genes (19). This 
conversion of 5mC to 5hmC would not be detected by bisulfite 
sequencing. However, bisulfite sequence analysis can detect the 
conversion of 5mC/5hmC to cytosine, which we found to occur with 
a strong preference for targeting intragenic sequences. This intragenic 
hypomethylation was commonly associated with H3K27Ac-marked 
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regions (Fig. 2) and with activation of the resident genes, many of 
which are important for neuronal differentiation (Fig. 2E, fig. S3A, 
and table S3). We used sequence motif analysis and found that 
hypomethylated genomic sequences were enriched for two consensus 
binding sites for bHLH transcription factors. The most interesting 
motif we identified was for NEUROD2, and a large fraction (more 

than half) of all intragenic hypomethylated DMRs coincided with 
strong NEUROD2 ChIP-seq peaks (Fig. 4 and figs. S4 and S5). For 
intergenic regions, a similar fraction of the hypomethylated sites 
were associated with NEUROD2. NEUROD2 is one factor that has 
been used for in vitro differentiation of pluripotent stem cells into 
neurons (33) and hence may function as a key regulator required 
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for the effective differentiation of neurons. Using single-cell expres-
sion profiling of brain-derived neurons, Neurod2 was identified as a 
relatively early neuronal transcript during corticogenesis in mice, 
which rises when NPC markers such as Sox2 are declining (34). 
Neurod2 is important for normal central nervous system develop-
ment and function and for survival of specific neuronal subtypes 
(36). It plays a role in regulating the anatomical and physiological 
maturation of thalamocortical connections (35) and, together with 
its homolog NEUROD6, is involved in neocortical projection neu-
ron development and corpus callosum formation (28). The Neurod2 
gene is surrounded by multiple NEUROD2 peaks, suggesting effective 
autoregulation of the gene within a super-enhancer–like structure 
(Fig. 3C). Bhlhe22, a gene coding for a protein with the same DNA 
binding specificity, is also a NEUROD2 target and may therefore be 
downstream of NEUROD2.

Although the core factor binding sites we identified do not con-
tain a CpG sequence (Fig. 3A), we observed that CpGs in closest 

proximity to the binding sites become hypomethylated. It is likely 
that access of transcription factors to their DNA sequences is deter-
mined by chromatin structure. Most methylated genomic regions 
are thought to be associated with inaccessible chromatin. Thus, 
mammalian cells have developed specialized mechanisms to keep 
CpG-rich regulatory sequences free of DNA methylation. There are 
about a dozen proteins that contain a CXXC zinc finger structure, a 
unique domain that recognizes unmethylated CpG islands (47). Several 
of these proteins may participate in preserving the unmethylated 
state of these sequences, including the TET 5mC oxidases that could 
remove inadvertently introduced 5mC bases (48, 49). However, 
enhancers have lower CpG density and may not always be kept DNA 
methylation free. It is known that TET-mediated 5mC oxidation 
preferentially takes place at enhancer regions in several cell types 
examined (24, 39–41, 44, 50–54). Although so far not well studied, 
a developmental transition or a differentiation switch may require 
the recruitment of a TET activity to enhancers to ensure effective 
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DNA demethylation. A few specific transcription factors associated 
with enhancer demethylation have been identified. Examples include 
the lineage-specific pioneer factors forkhead box A1/2 (FOXA1/2), 
GATA-binding transcription factor 4 (GATA4) (55–57), paired box 
transcription factor 7 (PAX7) (58), the stem cell transcription factor 
spalt-like transcription factor 4A (SALL4A) (59), and estrogen re-
ceptor (43). We observed that TET2 interacts with NEUROD2 and 
that the TET reaction product 5hmC accumulates at NEUROD2 
binding sites that undergo demethylation in vivo (Fig. 4, D to F, and 
fig. S5), suggesting that a TET-mediated mechanism at putative 
enhancers is in play that leads to enhancer hypomethylation and 
activation in neurons. TET2 and TET3 play an important role in 
neuronal differentiation (19). We have not identified TET3 (long 
isoform) binding to the enhancer regions that become demethylated 
in neurons (48), and a suitable TET2 antibody was not available for 
ChIP- seq analysis. It would be difficult to determine whether these 
DNA demethylation events are DNA replication independent or 
replication dependent because differentiation may proceed through 
intermediate progenitor cells, which involves one round of DNA 
replication.

Our experiments with Neurod2 knockout mice suggest that 
NEUROD2 is, at least in part, responsible for the DNA demethylation 
events. One possibility is that DNA demethylation is a consequence 
of NEUROD2 binding and enhancer activation, as suggested for 
DNA binding proteins in general (16). However, there are undoubtedly 
several other transcription factors that become engaged and DNA 
bound during the transition of progenitor cells toward neuronal 
differentiation, and yet, we observed DNA demethylation most 
commonly at NEUROD2-bound sites. Another scenario in which 
some other factor binding event near NEUROD2 consensus sites 
causes DNA demethylation, which is then followed by NEUROD2 
binding, seems less likely because the demethylated sites strictly co-
incided with NEUROD2 peaks. The initial binding of a transcription 
factor that is insensitive to CpG methylation and insensitive to 
repressive chromatin, a so-called “pioneer factor,” is likely a key initial 
step leading to enhancer demethylation and activation to promote 
expression of specific genes as part of the in vivo neuronal differen-
tiation cascade. We examined other published ChIP-seq datasets 
from embryonic mouse brain or from ectopic expression experi-
ments for the candidate neuronal pioneer factors achaete-scute 
homolog 1 (ASCL1) (60), NEUROD1 (61), and neurogenin 2 
(NEUROG2) (62) but did not identify an overlap with our demeth-
ylated sites in neurons. Because our data show that hypo methylation 
events are precisely targeted to numerous NEUROD2 binding sites 
genome wide, we propose that NEUROD2 is a key factor endowed 
with DNA methylation remodeling features. We confirmed these 
functions in P19 cells, in which induction of NEUROD2 expression 
led to demethylation at its binding sites and induction of gene ex-
pression, which was diminished after Tet2 knockdown (Fig. 6 and 
figs. S8 and S9).

Future experiments will be necessary to identify transcription 
factors that may cooperate with NEUROD2, e.g., as heterodimerization 
partners (TCF3/4) or as functional homologs (NEUROD6), for achiev-
ing the most efficient DNA demethylation of critical neuron-specific 
enhancers. A better understanding of the epigenome remodeling 
processes that occur during neuron differentiation in vivo will help 
in the development of more efficacious reprogramming approaches 
that can be used for the conversion of other cell types into functional 
neurons useful for regenerative medicine.

MATERIALS AND METHODS
Purification of NPCs and neurons
We used a double-transgenic reporter system to purify NPCs and 
neurons from E15.5 mouse cortex (20). We followed protocols for 
cell purification as reported previously (19). In this strategy, we used 
Nes-GFP mice and Dcx-RFP C57BL/6J mice to obtain littermate 
embryos that were positive for both GFP and RFP and also RFP 
single-positive embryos. These embryos were used for obtaining 
GFP+RFP− cells (NPCs) and RFP+ cells (neurons), respectively, from 
the same mouse litters. All animal procedures were approved by the 
City of Hope’s Institutional Animal Care and Use Committee.

Whole-genome bisulfite sequencing
Two biological replicates were used for NPCs and neurons, re-
spectively. To generate the whole-genome libraries with bisulfite- 
converted DNA, neuronal cell DNA (1.2 g each) was sonicated to 
approximately 150–base pair (bp) DNA fragments. Then, DNA was 
end- repaired by using the End-It DNA End-Repair Kit (Epicentre) 
and linker-ligated with T4 DNA ligase [New England Bio Labs 
(NEB)]. The ligated DNA was bisulfite-converted by using the EZ 
DNA Methylation Gold Kit according to the manufacturer’s in-
structions (Zymo Research) and amplified with Pfu Turbo DNA 
polymerase (Agilent). Paired-end sequencing was performed using 
a HiSeq2500 Illumina instrument. Between 220 and 300 million 
aligned paired-end reads were obtained for each sample. Data have 
been deposited to the National Center for Biotechnology Informa-
tion (NCBI) Gene Expression Omnibus (GEO) databases (accession 
no. GSE101090).

Manual bisulfite sequencing
Two micrograms of each genomic DNA was converted with sodium 
bisulfite using the EZ DNA Methylation Gold Kit (Zymo Research), 
according to the manufacturer’s instruction. Bisulfite-modified DNAs 
were amplified using target-specific primers (table S4). For sequence 
analysis, the polymerase chain reaction (PCR) products obtained after 
bisulfite conversion were purified using QIAquick PCR Purification 
Kit (Qiagen) and were then ligated into the pCR4 TA cloning vector 
(Thermo Fisher Scientific). Sixteen colonies for each cloned sample 
were sequenced and evaluated.

Targeted bisulfite deep sequencing in Neurod2-deficient mice
Generation of Neurod2 knockout mice was previously described (28). 
DNA from E16.5 brain cortex of wild-type, Neurod2−/−, and Neurod2+/− 
mice was converted with sodium bisulfite using the EZ DNA Meth-
ylation Gold Kit (Zymo Research). NEUROD2 peak-targeted regions 
were amplified with PCR primers specific to the sequences of interest. 
The primer sequences are available upon request. PCR products were 
ligated to linkers for next-generation sequencing using the KAPA 
Hyper Prep Kit (KAPA Biosystems). Ligated PCR products were 
sequenced on an Illumina HiSeq2500 instrument and aligned to the 
mouse genome. Statistical differences were calculated for each CpG 
site using the two-tailed t test with unequal variance.

ChIP-seq and 5hmC data analysis
Published data for H3K27Ac mapping in E14.5 mouse forebrain 
were downloaded from the GEO database (accession no. GSE52386) 
(26). The H3K27Ac-covered regions were defined as >100-bp se-
quences with continuous base coverage of five or more reads. Peaks 
that were less than 250 bp apart were merged into larger peaks. 
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Mapping data for 5hmC distribution genome wide in NPCs and 
neurons were obtained previously (19).

NEUROD2 ChIP-seq data from E14.5 mouse cortices were ob-
tained from published datasets (GEO dataset: GSE67539) (38). 
NEUROD2 peaks were identified using customized R scripts and 
Bioconductor packages. NEUROD2 peaks, based on SRR1951389 
and SRR1951390 files, were first identified individually using the 
readGAlignmentsFromBam function. Then, the common regions 
between these two sequence files were identified. A heatmap for 
NEUROD2 signal distribution across hypomethylated sites was 
generated on the basis of the regions ±1.5 kb from the centers of 
hypomethylated DMRs. Each genomic location was divided into 
30 bins. The profile of NEUROD2 was obtained from SRR1951389. 
The heatmap was sorted by the sum of the number of reads at each 
analyzed region (3 kb in total).

Bioinformatics analyses of DNA methylation data
The analysis pipelines were implemented using R statistical lan-
guage, except GO analysis, which was performed using the DAVID 
tool (https://david-d.ncifcrf.gov/). RefSeq genes were downloaded 
from the University of California, Santa Cruz mm9 genome anno-
tation database.

The generation of composite profiles has been described (19, 63). 
Promoters were defined as from –1.5 to +0.5 kb relative to the TSS. 
Gene body (intragenic) regions were defined as ranging from 0.5 kb 
downstream of the TSS to the TES. Methylation changes were classi-
fied as intergenic if they did not overlap with promoters or gene bodies.

Identification of genes with DNA hypomethylation 
and hypermethylation in promoters, intragenic sequences, 
and intergenic sequences
To identify DMRs, we used the Bioconductor package DSS (http://
bioconductor.org/packages/release/bioc/html/DSS.html) (25). We 
used default parameters with a minimum length of DMRs of 50 bp, 
minimum number of CpGs of 4, a P value threshold of 0.02, and a 
minimum methylation difference of 0.3. The methylation levels of 
all CpG sites within each DMR were retrieved for each sample in the 
NPC and neuron group. The chromosomal locations of all DMRs were 
retrieved using DSS and matched with genomic features, changes in 
gene expression, presence of H3K27Ac, and NEUROD2 peaks.

GO analysis
GO and tissue-specific expression analysis of gene sets were per-
formed using DAVID (64).

Motif-finding analysis
De novo motif discovery analysis was performed using Regulatory 
Sequence Analysis Tools (65), and the discovered motifs were matched 
to the JASPAR transcription factor database (66).

Gene expression data
The microarray gene expression data of neurons and NPCs were 
generated previously using standard procedures (GEO dataset: 
GSE22946) (19, 20). False discovery ratio analysis of the microarray 
data was performed with the limma package at default setting.

Co-IP assay
We cotransfected 293T cells with Flag-tagged Tet2 and V5-tagged 
Neurod2 expression vectors. Forty-eight hours after transfection, 

cells were lysed, and immunoprecipitation was carried out with 
anti- Flag, anti-V5, or control immunoglobulin G (IgG) antibodies. 
The immunoprecipitated proteins were analyzed by Western blotting 
with anti-Flag or anti-V5 antibodies.

Mouse embryo brain cortices at E15.5 days were used for endog-
enous co-IP. We used the Active Motif Universal Magnetic Co-IP 
Kit (no. 54002) to perform the co-IP. Antibodies used were rabbit 
IgG isotype control (Abcam, ab171870), anti-NEUROD2 (Abcam, 
ab109406), and anti-TET2 (Proteintech, no. 21207-1-AP). The 
lysate for the co-IP was precleared using rabbit IgG control anti-
body for 30 min and gently agitated at 4°C. Immune complexes 
were collected on Dynabeads Protein G from Invitrogen (10003D) 
for 30 min. Proteins were separated on SDS gels and subjected to 
Western blotting.

Expression of NEUROD2 in P19 cells
A doxycycline-inducible lentiviral vector for expression of mouse 
NEUROD2 was constructed using the Gateway cloning system 
(Thermo Fisher Scientific) in plasmid pCW57.1 (a gift from D. Root; 
Addgene plasmid no. 41393) and packaged in 293FT cells.

P19 cells (American Type Culture Collection, CRL-1825) were 
cultured in minimum essential medium  with 7.5% bovine calf 
serum and 2.5% fetal bovine serum and infected in media containing 
the lentiviral particles. Lack of mycoplasma contamination was 
routinely verified. The infected cells were selected by treatment 
with puromycin (0.5 g/ml) for 5 days. Expression of NEUROD2 
was induced by treatment of the cells with doxycycline (1 g/ml). 
The cells were replated onto poly-l-lysine/laminin–coated plates 
and maintained in neurobasal media containing B27 supplement 
and 10 M vitamin C 3 days after doxycycline treatment. Induction of 
NEUROD2 protein expression was confirmed by Western blot anal-
ysis. The antibodies used for Western blotting were anti-NEUROD2 
from Abcam (ab109406) and anti-vinculin from Cell Signaling 
Technology (no. 13901). Fifteen days after the beginning of the dox-
ycycline treatment, the cells were harvested for DNA and RNA 
isolations. DNA was converted with sodium bisulfite for DNA 
methylation analysis. For quantitative reverse transcription (RT)–PCR 
analysis of neuronal marker genes, Tet1/2/3 genes, and NEUROD2 
target genes (Aff3, Nfasc, Zhx2, Rgmb, Itpr2, Cog7, Wwc1, Glis2, and 
Tiam2), we used TaqMan probes (table S4).

A set of knockdown vectors for Tet2 containing four unique 
 29-mer shRNA (GCCACAGAGACTCAACGGTTATCAGGCTT, 
GAACAGCATCAGAATGATTG-TGGCTCACC, CTGC-
GTTTCATCCAGTCTCTTGCTGAGAA, and GATACTCCT- 
GGTGAACAAAGTCAGAATGG) expression plasmids was obtained 
from OriGene (catalog no. TL513547), and the pool of shRNA plasmids 
was transfected into the NEUROD2-inducible P19 cells prepared as 
described above. Noneffective 29-mer scrambled shRNA cassette- 
containing plasmid was used as a control. Two days after transfection, 
GFP-positive cells were sorted by fluorescence- activated cell sorting. 
The expression of NEUROD2 was then induced as described above, 
and the cells were harvested for DNA and RNA analyses.

Luciferase assays
The Rgmb promoter region (chr17:15963232–15964104) was PCR- 
amplified using primer pairs (forward, 5′-CTTCCTCCTTTCAGG-
CCAGC-3′; reverse, 5′-TACGGACCTCGGTGTCATCT-3′). The 
Tiam2 promoter region (chr17:3326263–3326948) was PCR-amplified 
using primer pairs (forward, 5′-CGCGCGCTTTGTAGTT TGTG-3′; 

https://david-d.ncifcrf.gov/
http://bioconductor.org/packages/release/bioc/html/DSS.html
http://bioconductor.org/packages/release/bioc/html/DSS.html
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reverse, 5′-AGAGAGAATGCGAAACCGCT-3′). The Rgmb 
NEUROD2- bound putative enhancer region (chr17:15961298–
15961700) was PCR-amplified using primer pairs (forward, 5′-GCGTG-
TCTTGTACTTTCAGCC; reverse, GCAGACTTCGCGCACATTTA-3′). 
The Tiam2 NEUROD2-bound region (chr17:3338720–3339246) was 
PCR-amplified using primer pairs (forward, 5′-GCCACAGGTGA-
TCCAGAAAC-3′; reverse, 5′-CGACTCTGTGGCCATACCTT-3′). 
The NEUROD2 target PCR fragments were then treated with the 
DNA methyltransferase M.SssI (NEB, M0226M), according to the 
manufacturer’s instructions, to obtain fully methylated DNA frag-
ments. For each gene, the promoter region and the methylated or 
unmethylated NEUROD2 target DNA fragments were ligated into 
the pGL3-basic luciferase reporter vector (Promega, E1751).

One hundred thousand P19 cells or Neuro-2a cells were seeded 
into 24-well plates before transfection. To induce NeuroD2 expression, 
P19 cells were treated with doxycycline, and Neuro-2a cells were 
infected with a lentiviral Neurod2 expression vector for 24 hours 
before transfection. We transfected 47.5 ng of pGL3 luciferase re-
porter vectors (with gene-specific promoter and methylated or un-
methylated NEUROD2 target sites) and 2.5 ng of internal control 
Renilla luciferase reporter vector (pRL-CMV, Promega, Madison, WI) 
into the cells. We harvested the cells 48 hours after transfection. All 
transfections were carried out at least in three independent experi-
ments and in triplicate. Firefly and Renilla luciferase activities were 
assayed with the Dual Luciferase Assay Kit (Promega) according to 
the manufacturer’s instructions. The firefly luciferase activities were 
normalized relative to Renilla activity.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/10/eaax0080/DC1
Fig. S1. Global analysis of WGBS data.
Fig. S2. GO analysis of genes associated with hypomethylated DMRs upstream of the TSS and 
downstream of the TES.
Fig. S3. Genes with intragenic hypomethylated DMRs preferentially become activated in 
neurons.
Fig. S4. Many intragenic hypomethylated DMRs are NEUROD2 targets.
Fig. S5. Accumulation of 5hmC at NEUROD2 binding sites undergoing DNA demethylation.
Fig. S6. Luciferase assays with methylated and unmethylated NEUROD2-targeted regions.
Fig. S7. DNA methylation changes at NEUROD2 target genes in Neurod2 knockout mice.
Fig. S8. Analysis of NEUROD2 target genes in P19 cells.
Fig. S9. Analysis of NEUROD2 target genes in P19 cells after Tet2 knockdown.
Table S1. DMRs between neurons and NPCs identified by the DSS method.
Table S2. Differential expression of genes with intragenic hypomethylated DMRs.
Table S3. NEUROD2 peaks at H3K27Ac-enriched hypomethylated DMRs within genes.
Table S4. Primers for bisulfite sequencing and RT-PCR.
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