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S T E M  C E L L S

Developmental DNA demethylation is a determinant of 
neural stem cell identity and gliogenic competence
Ian C. MacArthur1,2,3, Liyang Ma1,2,3, Cheng-Yen Huang1,2,3, Hrutvik Bhavsar1,2,3,  
Masako Suzuki4, Meelad M. Dawlaty1,2,3*

DNA methylation is extensively reconfigured during development, but the functional significance and cell type–
specific dependencies of DNA demethylation in lineage specification remain poorly understood. Here, we demon-
strate that developmental DNA demethylation, driven by ten-eleven translocation 1/2/3 (TET1/2/3) enzymes, is 
essential for establishment of neural stem cell (NSC) identity and gliogenic potential. We find that loss of all three 
TETs during NSC specification is dispensable for neural induction and neuronal differentiation but critical for as-
trocyte and oligodendrocyte formation, demonstrating a selective loss of glial competence. Mechanistically, TET-
mediated demethylation was essential for commissioning neural-specific enhancers in proximity to master 
neurodevelopmental and glial transcription factor genes and for induction of these genes. Consistently, loss of all 
three TETs in embryonic NSCs in mice compromised glial gene expression and corticogenesis. Thus, TET-dependent 
developmental demethylation is an essential regulatory mechanism for neural enhancer commissioning during 
NSC specification and is a cell-intrinsic determinant of NSC identity and gliogenic potential.

INTRODUCTION
Methylation of the 5-position carbon of cytosine (5mC) in DNA is a 
critical epigenetic modality regulating gene expression during mam-
malian development (1). Its presence at gene regulatory elements 
canonically represses gene expression (1). DNA methylation is de-
posited by the de novo DNA methyltransferases DNMT3A/B and is 
maintained upon replication by the maintenance methyltransferase 
DNMT1 (1). DNA demethylation can occur passively by failure to 
maintain 5mC during replication or actively via oxidation by the ten-
eleven translocation (TET) family of dioxygenases (TET1, TET2, and 
TET3) (2). TET enzymes oxidize 5mC to 5-hydroxymethylcytosine 
(5hmC), which can evade DNMT1 during cell division leading to 
passive demethylation or remain as a stable epigenetic mark where it 
is generally associated with gene activation (2–4). TET enzymes can 
further oxidize 5hmC to 5-formylcysotine and 5-carboxylcytosine, 
which are removed from the genome by thymine DNA glycosylase 
and the base excision repair pathway (5, 6). Methylation at CpG 
dinucleotides is rapidly acquired in postimplantation mammalian 
embryos, rising from 20% genome-wide at embryonic day 3.5 (E3.5) 
to 80% by E6.5 in mouse, and is deposited in part to restrict cell fate 
and silence repetitive DNA (1). It has been proposed that this ge-
nomic hypermethylation in mammals and other vertebrates may 
have facilitated the use of DNA demethylation as a means of defining 
cis-regulatory elements during development (7, 8). Despite the ob-
servation that enhancers become developmentally demethylated (9), 
the functional impact of loss of TET enzymes and the demethylation 
machinery on enhancer chromatin state and lineage specification re-
mains poorly understood.

Coincident with the discovery that TET enzymes are DNA dioxy-
genases was the finding that 5hmC is highly enriched in the nervous 
system compared to other somatic tissues (10), leading to great inter-
est in the role of TET enzymes in neurodevelopment and neural phys-
iology (11). All three TET enzymes are expressed, and 5hmC is highly 
abundant in the embryonic brain (12, 13), particularly in neural pro-
genitor cells (14). Moreover, mutations in TET genes and alterations 
in 5mC and 5hmC have been identified in individuals with intellec-
tual disability and other neurodevelopmental disorders (11). Despite 
this compelling evidence for a crucial neurodevelopmental role for 
TET enzymes and DNA demethylation, functional studies of com-
plete TET loss in the developing nervous system are lacking. This is in 
part due to the high degree of redundancy between Tet paralogs and 
the early embryonic lethality of Tet1/2/3 triple knockout (TKO) em-
bryos at gastrulation. Global loss of TET1 or TET2, which is compat-
ible with life, and loss of TET3, which leads to perinatal lethality, do 
not grossly compromise neurodevelopment (15–18). In contrast, TET 
TKO embryos arrest at late gastrulation (19). This has prevented a 
comprehensive understanding of the full scope of TET functions and 
DNA demethylation during neurodevelopment.

Recent single-cell multiomic analyses of Tet TKO chimeric em-
bryos have provided some insights into the ability of TET-deficient 
embryonic stem cells (ESCs) to contribute to primitive neuroectoder-
mal progenitors around the time of neural induction (20, 21). How-
ever, the functional impact of loss of TET-mediated developmental 
demethylation in the neural lineage remains undefined. First, it is not 
known how TET-dependent demethylation regulates neural stem cell 
(NSC) specification and NSC differentiation into mature neural cell 
types, especially into cells arising at late embryonic time points. Sec-
ond, the ability of developmental demethylation to shape chromatin 
state and the way this contributes to gene regulation and cell fate de-
termination remain poorly defined. In this study, using an ESC-to-
NSC differentiation platform, we have identified a critical requirement 
for TET-mediated DNA demethylation in establishment of NSC iden-
tity and gliogenic competence. Tet TKO NSCs expressed reduced 
levels of neural markers and had limited self-renewal. While they re-
tained the ability to differentiate into neurons, albeit with reduced 
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efficiency, they could not differentiate into astrocytes and oligoden-
drocytes, indicating a severe and selective loss of glial competence. 
Master neurodevelopmental transcription factors (TFs), including 
those of the Nfi and Olig families of glial TFs, were severely down-
regulated in TKO NSCs. In the proximity of these TF genes, we iden-
tified hundreds of neural-specific enhancers whose developmental 
demethylation was TET dependent. Both the commissioning and ac-
tivation of these enhancers were severely compromised in the absence 
of TET enzymes, underpinning the reduced expression of neural TFs 
and loss of glial competence. Consistent with our in vitro findings, 
conditional knockout of all three Tet genes in dorsal telencephalic 
NSCs compromised expression of glial genes and proper develop-
ment of cortical structures. Our findings establish TET-mediated de-
velopmental demethylation of neural enhancers as a critical epigenetic 
modality required for the establishment of NSC identity and gliogenic 
competence.

RESULTS
NSCs specified in the absence of TET enzymes have 
compromised identity and self-renewal
To establish the function of TET enzymes and DNA demethylation 
during NSC specification, we generated Tet1/2/3 TKO ESCs by delet-
ing Tet1/2/3 exon 4 (Fig. 1A), loss of which is known to result in 
formation of nonsense transcripts and complete loss of TET proteins 
(22). We confirmed deletion of Tet1/2/3 exon 4 in TKO ESCs by 
polymerase chain reaction (PCR) (fig. S1A) and complete loss of 
Tet1/2/3 exon 4–containing mRNA by reverse transcription quanti-
tative PCR (RT-qPCR) (fig. S1B). Consistent with previous studies 
(22, 23), Tet TKO ESCs maintained normal growth and morpholo-
gy in culture (fig. S1C). Three wild-type (WT) and two TKO ESC 
clones were differentiated to NSCs following a well-established pro-
tocol that entails differentiation of ESCs to embryoid bodies (EBs) 
for 4 days, followed by culturing on adherent plates in defined growth 
medium for 9 days and lastly expanding NSCs in neural medium 
(Fig. 1B) (24, 25). This is a standard method for producing NSCs 
capable of prolonged culture and multilineage differentiation (24). 
TKO ESCs efficiently formed EBs that were comparable in size and 
morphology to WT EBs during suspension and adherent phases of 
differentiation (fig. S1C). Both WT and TKO cultures yielded NSCs 
that appeared morphologically normal and grew comparably to WT 
during the first week [Fig. 1, C (left and middle) and D]. However, 
TKO NSCs could not be maintained in culture beyond 2 weeks (~4 
passages), indicating a defect in self-renewal [Fig. 1, C (right) and D]. 
Both WT and TKO NSCs stained positive for NSC markers SRY-box 
transcription factor 1 (SOX1), SOX2, and NESTIN (Fig. 1E), con-
firming acquisition of an NSC state. However, the transcript levels of 
these and other core neurodevelopmental TFs Pax6 and Otx1 were 
robustly reduced in TKO NSCs (Fig. 1F), indicative of compromised 
NSC identity. These results suggest that, while loss of TET enzymes 
allows specification of NSCs from ESCs, the resulting NSCs have 
limited self-renewal and altered identity with aberrant expression 
of core neural TFs, which may affect their ability to form neural 
cell types.

Tet TKO NSCs have reduced neuronal differentiation 
potential and complete loss of glial competence
To assess the effects of TET loss on NSC multipotency, we differenti-
ated WT and TKO NSCs (1 week after their specification and before 

loss of self-renewal) to neurons and glial cell types (astrocytes and 
oligodendrocytes) following defined protocols for each cell type. 
When differentiated to neurons, TKO NSCs were able to form TUJ1+ 
neurons (Fig. 2A), but expression of Tubb3, Dcx, and Rbfox3 mRNA 
was significantly reduced in TKO neuronal cultures (Fig. 2B). This 
indicates that TET loss reduces but does not categorically compro-
mise neuronal differentiation. In notable contrast, when differenti-
ated to astrocytes, TKO NSCs could not form glial fibrillary acidic 
protein–positive (GFAP+) astrocytes (Fig. 2C), and expression of key 
astrocytic markers Gfap, Aqp4, and S100b was undetectable in these 
cultures (Fig. 2D), confirming a complete inability of TKO NSCs to 
differentiate into astrocytes. Likewise, when differentiated to oligo-
dendrocytes, TKO NSCs failed to yield oligodendrocyte marker 4 
(O4)+ oligodendrocytes (Fig. 2E), and key oligodendrocyte markers 
Myrf, Sox10, and Plp1 were not induced in these cultures (Fig. 2F), 
indicating a complete impairment in oligodendrocyte differentia-
tion. Together, the selective inability of TKO NSCs to form astrocytes 
and oligodendrocytes reveals a general block in glial differentiation 
and supports a critical role for TET enzymes in establishing NSC 
gliogenic competence.

Loss of TET enzymes results in failure to establish 
neurodevelopmental gene expression programs, including 
activation of the Nfi and Olig families of glial TFs
To define the transcriptional effects of TET loss during NSC specifica-
tion, we profiled transcriptomes of WT and TKO ESCs and NSCs by 
RNA sequencing (RNA-seq). Principal components analysis (PCA) re-
vealed high correspondence between biological replicates for each cell 
type and genotype (fig. S2A). PC1, representing differences between 
ESC and NSC transcriptomes, indicated that WT and TKO NSCs clus-
tered closely together and away from WT and TKO ESCs, highlighting 
that WT and TKO NSCs had undergone comparable transcriptional 
changes during differentiation. PC2, representing differences between 
WT and TKO cells, indicated that WT and TKO NSCs differed more 
greatly from each other than WT and TKO ESCs (fig. S2A), supporting 
a more robust role for TET enzymes in regulating gene expression upon 
ESC differentiation than in steady-state ESCs. Consistently, we identi-
fied 2324 differentially expressed genes (DEGs) (1080 up-regulated and 
1244 down-regulated) between TKO and WT NSCs compared to 488 
DEGs (234 up-regulated and 254 down-regulated) between TKO and 
WT ESCs (Fig. 3A). Only 142 of these DEGs were shared between the 
ESC and NSC states, which were excluded from NSC DEGs to obtain 
2182 NSC-specific DEGs (1177 down-regulated and 1005 up-regulated) 
(Fig. 3B and fig. S2B). Gene ontology analysis revealed that NSC-
specific down-regulated genes were enriched for neurodevelopmental 
processes including gliogenesis (Fig. 3C), consistent with the observed 
block in TKO NSC glial differentiation (Fig. 2, C to F). NSC-specific 
up-regulated genes were enriched primarily for mesodermal develop-
ment terms (fig. S2C), in line with the well-described derepression of 
mesoderm genes that accompanies loss of TET enzymes (26). Of the 
1177 NSC-specific down-regulated genes, the majority (841, 71%) were 
genes that were normally induced during WT ESC-to-NSC differentia-
tion, while the rest (336, 29%) were genes that either remained un-
changed or were down-regulated (Fig. 3D). Together, these results 
affirm a neurodevelopmental role for NSC-specific down-regulated 
genes and demonstrate a failure to properly induce them in the absence 
of TET enzymes.

The NSC-specific down-regulated genes included many neurode-
velopmental TFs (Fig.  3E), including Sox1, Pax6, and Otx1, which 
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Fig. 1. Tet TKO NSCs derived from TKO ESCs have limited self-renewal and reduced expression of NSC markers. (A) Schematic of gene targeting strategy to delete 
exon 4 of Tet1/2/3 and generate Tet TKO ESCs. (B) Overview of differentiation protocol for specification of NSCs from ESCs. EGF, epidermal growth factor. (C) Bright-field im-
ages of WT and TKO NSCs at days 4, 8, and 13 in culture (days after specification from ESCs). Scale bars, 100 μm. (D) Growth curve of WT and TKO NSCs over 2 weeks in culture. 
Cell numbers for each time point were plotted relative to cell numbers at day 0. Data represent means ± SD. Statistical significance assessed by two-way analysis of variance 
(ANOVA). Data represent three independent experiments. (E) Expression of NSC markers in WT and TKO NSCs assessed by immunofluorescence at day 4 (passage 1). Top: 
NSCs are stained with anti-NESTIN and anti-SOX2 antibodies. Bottom: NSCs are stained with anti-SOX1 antibody. Nuclei are stained by 4′,6-diamidino-2-phenylindole (DAPI). 
Scale bars, 100 μm. (F) Expression of neural markers quantified by RT-qPCR in ESCs and in NSCs at day 4 (passage 1). Data were normalized to Gapdh. Data represent 
means ± SD. Statistical significance assessed by one-way ANOVA and corrected for multiple testing with the Holm-Sidak method. *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. In all experiments, three WT and two TKO ESC or NSC biological replicates were used.
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were previously identified as down-regulated by RT-qPCR (Fig. 1F) 
and are critical determinants of NSC identity, and other neural regu-
lators such as Emx2, Zic4, Lhx5, Rfx4, and Pou3f3. However, of rele-
vance to the glial differentiation block of TKO NSCs was the severe 
down-regulation of the Nfia family of glial TFs: Nfia, Nfib, and Nfix 
(Fig. 3E). Nuclear factor I A (NFIA) is required for the onset of astro-
cyte differentiation in the developing mouse spinal cord and is suffi-
cient to confer glial competency onto human NSCs (27, 28). In 
addition, individual knockout of Nfia, Nfib, or Nfix in mice results in 
loss of astroglia in the brain (29–31). We validated the reduced ex-
pression of Nfia, Nfib, and Nfix in TKO NSCs by RT-qPCR (Fig. 3F) 

and confirmed their failure to be induced upon differentiation of 
TKO NSCs into astrocytes (Fig. 3G), suggesting that their impaired 
expression may underlie the astrocytic differentiation defect. Like-
wise, we found the oligodendrocyte TFs Olig1 and Olig2 to be down-
regulated in TKO NSCs (Fig.  3E). Both genes are required for 
oligodendrocyte development (32, 33), making them attractive candi-
dates to explain the oligodendrocyte differentiation defect of TKO 
NSCs. Last, key genes defining the radial glial state of NSCs, such as 
Slc1a3 and Fabp7 (34), were also down-regulated in TKO NSCs 
(Fig. 3E), suggesting that TKO NSCs were impaired in adopting a ra-
dial glial identity and may remain in a more primitive neuroepithelial 

Fig. 2. Tet TKO NSCs retain neuronal competence but exhibit a severe block in glial differentiation. (A) WT and TKO NSCs are differentiated to neurons and stained 
with anti-TUJ1 on day 4 of differentiation. Nuclei are stained with DAPI. (B) Quantification of mRNA levels of neuronal markers in day 4 neuron (neuro) cultures and in NSCs 
by RT-qPCR. (C) WT and TKO NSCs are differentiated to astrocytes and stained with anti-GFAP on day 4 of differentiation. Nuclei are stained with DAPI. (D) Quantification 
of mRNA levels of astrocyte markers in day 4 astrocyte (astro) cultures and in NSCs by RT-qPCR. (E) WT and TKO NSCs are differentiated to oligodendrocytes (oligo) and 
stained with anti-O4 on day 4 of differentiation. Nuclei are stained with DAPI. (F) Quantification of mRNA levels of oligodendrocyte markers in day 4 oligodendrocyte 
cultures by RT-qPCR. For all experiments, three independent WT NSC lines and two independent TKO NSC lines were used. All lineage-specific differentiations were per-
formed using passage 1 NSCs. All RT-qPCR data were normalized to Gapdh. Data represent means ± SD. Statistical significance was assessed by one-way ANOVA and 
corrected for multiple testing with the Holm-Sidak method. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Scale bars, 100 μm.
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Fig. 3. Neurodevelopmental and glial gene expression programs are severely impaired in Tet TKO NSCs. (A) MA plots of gene expression changes in TKO versus WT 
ESCs (left) and in TKO versus WT passage 1 NSCs (right) as quantified by RNA-seq. DEGs are shown in red (up-regulated) and blue (down-regulated). DEGs were defined by 
|fold change| ≥ 2 and false discovery rate (FDR) ≤ 0.05. Data represent three WT and two TKO biological replicates per cell type. (B) Venn diagram displaying intersection of 
DEGs in TKO versus WT ESCs and DEGs in TKO versus WT NSCs. Note the 2182 genes uniquely affected in NSCs. (C) Representative gene ontology (GO) terms for the top 5 
annotation categories among NSC-specific down-regulated genes. (D) NSC-specific down-regulated genes in TKO NSCs are classified into those that are up-regulated, 
down-regulated, or unchanged during differentiation of WT ESCs to WT NSCs. (E) Heatmap displaying z-scores of normalized expression of NSC-specific down-regulated 
genes in TKO NSCs. Key neurodevelopmental and glial genes are annotated. (F) Quantification of mRNA levels of Nfi family genes in ESC and NSC cultures by RT-qPCR. 
(G) Quantification of mRNA levels of Nfi family genes in NSC and astrocyte cultures by RT-qPCR. All RT-qPCR data represent means ± SD. Statistical significance was assessed 
by one-way ANOVA and corrected for multiple testing with the Holm-Sidak method. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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state. Together, these findings demonstrate a failure to properly in-
duce neurodevelopmental gene expression programs in the absence 
of TET enzymes during NSC specification, especially those governing 
the glial differentiation capacity and radial glial identity of NSCs.

Regions undergoing TET-mediated developmental DNA 
demethylation during NSC specification have features of 
enhancers and are associated with neural and glial genes
To identify regions undergoing TET-dependent demethylation dur-
ing NSC differentiation, we performed genome-wide methylation 
profiling of WT and TKO ESCs and NSCs by whole-genome bisulfite 
sequencing (WGBS). We found that global methylation at CpG di-
nucleotides was increased by ~10% between ESC and NSC states, with 
TKO ESC and NSCs exhibiting 1 to 3% higher methylation levels 
compared to WT cells (fig. S3A). Next, we identified differentially 
methylated regions (DMRs), which were defined as regions contain-
ing at least five CpGs with a total methylation level difference of at 
least 20% and false discovery rate (FDR) of less than 0.05. Consistent 
with the demethylation function of TET enzymes, the vast majority of 
DMRs identified between TKO and WT ESCs or NSCs was hyper-
methylated (Fig.  4A). We identified 11,489 hyperDMRs between 
TKO and WT ESCs and 7203 hyperDMRs between TKO and WT 
NSCs (which, after excluding regions that were hypermethylated in 
TKO ESCs, yielded 5647 NSC-unique hyperDMRs). To determine 
which of these hypermethylated regions are of developmental signifi-
cance in NSC specification, we first sought to identify regions that 
normally undergo demethylation during the ESC-to-NSC transition. 
To this end, we identified DMRs between WT ESCs and WT NSCs, 
which revealed 27,462 hypermethylated and 4332 hypomethylated 
regions (Fig. 4A, middle bar). We term the latter 4332 regions devel-
opmental hypoDMRs. These regions were of particular interest as 
they might shed light on the functional role of developmental de-
methylation in NSC specification. We next assessed how deficiency of 
TET enzymes affects the methylation status of these developmentally 
demethylated regions. Seventy-six percent of developmental hypoD-
MRs (3294 of 4332) were hypermethylated in TKO cells (Fig. 4B), 
revealing that the majority of developmental demethylation during 
NSC specification is TET dependent. We termed these regions NSC 
TKO devDMRs. All other DMRs in TKO NSCs that were not devel-
opmentally demethylated during normal NSC specification were 
termed NSC TKO non-devDMRs (fig. S3B).

The NSC TKO devDMRs, in contrast to NSC non-devDMRs or 
TKO ESC DMRs, had several unique features: (i) NSC TKO devD-
MRs exhibited the greatest average increase in methylation between 
TKO and WT cells (Fig. 4C and fig. S3C), suggesting that hypermeth-
ylation at these sites could have especially prominent effects. (ii) A 
significantly greater fraction of NSC TKO devDMRs (79.17%) were in 
introns and intergenic regions compared to ESC TKO DMRs (52.39%, 
P < 2.2 × 10−16) and NSC TKO non-devDMRs (52.49%, P < 2.2 × 
10−16) (Fig. 4D). Likewise, a significantly smaller fraction of NSC 
TKO devDMRs (13.20%) were at promoter regions compared to ESC 
TKO DMRs (35.56%, P < 2.2 × 10−16) and NSC TKO non-devDMRs 
(40.14%, P < 2.2 × 10−16) (Fig. 4D). These notable differences in ge-
nomic annotations support the possibility that NSC TKO devDMRs 
may contain a higher proportion of nonpromoter cis-regulatory ele-
ments. (iii) Genes associated with NSC TKO devDMRs were highly 
enriched for NSC-specific down-regulated genes compared to genes 
associated with ESC TKO DMRs and NSC TKO non-devDMRs 
(Fig. 4E). Several neurodevelopmental regulators including Sox1, 

Pax6, Otx1, Emx2, Zic4, Lhx5, Rfx4, and Pou3f3 as well as glial TF 
genes Nfia, Nfib, Nfix, Olig1, and Olig2 were among the down-
regulated genes in NSCs that were associated with NSC TKO devD-
MRS (data S1). This suggests that loss of TET function at NSC TKO 
devDMRs may underlie a large proportion of the impaired gene ex-
pression we observe in TKO NSCs. (iv) Last, sequence conservation 
of NSC TKO devDMRs across 60 vertebrate species was higher than 
conservation of ESC TKO DMRs or NSC TKO non-devDMRs, sug-
gesting that they may contain the greatest proportion of regions with 
prominent gene-regulatory significance (Fig. 4F). Together, these fea-
tures suggest that regions undergoing TET-dependent demethylation 
during NSC specification (i.e., NSC TKO devDMRs) may represent 
conserved cis-regulatory elements and that loss of demethylation at 
these sites may contribute to the impaired induction of neurodevelop-
mental genes in TKO NSCs.

To gain further insight into potential gene regulatory functions of 
NSC TKO devDMRs, we performed motif enrichment analysis to 
identify candidate TFs with sequence specificity in these regions. We 
found many SOX TFs to be highly enriched, including the master reg-
ulators of NSC identity SOX2/3, oligodendrocyte development factor 
SOX10, and glial cell fate determinant SOX9 (Fig.  4G). Using pub-
lished SOX2, SOX3, and SOX9 occupancy datasets in neural progeni-
tor cells (35) and glial progenitor cells (36), we confirmed robust 
enrichment of these TFs at hundreds of NSC TKO devDMRs (fig. S3D), 
which further supports regulatory roles for these regions. In addition, 
leveraging publicly available WGBS datasets from the ENCODE 
consortium (37), we observed that NSC TKO devDMRs had lower lev-
els of DNA methylation in E11.5 mouse neural tissues relative to flank-
ing regions and nonneural tissues, suggesting that these regions are 
hypomethylated in vivo and that their hypomethylation is mostly 
neural specific (Fig. 4H). We also found that the NSC TKO devD-
MRs had higher levels of H3 lysine-27 acetylation (H3K27ac), a mark 
associated with active enhancers, in neural compared to nonneural tis-
sues (Fig. 4I). Consistently, 97 NSC TKO devDMRs overlapped en-
hancers with regulatory activity in mouse E11.5 embryos as reported 
by the VISTA Enhancer Browser (P = 1.0 × 10−3, 103 permutation 
tests) (Fig. 4J) (38). A large fraction of them (80 of 97, enrichment 
P = 5.7 × 10−14) drove expression in neural tissues and included devD-
MRs in proximity to NSC-specific down-regulated genes with promi-
nent neurodevelopmental roles (Fig. 4J and fig. S3, E and F). The TKO 
NSC devDMRs in proximity to the glial TF genes Nfia¸ Nfib, and Nfix 
were in highly conserved regions and marked by H3K27ac in mouse 
E11.5 forebrain (Fig. 4K). Last, using a previously published CCCTC-
binding factor (CTCF) chromatin immunoprecipitation sequencing 
(ChIP-seq) dataset from mouse NSCs (39), we assessed CpG methyla-
tion levels at 42,890 CTCF-binding sites. No difference in methylation 
was observed between WT and TKO NSCs (fig.  S3G). A mere 133 
(0.31%) of the 42,890 CTCF peaks were located at NSC TKO devD-
MRs (fig. S3H), largely excluding CTCF sites as major targets of TET-
dependent demethylation. Together, these findings suggest that NSC 
TKO devDMRs are likely located at enhancers and their DNA meth-
ylation status may influence neural enhancer activity and expression of 
key neurodevelopmental and glial TF genes.

TET-mediated DNA demethylation is essential for neural 
enhancer establishment and activation during 
specification of NSCs
To examine whether NSC TKO devDMRs are located at neural 
enhancers and affect enhancer chromatin states, we mapped the 
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Fig. 4. Regulatory elements displaying enhancer features undergo Tet-dependent DNA demethylation during ESC-to-NSC differentiation. (A) Numbers of DMRs 
identified by WGBS in TKO versus WT ESCs, WT NSC versus WT ESC (i.e., developmental DMRs), and TKO versus WT NSCs are plotted. DMRs were defined as regions with a 
minimum of five CpGs, average methylation difference of at least 20%, and an FDR of ≤0.05. Passage 1 NSCs were used for WGBS analyses. Data represent one WT and one 
TKO biological replicate per cell type. (B) Fraction of developmental hypoDMRs that are hypermethylated in TKO NSCs. (C) Average CpG methylation at ±5 kb from the 
center of the NSC TKO devDMRs in WT and TKO ESCs and NSCs. (D) Annotation of DMRs to genomic regions. Statistical significance was assessed by the two-proportion z 
test. ****P < 2.2 × 10−16. (E) Statistical enrichment of DMR-associated genes for NSC-specific DEGs as determined by the hypergeometric test. Plotted values are −log10(P 
value). Dotted line indicates −log10(0.05). (F) Average phastCons scores for the indicated DMR classes and shuffled genomic regions. (G) Top: TF motifs enriched among 
NSC TKO devDMRs determined by HOMER known motif analysis. (H) Average CpG methylation at NSC TKO devDMRs in E11.5 mouse tissues. Methylation data were ob-
tained from the ENCODE consortium. (I) Average H3 lysine-27 acetylation (H3K27ac) at NSC TKO devDMRs in E11.5 mouse tissues. H3K27ac data were obtained from the 
ENCODE consortium. (J) Proportion of active VISTA elements containing an NSC TKO devDMR with nervous system activity. Data were obtained from the VISTA Enhancer 
Browser. Enrichment P value was calculated with the hypergeometric test. (K) Genome browser tracks displaying CpG methylation, E11.5 forebrain H3K27ac from ENCODE, 
and vertebrate conservation phastCons scores at introns of Nfi family genes where representative NSC TKO devDMRs are highlighted in green.
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genome-wide distribution of histone H3 lysine-4 monomethylation 
(H3K4me1) and H3K27ac in WT and TKO ESCs and NSCs by cleavage 
under targets and tagmentation (CUT&Tag). Deposition of H3K4me1 
during cell state transitions indicates enhancer establishment, which 
precedes the addition of H3K27ac (40). The co-occurrence of the two 
marks is a well-established indicator of active enhancers (41). The global 
levels of both histone marks were reproducible between biological repli-
cates of each cell type and genotype (fig. S4A). We found that the levels 
of H3K4me1 and H3K27ac at NSC TKO devDMRs were very low in 
ESCs. However, upon differentiation to NSCs, their levels markedly 
increased at these regions, suggesting adoption of an active chromatin 
state (Fig. 5A). In TKO NSCs, the levels of both marks were reduced to 
approximately half in these regions (P < 2.2 × 10−16 for both marks) 
(Fig. 5A), suggesting that failure of TET-dependent developmental de-
methylation may have impaired proper deposition of H3K4me1 and 
H3K27ac. This indicates a potential role for TET-dependent demethyl-
ation in commissioning enhancers during NSC specification.

To better understand how developmental demethylation affects 
the establishment and activation of neural-specific enhancers during 
specification of NSCs from ESCs, we first identified active enhancers 
[H3K4me1+ H3K27ac+, > 2 kb from transcriptional start site (TSS)] 
in both cell types. By excluding active enhancers shared between WT 
ESCs and NSCs, we obtained a set of 4347 enhancers unique to NSCs 
(Fig. 5B). A significant fraction of NSC-unique enhancers (784, P = 
1.0 × 10−3) contained an NSC TKO devDMR (Fig. 5B). A total of 53.3% 
(418 of 784) of these enhancers had significantly reduced levels of 
H3K4me1 and H3K27ac in TKO cells [log2(fold change) < 0, P < 0.05], 
compared to only 1.1% (9 of 784) that had increased levels of both 
marks [log2(fold change) > 0, P < 0.05] (Fig. 5C). Levels of H3K27ac 
were highly correlated with levels of H3K4me1 (adjusted R2 = 0.7453) 
(Fig. 5C), indicating that derangement of these marks was likely due to 
a common process. This supports an overwhelming failure to establish 
and activate NSC-specific enhancers in the absence of TET-dependent 
demethylation. Although 43% of all NSC-unique enhancers had lower 
levels of both H3K4me1 and H3K27ac in TKO NSCs (fig. S4B), the 
levels of these marks at enhancers with a devDMR were significantly 
lower than those at enhancers without a devDMR (Fig. 5D). The num-
ber of active enhancers with NSC TKO devDMRs and loss of H3K-
4me1 and H3K27ac was significantly greater than expected by chance 
(enrichment P = 1.75 × 10−9). The number of active enhancers with 
NSC TKO devDMRs and gain of both marks was significantly less 
than expected by chance (depletion P = 1.30 × 10−8) (Fig. 5C). This 
further supports that DNA hypermethylation affects enhancer commis-
sioning. NSC TKO devDMR–associated enhancers that had reduced 
levels of both histone marks were associated with 80 NSC-specific 
DEGs, most of which were down-regulated and included neural regu-
lators Sox1, Rfx4, Pou3f3, Gli3, and Ntrk2 as well as glial TFs Nfia, 
Olig1, and Olig2 (Fig. 5, E and F, and fig. S4C). Last, given that some 
NSC active enhancers exist in a poised state in ESCs (H3K4me1+ 
H3K27ac−) and become active upon differentiation (41), we assessed 
whether TET-dependent demethylation affected activation of ESC 
poised enhancers. Of the 784 NSC-unique active enhancers with NSC 
TKO devDMRs, 123 (15.7%) were poised in ESCs, indicating that 
most NSC enhancers targeted by TETs for demethylation are estab-
lished de novo in NSCs (661, 84.3%). Notably, most of the ESC poised–
NSC active enhancers with NSC TKO devDMRs exhibited loss of 
H3K4me1, H3K27ac, or both (fig. S4D), indicating that TET-dependent 
demethylation is required for the sustained commissioning of these 
enhancers. Notably, a decommissioned enhancer in proximity to Sox1 

(fig. S4C) was poised in the ESC state, suggesting that deregulation of 
ESC poised enhancers by loss of demethylation negatively affects gen-
eral neurodevelopmental programs. Together, these findings suggest 
that lack of TET-dependent developmental demethylation during NSC 
specification significantly impairs establishment and activation of en-
hancers of neural and glial TF genes, underpinning a TET-dependent 
establishment of NSC identity and gliogenic potential.

We next assessed the effect of TET loss on poised enhancers unique 
to the NSC state (H3K4me1− H3K27ac− in ESCs and H3K4me1+ 
H3K27ac− in NSCs). By excluding ESC poised enhancers, we obtained 
a set of 13,846 poised enhancers unique to the NSC stage. A total of 
1111 NSC-unique poised enhancers contained an NSC TKO devDMR 
(P = 1.0 × 10−3) (Fig. 5B). NSC-unique poised enhancers with devD-
MRs displayed significantly lower levels of H3K4me1 than enhancers 
without devDMRs (fig. S4E). Of the 1111 NSC-unique poised enhanc-
ers with a devDMR, the majority (690, 62%) exhibited significantly 
reduced H3K4me1 [log2(fold change) < 0, P < 0.05], a number sig-
nificantly greater than expected by chance (enrichment P = 1.88 × 
10−41). In contrast, only 36 (3%) of NSC-unique poised enhancers 
with a devDMR exhibited significantly increased H3K4me1 [log2(fold 
change) < 0, P < 0.05], significantly fewer than expected by chance 
(depletion P = 3.45 × 10−34) (fig. S4F). Genes associated with NSC-
unique poised enhancers with devDMRs and loss of H3K4me1 were 
highly enriched for neurodevelopmental processes including gliogen-
esis (fig. S4G). These findings indicate that loss of TET-mediated 
demethylation during NSC specification compromises the commis-
sioning of NSC poised enhancers and may negatively affect the expres-
sion of proximal glial and neuronal genes upon NSC differentiation.

Loss of TET-mediated developmental DNA demethylation 
compromises enhancer-promoter interactions at glial genes
To assess whether TET-dependent demethylation of glial enhancers was 
required for interaction of these enhancers with their target gene pro-
moters, we performed promoter-capture high-throughput chromosome 
conformation capture (HiC) on WT and TKO NSCs. We found ~60,000 
total promoter-interacting chromatin loops in each WT and NSCs 
(Fig. 6A). Assessment of differential loops between WT and TKO NSCs 
based on loss or gain of one or both loop anchors revealed that 41,345 
loops were lost and 39,876 loops were gained in TKO NSCs, indicating 
extensive reconfiguration of promoter contacts in the absence of TET 
enzymes (Fig. 6B). A total of 307 loops between promoters and the en-
hancers that contained NSC TKO devDMRs were lost in TKO NSCs, 
while 165 loops were gained (Fig. 6C). Most (182 of 307, 59%) of the lost 
enhancer-promoter contacts were also associated with loss of enhancer 
H3K4me1 and H3K27ac (Fig. 6C), suggesting that failure to commis-
sion enhancers in the absence of TET-dependent DNA demethylation is 
accompanied by failure to contact target gene promoters. Many loops 
between the promoters of critical glial genes and TET-demethylated en-
hancers were lost in TKO NSCs. For example, TET-demethylated en-
hancers with impaired commissioning failed to contact the promoters of 
oligodendrocyte TFs Olig1 and Olig2 (Fig.  6D), master glial TF Sox9 
(Fig. 6E), and radial glial identity gene Fabp7 (fig. S5A). At the Nfia lo-
cus, we observed displacement of a loop anchor 42 kb away from its nor-
mal contact site at a TET-demethylated enhancer (fig. S5B), suggesting 
that enhancer hypermethylation can misdirect loop formation as well. 
Together, these results indicate that loss of TET-dependent DNA de-
methylation at enhancers during NSC specification compromises the 
proper wiring of enhancer-promoter interactions at glial genes and likely 
contributes to loss of TKO NSC gliogenic competence.
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Fig. 5. NSC TKO devDMRs are associated with loss of enhancer commissioning in proximity to neurodevelopmental and glial genes. (A) Profile plots (top) and 
heatmaps (bottom) displaying H3K4me1 (left) and H3K27ac (right) levels at NSC TKO devDMRs as profiled by CUT&Tag in WT and TKO ESCs and passage 1 NSCs. Data 
represent two WT and TKO biological replicates per cell type. Statistical significance assessed by Student’s t test. (B) Pie chart displaying proportion of NSC TKO devDMRs 
falling into NSC-unique active enhancers (green) and NSC-unique poised enhancers (blue). Statistical significance of DMR and enhancer overlaps on the basis of 103 ran-
dom permutations. (C) Fold change of H3K4me1 and H3K27ac between TKO and WT NSCs at the 784 NSC-unique enhancers that contain an NSC TKO devDMR. Enhancers 
with significantly reduced H3K4me1 and H3K27ac [log2(fold change) < 0, P < 0.05] are in blue. Enhancers with significantly increased H3K4me1 and H3K27ac [log2(fold 
change) > 0, P < 0.05] are in red. Enrichment and depletion P values were computed by hypergeometric tests. FC, fold change. (D) Comparison of mean H3K4me1 (left) 
and H3K27ac (right) levels between NSC-unique active enhancers with and without an NSC TKO devDMR. Values plotted are log2(fold change) of TKO versus WT. Statistical 
significance computed with Student’s t test. (E) Heatmap of expression of NSC-specific DEGs that are in proximity to NSC-unique active enhancers that contain an NSC TKO 
devDMR and have lost H3K4me1 and H3K27ac in TKO NSCs. Heatmap displays z-scores of normalized expression. Notable neurodevelopmental and glial genes are noted. 
(F) Genome browser tracks displaying DNA methylation and H3K4me1 and H3K27ac CUT&Tag signals at NSC TKO devDMR-containing NSC-unique active enhancers in 
introns of selected neural genes. Note the reduced levels of H3K4me1 and H3K27ac at these regions in TKO NSCs. NSC TKO devDMRs are highlighted in green. CUT&Tag 
tracks display immunoglobulin G (IgG)–subtracted signal.
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Fig. 6. Loss of TET-mediated developmental DNA demethylation compromises enhancer-promoter interactions at glial genes. (A) Total promoter-interacting 
chromatin loops in WT and TKO NSCs identified by promoter-capture HiC. (B) Total promoter-interacting loops lost and gained in TKO NSCs based on loss or gain of one 
or both loop anchors. (C) Loops lost and gained in TKO NSCs between promoters and active enhancers containing an NSC TKO devDMR. The number of loops in blue in-
dicates loops associated with enhancers that have loss of H3K4me1 and H3K27ac in TKO NSCs. (D) Genome-browser view of the Olig1/2 locus. Note the loss of the interac-
tions between TET-demethylated enhancers with impaired commissioning and the promoters of Olig1 and Olig2. Green indicates enhancers containing an NSC TKO 
devDMR. Orange indicates promoter regions. (E) Genome-browser view of the Sox9 locus. Note the loss of the interaction between the TET-demethylated enhancer with 
impaired commissioning and the Sox9 promoter. Green indicates enhancers containing an NSC TKO devDMR. Orange indicates promoter regions.
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Restoring TET demethylase activity is sufficient to 
ameliorate reduced neural gene expression and rescue the 
self-renewal and gliogenic defects of TKO NSCs
To validate that TET-dependent demethylation is required for estab-
lishment of NSC identity and gliogenic competence, we expressed 
WT or enzymatically dead TET1 catalytic domain (Tet1CD) in TKO 

ESCs and differentiated them to NSCs (Fig. 7A). Expression of WT 
Tet1CD, but not the mutant form, ameliorated the reduced expres-
sion of Pax6 and Otx1 (Fig. 7B) and robustly restored self-renewal of 
TKO NSCs (Fig. 7C). When differentiated to astrocytes, TKO NSCs 
transduced with WT Tet1CD were able to form GFAP+ astrocytes, 
while those transduced with empty or mutant vectors could not 

Fig. 7. Rescue of TKO NSC neural gene expression, self-renewal, and multipotency by TET catalytic activity. (A) Schematic of experiments to rescue TKO NSC phe-
notypes by restoring TET catalytic activity. Mut, mutant. (B) Pax6 and Otx1 mRNA levels quantified by RT-qPCR in passage 1 NSCs. EV, empty vector. (C) Growth curve of 
TKO NSCs over 3 weeks in culture. Cell numbers for each time point were plotted relative to cell numbers at day 0. Data represent means ± SD. Statistical significance as-
sessed by two-way ANOVA. ****P < 0.0001. ns, not significant. (D) TKO NSCs are differentiated to astrocytes and stained with anti-GFAP on day 4 of differentiation. Nuclei 
are stained with DAPI. Scale bars, 100 μm. (E) Quantification of mRNA levels of astrocyte markers in day 4 astrocyte cultures by RT-qPCR. (F) TKO NSCs are differentiated to 
oligodendrocytes and stained with anti-O4 on day 4 of differentiation. Nuclei are stained with DAPI. Scale bars, 100 μm. (G) Quantification of mRNA levels of oligodendro-
cyte markers in day 4 oligodendrocyte cultures by RT-qPCR. For all panels, data represent three independent experiments. For (B), (E), and (G), data represent 
means ± SD. Statistical significance was assessed by one-way ANOVA and corrected for multiple testing with the Holm-Sidak method. *P < 0.05 and **P < 0.01.
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(Fig. 7D). These astrocytes expressed higher levels of Aqp4 and Nfia 
compared to controls (Fig.  7E). Likewise, TKO NSCs transduced 
with WT Tet1CD were able to form O4+ oligodendrocytes, while 
those transduced with empty or mutant vectors could not (Fig. 7F). 
These oligodendrocytes expressed higher levels of Myrf and Olig1 
compared to controls (Fig.  7G). These findings demonstrate that 
the acquisition of NSC identity and gliogenic competence depend 
on TET enzymatic activity and underscore the significance of 
TET-dependent demethylation during NSC differentiation.

Loss of TET enzymes in mouse dorsal telencephalic NSCs 
impairs glial gene expression and results in 
neurodevelopmental defects
To investigate the effects of TET loss on gliogenesis and mouse cortical 
development, we conditionally deleted all three Tet genes in dorsal tel-
encephalic NSCs using the Emx1Cre mouse strain, which induces re-
combination by E10.5 (42). The dorsal telencephalon is the embryonic 
primordium of structures including the neocortex and hippocampus. 
As cortical gliogenesis is largely a late embryonic and postnatal pro-
cess, conditional deletion of Tet1/2/3 at midgestation permits the study 
of TET loss on NSC gliogenic potential in vivo. We mated male Emx1+/

Cre;Tet1+/f;Tet2+/f;Tet3+/− mice with female Emx1+/+;Tet1f/f;Tet2f/f;Tet3f/f 
mice to obtain Emx1+/Cre;Tet1f/f;Tet2f/f;Tet3f/− mice, which are hereafter 
referred to as conditional TKO (cTKO) mice (fig. S6A). Tet cTKO mice 
were produced at the expected proportion on postnatal day 21 (P21) 
(fig. S6B), indicating that loss of TET enzymes in dorsal telencephalic 
NSCs is compatible with embryonic and early postnatal development. 
We confirmed that all floxed alleles were successfully recombined in 
P21 cortical tissue but not in neural tissues outside of the Emx1Cre ex-
pression zone such as the cerebellum, eye, and spinal cord (fig. S6C), 
confirming highly efficient and specific recombination of Tet genes by 
Emx1Cre in the cortex. Tet cTKO mice were comparable to littermate 
controls in weight at birth (P0) but became runted in the first weeks of 
life, were severely underweight by P21 (fig. S6D), and died around 
1 month of age (fig. S6E). Their brains appeared morphologically nor-
mal but were slightly smaller and weighed less than the brains of con-
trol mice (fig. S6, F and G). These results indicate that midgestational 
loss of TET enzymes in dorsal telencephalic NSCs does not categori-
cally prevent corticogenesis but leads to postnatal lethality. Histologi-
cal examination of cTKO brains revealed two notable defects. First, 
while the corpus callosum (indicated by arrows) was observed at the 
level of the lateral ventricles in cTKO brains (Fig. 8A, left), it was absent 
at the level of the dorsal hippocampus and medial/lateral habenulas 
(Fig. 8A, middle). Second, the hippocampus of cTKO brains was nota-
bly smaller compared to controls, particularly the dentate gyrus (indi-
cated by arrowheads), which was severely underdeveloped (Fig. 8A, 
middle and right). This indicates that TET enzymes are required for 
proper development of the corpus callosum and hippocampus.

To examine the cell composition of cTKO brains, we stained corti-
cal sections with markers of neurons, oligodendrocytes, and astro-
cytes. Neuronal nuclear antigen (NEUN)+ neurons were abundantly 
detected throughout the hippocampus and cortex of control and 
cTKO brains (Fig. 8B and fig. S7A), indicating that neurogenesis 
largely remained intact. OLIG2+ oligodendrocytes were also present 
in control and cTKO brains, indicating that oligodendrocytes can de-
velop upon loss of TETs (fig. S7B). However, myelin component MBP 
(myelin basic protein) was markedly reduced, suggesting an impair-
ment in oligodendrocyte function (fig. S7B). GFAP+ astrocytes were 
abundant in control hippocampi but were virtually absent in cTKO 

hippocampi (Fig. 8B). GFAP expression was also lost in venous sinus–
associated cells (fig. S7A). However, staining hippocampal sections 
for astrocyte marker aquaporin 4 (AQP4) revealed comparable ex-
pression between control and cTKO brains (fig. S7C), indicating that 
astrocyte development is not completely blocked upon TET loss in 
dorsal telencephalic NSCs but rather that astroglial gene expression is 
compromised.

To examine whether the morphological abnormalities and astro-
glial gene expression defects observed in postnatal cTKO brains man-
ifested during embryogenesis, we stained E17.5 cTKO brains for 
neuronal, glial, and NSC markers. NEUN staining revealed the hip-
pocampal dentate gyrus to be underdeveloped in cTKO embryos 
(Fig. 8C), indicating that this defect arises during gestation. GFAP 
expression was lost from the hippocampal ventricular zone of cTKO 
brains (Fig.  8D), but NSC marker SOX2 was abundantly detected 
there (fig. S7D), suggesting that NSCs remain intact upon loss of TET 
enzymes but that their adoption of a radial glial identity is partially 
compromised. This is consistent with the down-regulation of radial 
glial markers in TKO NSCs, including Slc1a3 and Fabp7 (Fig. 3E), as 
well as with their altered neural TF repertoire and loss of glial compe-
tence. Last, given the partial absence of the corpus collosum in cTKO 
mice, we examined the formation of the glial wedge, a midline glial 
structure important for axon guidance and corpus callosum develop-
ment (43). The glial wedge was absent in cTKO brains based on stain-
ing for GFAP (fig. S7D). These results affirm an embryonic origin for 
the neuroanatomic defects observed in P21 brains and support a role 
for TET enzymes in establishing proper glial gene expression during 
embryonic neurodevelopment.

DISCUSSION
DNA methylation is extensively reconfigured over the course of mam-
malian development. While somatic tissue genomes remain hyper-
methylated following gastrulation, demethylation of specific genomic 
regions continues to occur during embryonic development (9, 13). This 
developmental demethylation is believed to serve as a key epigenetic 
modality for lineage commitment, but its biologically critical functions 
in reshaping the chromatin state of a cell and its contribution to gene 
regulation and cell fate determination are less defined. In this study, we 
have provided six lines of evidence in support of a critical role for TET-
dependent developmental DNA demethylation during specification of 
NSCs for establishing NSC identity and gliogenic competence: (i) NSCs 
established in the absence of TETs had limited self-renewal and selec-
tive impairment in forming glial cell types. (ii) TET deficiency prevent-
ed induction of neural- and glial-specific TFs in NSCs and during 
differentiation of NSCs to astrocytes and oligodendrocytes. (iii) Most 
regions that normally undergo developmental demethylation during 
NSC specification remained hypermethylated in the absence of TETs, 
and many were located at enhancers associated to down-regulated neu-
ral and glial genes in TKO NSCs. (iv) Hypermethylated neural and glial 
enhancers in TKO NSCs had reduced levels of H3K4me1 and H3K27ac, 
suggestive of impaired establishment and activation. (v) TET demethyl-
ase activity was sufficient to restore gene expression, self-renewal, and 
gliogenic competence of TKO NSCs. (vi) Deficiency of TETs in NSCs 
during mouse embryogenesis compromised glial gene expression and 
neuroanatomic development. These findings implicate TET-dependent 
developmental demethylation in commissioning neural and glial en-
hancers to activate neural programs and confer proper identity and 
gliogenic competence to NSCs (Fig. 9).
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Fig. 8. Loss of TET enzymes in dorsal telencephalic NSCs compromises glial gene expression and corticogenesis. (A) Control and cTKO brain sections at the level of 
the lateral ventricles (left), rostral hippocampus (middle), and caudal hippocampus (right) stained with DAPI on P21. The dashed line in the cartoon indicates the ap-
proximate position of each section along the rostro (R)–caudal (C) axis. Arrows indicate the position of the corpus callosum. Arrowheads indicate the position of the 
dentate gyrus. Scale bars, 1 mm. (B) Control and cTKO P21 hippocampi stained for neuronal marker NEUN, astroglial marker GFAP, and DAPI. The left panels for each 
condition are at low magnification. Scale bars, 200 μm. Insets are shown at higher magnification in the right panels. Scale bars, 100 μm. (C) Control and cTKO E17.5 hip-
pocampi stained for neuronal marker NEUN and DAPI. Arrows indicate dentate gyrus. Scale bars, 200 μm. (D) Control and cTKO E17.5 hippocampi stained for astroglial 
marker GFAP and DAPI. Arrows indicate the hippocampal ventricular zone. Scale bars, 200 μm. (E) Control and cTKO E17.5 cortices stained for astroglial marker GFAP and 
DAPI. Arrows indicate the glial wedge. Scale bars, 100 μm. Images representative of up to three biological replicates per group. For (B) to (E), areas above the white dashed 
lines are within the territory of Emx1Cre expression.
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Developmental DNA demethylation has been observed in mam-
malian brains both during early organogenesis and late embryonic 
development (9, 13). These postgastrulation demethylation events 
may be of particular importance for establishment of neural cell 
types arising during late gestation and early postnatal life, although 
functional studies involving ablation of the demethylation machin-
ery in these contexts are lacking. Neural lineage specification is an 
ideal process for studying the functional significance of developmen-
tal DNA demethylation, as all three TET enzymes are dynamically 
expressed in the developing nervous system (3, 12). Our utilization 
of a well-defined ESC-to-NSC differentiation platform has allowed 
us to test the requirement of TET-dependent demethylation in neu-
ral lineage commitment. Our findings that NESTIN-, SOX2-, and 
SOX1-expressing NSCs can be derived from TKO ESCs suggest that 
loss of TETs does not categorically block neural lineage commitment. 
However, the reduced expression of neural TFs by TET-deficient 
NSCs and their limited self-renewal and selective inability to form 
glial cell types are all indicative of compromised NSC identity. This, 
together with the fact that these phenotypes were rescued by TET 
demethylase activity, reveals a requirement for TET-dependent de-
velopmental demethylation during NSC specification to establish 
NSC identity and multipotency. The severe phenotypes of TKO 
NSCs contrast with the previously reported normal derivation of 
Tet1 knockout NSCs and the mild apoptosis defect of Tet3 knockout 
NSCs (15, 44), supporting a high degree of redundancy among TETs 
in NSCs formation.

Our findings that TET enzymes are essential for demethylation of 
76% (3294 of 4332) of regions that undergo developmental demeth-
ylation during NSC specification define TET enzymes as major epi-
genetic players in neural lineage commitment. The other 24% that do 
not require TETs likely constitute regions that are demethylated pas-
sively. Of the 3294 regions that were developmentally demethylated 
by TETs, 804 were located within 784 neural enhancers. These 784 
enhancers constituted 18% of all neural-specific enhancers in NSCs 
and were the central focus of our work because many were associated 
with important neural and glial TF genes critical for NSC identity 

and multipotency. Although DNA demethylation at enhancers has 
long been observed, a general requirement for developmental DNA 
demethylation to ensure enhancer commissioning and interaction 
with target gene promoters has not been well established. Our find-
ings that loss of TETs led to enhancer hypermethylation, prevented 
the deposition of H3K4me1 (the enhancer-commissioning mark) 
and H3K27ac (the enhancer activation mark), and reconfigured 
enhancer-promoter interactions suggest that TET-dependent en-
hancer demethylation during NSC specification is critical for en-
hancer commissioning and wiring of enhancer-promoter contacts. 
Previous studies have described TET occupancy, hydroxymethyl-
ation, and demethylation of lineage-specific enhancers in various 
contexts, for example, in embryonic (23, 45), hematopoietic (45), and 
epidermal stem cells (46) and in vertebrate embryos (9). While stud-
ies have been informative regarding how loss of TET enzymes nega-
tively affects enhancer activation, they have not defined a requirement 
for TETs in developmental enhancer commissioning (indicated by 
de novo deposition of H3K4me1) and establishment of enhancer-
promoter contacts—roles we find to be essential for establishment of 
neural-specific gene expression during NSC specification. Our study 
takes a further critical step by linking the loss of enhancer commis-
sioning and looping at these genes with functional deficits in NSC 
differentiation potential. Failure to demethylate and commission en-
hancers in proximity to glial TF genes of the Nfi and Olig families, 
major drivers of astrocyte and oligodendrocyte formation, respec-
tively, correlated with their reduced expression and with a block in 
NSC differentiation into astrocytes and oligodendrocytes. Thus, one 
of the biologically critical functions of TET-dependent developmen-
tal DNA demethylation during NSC specification is to facilitate neu-
ral and glial enhancer commissioning to confer NSCs with proper 
identity and gliogenic competence.

The H3K4me1 methyltransferase mixed-lineage leukemia 4 (MLL4) 
is required both for commissioning and subsequent activation of en-
hancers (40, 47). It is thus tempting to speculate that failure to recruit 
MLL4 due to hypermethylation might underlie the commissioning de-
fect we observed. For example, in the context of adipocyte formation, 

Fig. 9. TET-mediated developmental DNA demethylation commissions neural enhancers and confers NSC identity and gliogenic competence. TET-mediated DNA 
demethylation facilitates the commissioning of neural-specific enhancer elements and their contacts with target genes to promote expression of neurodevelopmental 
genes during NSC specification and confer acquisition of NSC identity, self-renewal, and gliogenic competence.
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adipocyte pioneer factor C/EBPβ (a transcription factor, CCAAT/en-
hancer binding protein β) recruits MLL4 to commission adipocyte 
enhancers, and MLL4 binding is required for subsequent p300 recruit-
ment and H3K27ac deposition (40, 47). In the context of NSC specifi-
cation, it is possible that TET-mediated enhancer demethylation is 
necessary for direct recruitment of MLL4 to enhancers or for binding 
of neural lineage TFs that facilitate MLL4 recruitment. Our findings 
that TET-regulated developmental DMRs were enriched for motifs of 
several SOX family TFs support such a model. A recent study reports a 
novel interaction between TET3 and MLL4 and their colocalization at 
active enhancers (48), further strengthening the connection between 
TET enzymes and enhancer-commissioning machinery. Follow-up 
work to map the occupancy of neural and glial lineage TFs and MLL4 
in TET-deficient NSCs will shed further light on the relationship be-
tween developmental demethylation of enhancers and recruitment of 
lineage-specific TFs and chromatin modifiers.

During mouse development, NSC specification is coincident with 
gastrulation, and subsequent differentiation of NSCs during cortico-
genesis proceeds through two phases: first, a neurogenic phase from 
mid to late gestation during which NSCs exclusively produce neu-
rons, followed by a gliogenic phase from late gestation to after birth 
during which NSCs produce glial cells (49). While investigations into 
the mechanisms underlying the developmental acquisition of glio-
genic potential by NSCs have revealed numerous cell-extrinsic li-
gands and signaling molecules required for gliogenic competence 
(49), the required cell-intrinsic factors are less defined. DNA meth-
ylation is one intrinsic factor regulating gliogenesis, as loss of the 
maintenance DNA methyltransferase DNMT1 and the de novo 
methyltransferase DNMT3A in NSCs causes precocious astrocyte 
production (50, 51). Here, we find that TET-dependent developmen-
tal demethylation is another intrinsic factor required for glial gene 
expression and NSC gliogenic competence. TET-dependent demeth-
ylation occurs in the vicinity of Nfia/b/x and Olig1/2 and likely un-
derpins the proper induction of these genes to promote astrocyte and 
oligodendrocyte formation (29, 31–33, 52). Our work expands on a 
recent study describing DNA demethylation events that occur in 
NSCs during acquisition of glial competence by demonstrating that a 
subset of this demethylation is TET dependent (53). We have further 
shown that loss of TET enzymes during mouse corticogenesis, simi-
lar to what occurs during NSC specification, compromised glial gene 
expression, as TET-deficient hippocampi lost GFAP expression and 
myelin component MBP was reduced in cortices. The neuroanatom-
ic defects we observed in TET-deficient brains—partial corpus cal-
losal agenesis and dentate gyrus hypoplasia—resemble those seen in 
mouse models of perturbed gliogenesis (29, 30), raising the possibil-
ity that impaired glial gene expression may contribute to the ob-
served defects. The period during which cTKO mice became runted 
(postnatal weeks 1 to 3) corresponds to the most robust wave of ro-
dent cortical gliogenesis (54), further supporting a role for glia in the 
observed phenotypes.

We note that while our Tet TKO ESC-derived NSCs were unable to 
give rise to either astrocytes or oligodendrocytes based on expression of 
multiple marker genes, the dorsal telencephalic NSCs of cTKO mice 
could still form these cell types, as astrocyte-associated AQP4 and 
oligodendrocyte-associated OLIG2 were detected in cTKO brains. This 
discrepancy may be due to stage-specific requirements for TET en-
zymes in establishing varying degrees of gliogenic potential, as our 
TKO NSCs had been TET-deficient from the ESC stage, whereas cTKO 
NSCs lost TETs after NSC specification. Nevertheless, astroglial and 

oligodendrocytic gene expression were still compromised in cTKO 
brains, demonstrating that TETs are required for proper expression of 
glial programs even after NSCs have been specified. Our finding that 
acquisition of NSC gliogenic competence relies on TET enzymes is also 
consistent with reports describing a mild astrocytic differentiation de-
fect upon Tet2 knockdown in NSCs and subtle myelination defects 
upon conditional loss of TET1 in oligodendrocyte progenitors (51, 55). 
However, the phenotypes observed in these and other studies of indi-
vidual Tet knockout in the nervous system are not as severe as those we 
observed in TKO NSCs and cTKO mice (11), suggesting a high degree 
of redundancy among TETs in regulating neurodevelopment. While 
this work defines the requirement of TETs for acquisition of glial com-
petence during formation of NSCs in vitro and in NSCs during em-
bryogenesis, future work focused on tissue-specific deletion of TETs in 
astrocytes or oligodendrocytes may define unique roles of TETs after 
establishment of these cell types. This will also inform and dissect the 
developmental requirements of TETs in the genesis of glial cells versus 
the functional requirements of TETs in the biology of these cells. In 
addition, while TKO NSCs retained competence for neuronal differ-
entiation, they produced neurons less efficiently than WT NSCs. Con-
sistently, several of the deregulated, developmentally demethylated 
enhancers were associated with genes that are important for neurogen-
esis, such as Rfx4 and Pou3f3 (56, 57). Therefore, it is likely that 
enhancer-commissioning defects that occur in the absence of TET-
mediated demethylation negatively affect the neuronal differentiation 
capacity of TKO NSCs. This may also influence the functional proper-
ties of the neurons produced, as has been previously reported in the 
context of Tet TKO Purkinje neurons (58).

In summary, this study defines TET-dependent developmental 
DNA demethylation as a determinant of lineage-specific enhancer 
commissioning for proper specification of NSCs and acquisition of 
gliogenic competence. While this work primarily establishes the role 
of TET-dependent DNA demethylation in the specification of NSCs, 
it raises several interesting questions to be investigated in the future. 
First, while we have studied the effects of loss of all TETs during NSC 
establishment in vitro and in embryonic NSCs in vivo, the effects of 
TET loss in adult NSCs have been limited to single germline or condi-
tional knockout mice, which exhibit mild learning and memory defi-
cits (11). Future work studying loss of all three TETs in adult NSCs 
and mature neural cell types will define whether the roles of TETs in 
these contexts have parallels to those we have identified during NSC 
formation and in embryonic NSCs. Second, it will be interesting to 
explore the effects TET loss on specification of neuronal identity and 
function, particularly in the context of our Emx1Cre conditional Tet 
TKO mice, where it is possible that neuronal subtype proportions, 
lamination, or electrophysiology are affected. For example, condition-
al deletion of all TETs in postmitotic Purkinje neurons of the cerebel-
lum causes sensitivity to excitotoxic drugs (58). Last, the paradigm of 
TET-dependent developmental demethylation for enhancer commis-
sioning is possibly relevant to specification of other cell lineages be-
yond the nervous system, such as in the hematopoietic lineage where 
TETs are essential for embryonic hematopoiesis (59). Future work 
investigating DNA methylation dynamics during specification of oth-
er lineages will further broaden our understanding of developmental 
DNA demethylation in regulation of embryogenesis.

Limitations of the study
Our in vitro specification of NSCs from Tet TKO ESCs has enabled us 
to study the impact of loss of all three TETs on NSC formation and 
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biology. However, the early embryonic lethality of Tet TKO mice at 
gastrulation, the period during which neural induction occurs, limits 
our ability to study the effects of TET1/2/3 loss on NSC specification 
and gliogenic potential in vivo. A limitation of the Emx1Cre model 
is that it deletes Tet1/2/3 after gastrulation and neural induction and 
consequently cannot be used to study NSC specification but rather 
NSC maintenance and multipotency. This likely underlies the differ-
ence in phenotypic severity between the in vitro derived TKO NSCs 
and the in  vivo Emx1Cre-recombined NSCs and may reflect stage-
specific dependencies for TET enzymes in defining NSC identity, self-
renewal, and multipotency. Moreover, the poor performance and 
reproducibility of existing commercial antibodies against each of the 
three TETs in high-throughput genomic occupancy applications such 
as ChIP-seq and CUT&RUN or CUT&Tag have limited our ability to 
map the occupancy of all TET enzymes with respect to enhancers and 
neural genes. These experiments would have been informative re-
garding the ability of TET enzymes to function redundantly at neural 
regulatory regions.

MATERIALS AND METHODS
Generation of Tet1/2/3 TKO mouse ESCs
Tet1/2/3 TKO mouse ESCs (line v6.5, male, 129/B6 mixed back-
ground) were generated by CRISPR-Cas9 targeting of Tet3 exon 4 in 
our published Tet1/2 double knockout ESCs using our published 
protocols (60, 61). Briefly, two pX330 plasmids expressing Cas9 and 
guide RNAs flanking Tet3 exon 4 were transfected into Tet1/2 double 
knockout ESCs to delete exon 4, resulting in an out-of-frame tran-
script and stop codon. Targeted clones were screened by PCR using 
previously published primers flanking exon 4 (62). Two independent 
TKO clones and three independent parental WT clones were vali-
dated and used for experiments.

Mouse ESC culture
ESCs were cultured on irradiated feeders in Dulbecco’s modified 
Eagle’s medium (DMEM) (Corning, 10-013-CV) with 10% fetal bo-
vine serum (FBS) (Corning, 35-016-CV), 2 mM l-glutamine (Gibco, 
A29168-01), 1× nonessential amino acids (Gibco, 11140-050), penicillin 
(100 U/ml) with streptomycin (100 g/ml) (Gibco, 15140-122), leukemia 
inhibitory factor (LIF; 0.02 μg/ml), and 50 mM β-mercaptoethanol. 
For all experiments, ESCs were dissociated with TrypLE (Gibco, 12605-
028) and preplated on 0.2% gelatin for 45 min to remove feeders before 
proceeding with downstream procedures.

Differentiation of ESC to NSCs
Differentiation of ESCs to NSCs was performed using the method of 
Okabe et al. (24) as modified in Lee et al. (25). Briefly, following preplat-
ing to remove feeders, 3 million to 5 million ESCs were seeded in 10-cm 
nonadherent petri dishes in the absence of LIF to form EBs over 4 days. 
EBs on day 4 were split 1:10, seeded onto tissue culture–treated 10-cm 
dishes, and allowed to adhere for 24 hours. Medium was then changed 
to ITSFn medium [DMEM/F-12 (Gibco, 11320-033] with insulin 
(5 μg/ml; Sigma-Aldrich, I6634), apotransferrin (50 μg/ml; Sigma-
Aldrich, T2036), 30 nM sodium selenite (Sigma-Aldrich, S5261), fibro-
nectin (5 μg/ml; Sigma-Aldrich, F4759), and penicillin (100 U/ml) 
with streptomycin (100 g/ml) (Gibco, 15140-122)]. Adherent EBs were 
cultured in ITSFn medium for 8 days to facilitate the outgrowth of 
NSCs after which cells were dissociated with Accutase (STEMCELL 
Technologies, 07922) and seeded onto poly-l-ornithine hydrobromide 

(Sigma-Aldrich, P3655) and laminin (Gibco, 23017015)–coated 6- or 
12-well plates at a density of 1.0 × 105 to 1.5 × 105 cells/cm2. NSCs were 
grown for 2 to 3 days before passage and downstream experiments.

NSC culture
Plates for NSC culture were coated first with poly-l-ornithine hydro-
bromide (15 μg/ml) overnight at 37°C and then with laminin (1 μg/
ml) overnight at 37°C before seeding NSCs. NSCs were cultured in 
N2 medium [DMEM/F-12 with insulin (25 μg/ml), apotransferrin 
(50 μg/ml), 20 nM progesterone (Sigma-Aldrich, P8783), 100 μM pu-
trescine (Sigma-Aldrich, P5780), 30 nM sodium selenite, penicillin 
(100 U/ml), and streptomycin (100 g/ml)] supplemented with epider-
mal growth factor (20 ng/ml; R&D Systems, 236-EG), basic fibroblast 
growth factor (bFGF) (10 ng/ml; R&D Systems, 233-FB), and laminin 
(1 μg/ml). For routine passage, NSCs were seeded at a density of 1.0 × 
105 to 1.5 × 105 cells/cm2 and passaged every 2 to 3 days after disso-
ciation with Accutase. For quantitative assessment of growth, cells of 
each genotype were seeded at 1.5 × 105 cells/cm2 or at the maximum 
density possible if fewer cells were obtained and passaged every 2 to 
3 days. Cumulative cell number was calculated by multiplying the cell 
counts at each passage by the product of the reciprocal fractions of 
cells seeded at prior passages. Cells were counted with a hemocytom-
eter, and cell viability was determined using trypan blue exclusion. 
For all immunofluorescence, multipotency, transcriptomic, and epig-
enomic experiments, NSCs were harvested or analyzed after one pas-
sage (between 4 and 6 days of NSC culture).

NSC differentiation to neurons, astrocytes, 
and oligodendrocytes
For all lineage-specific differentiations, NSCs at passage one (day 6) 
were seeded into Matrigel growth factor reduced (Corning, 354230)–
coated wells. For wells used for immunofluorescence staining, cover-
slips were placed in wells before coating. (i) Neuron differentiation was 
adapted from the protocol of Gouti et al. (63) as follows: NSCs were 
seeded at a density of 1.0 × 105 cells/cm2 in N2/B27 medium [1:1 ratio 
of N2 medium to neurobasal medium (Gibco, 21103-049) with B27 
supplement (Gibco, 17504-044), 2 mM l-glutamine, penicillin (100 U/
ml), and streptomycin (100 g/ml)] with bFGF (10 ng/ml) and cultured 
for 24 hours. Medium was then changed to N2/B27 medium with no 
growth factors, and cells were cultured for a further 72 hours. (ii) As-
trocyte differentiation was adapted from the protocol of Belenguer 
et al. (64) as follows: NSCs were seeded at a density of 1.0 × 105 cells/
cm2 in N2 medium with bFGF (10 ng/ml) and cultured for 24 hours. 
Medium was then changed to N2 medium with 2% FBS, and cells were 
cultured for a further 72 hours. (iii) For oligodendrocyte differentia-
tion, NSCs were seeded at a density of 1.0 × 105 cells/cm2 in N2/B27 
medium with bFGF (10 ng/ml) and cultured for 24 hours. Medium 
was then changed to N2/B27 medium with triiodo-l-thyronine (30 ng/
ml; Sigma-Aldrich, T5516) and cultured for a further 72 hours. For all 
three differentiations, at 96 hours, cells in wells for RNA extraction 
were lysed directly in wells, and RNA was isolated using the Omega 
EZNA Total RNA Kit according to the manufacturer’s instructions. 
Cells in wells for immunofluorescence staining were fixed, and immu-
nofluorescence was carried out as described below.

Immunofluorescence staining
Immunofluorescence staining of NSCs and differentiated neural 
cells was adapted from the protocol of Belenguer et al. (64). For 
immunofluorescence of NSCs, cells were cultured on Matrigel growth 
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factor reduced–coated coverslips for 24 hours before fixation. Cells 
were fixed with 2% paraformaldehyde (Thermo Fisher Scientific, 
043368.9M) for 15 min at 37°C and then blocked in Dulbecco’s 
phosphate-buffered saline (DPBS) (Corning, 21-031-CV) with 10% 
FBS and 1% glycine for 1 hour at room temperature. Primary anti-
bodies {anti-NESTIN (1:200; Millipore, MAB353), anti-SOX2 (1:200; 
Millipore, AB5603), anti-SOX1 [1:200; Cell Signaling Technology 
(CST), 4194], anti-TUJ1 (1:150; CST, 5568), anti-GFAP (1:300; CST, 
3670), and anti-O4 (5 μg/ml; R&D Systems, MAB1326)} were incu-
bated overnight at 4°C in DPBS with 0.1% Triton X-100 (Fisher, 
BP151-100), 10% FBS, and 1% glycine (Sigma-Aldrich). Secondary 
antibodies [anti-mouse Alexa Fluor 488 (1:500; Invitrogen, A32766), 
anti-mouse Alexa Fluor 594 (1:500; Invitrogen, A-21207), anti-rabbit 
Alexa Fluor 594 (1:500; Invitrogen, A-11012), and anti-goat Alexa 
Fluor 488 (1:500; Invitrogen, A32814)] were incubated at room tem-
perature for 1 hour in DPBS with 0.1% Triton X-100, 10% FBS, and 
1% glycine. Cells were stained with 4′,6-diamidino-2-phenylindole 
(DAPI) (5 ng/ml in DPBS) for 1 min. Coverslips were mounted with 
VECTASHIELD Antifade Mounting Medium (VectorLabs, H-1000) 
onto Superfrost Plus slides (Fisher, 12-550-15) and imaged with a 
Zeiss Apotome.2 fluorescence microscope. For anti-O4 antibody 
staining, Triton X-100 was omitted from all steps.

Reverse transcription quantitative polymerase 
chain reaction
RT-qPCR was performed as previously described (26). Briefly, RNA 
was extracted using the Omega EZNA Total RNA Kit (R6834-02) fol-
lowing the manufacturer’s protocols. cDNA was synthesized using the 
SuperScript III kit (Invitrogen, 18080-400) according to the manufac-
turer’s instructions. Ten nanograms of cDNA per reaction was used 
for RT-qPCR with Fast SYBR Green Master Mix (Thermo Fisher Sci-
entific, 4385612) and primers (table S1) (15, 22, 26, 32, 60, 62, 65–68) 
on a BD Applied Biosystems StepOne Real-Time PCR System.

RNA-seq and data analysis
RNA-seq was performed as previously described (26). Three WT and 
two TKO ESC and NSC biological replicates were used. ESCs were 
preplated to remove feeder cells and then harvested. NSCs were har-
vested at passage one (day 6) of culture. RNA was extracted with the 
Omega EZNA Total RNA Kit I. Library preparation and 150–base 
pair (bp) paired-end sequencing were performed at Novogene. Li-
braries were sequenced using the Illumina NovoSeq 6000 platform. 
Adaptor and low-quality trimming were performed with trim galore 
(v0.6.5, www.bioinformatics.babraham.ac.uk/projects/trim_galore/). 
Clean reads were mapped to Mus musculus reference genome mm10 
using STAR (v2.7.3a) (69) with default parameters. Counts were ex-
tracted from mapped reads with featureCounts using the –largestO-
verlap parameter. DESeq2 (v1.40.2) (70) was used to identify DEGs 
(FDR < 0.05, fold change > 2) from raw counts using the standard 
package documentation. Gene ontology terms were identified on se-
lected sets of DEGs using DAVID (71). Statistical significance of gene 
set enrichments was performed using the hypergeometric test.

WGBS and data analysis
ESCs were preplated to remove feeder cells and then grown in gelatin-
coated wells for 24 hours before harvest. NSCs were harvested at pas-
sage one (day 6) of culture. One WT and one TKO replicates were 
processed per cell type. DNA was extracted with the Quick-DNA Mini-
prep Kit (Zymo, D3024) according to the manufacturer’s instructions. 

Bisulfite conversion, library preparation, and 100-bp paired-end se-
quencing on a DNA nanoball sequencing platform were performed at 
BGI Genomics. Raw read filtering was performed by BGI Genomics 
using SOAPnuke (72) with the parameters -n 0.001 -l 20 -q 0.4 –adaMR 
0.25 –ada_trim –polyX 50 to remove adaptors and filter out low-quality 
reads. Clean reads were mapped to mm10 using Bismark (v0.22.3) (73) 
with default parameters. Read deduplication was performed using de-
duplicate_bismark, and cytosine methylation levels were extracted with 
bismark_methylation_extractor. BAM files were balanced to the sam-
ple with the lowest number of reads with SAMtools (v1.9) (74). DMRs 
were identified between TKO ESC versus WT ESC, TKO NSC versus 
WT NSC, and WT NSC versus WT ESC using MethPipe (v3.4.3) (75) 
with standard parameters (regions with >5 CpGs, methylation different 
> 20%, and FDR < 0.05). Bedtools2 (v 2.28.0) (76) was used to define 
NSC TKO devDMRs and non-devDMRs as follows: First, any NSC 
TKO hyperDMR with a minimum 1 bp overlap with an ESC TKO hy-
perDMR was excluded using the intersect function with option -v. NSC 
TKO devDMRs were defined by intersecting the resulting NSC-unique 
TKO hyperDMRs with developmental hypoDMRs using the intersect 
function with option -u. NSC TKO non-devDMRs were defined by in-
tersecting NSC-unique TKO hyperDMRs with developmental hypoD-
MRs using the intersect function with option -v. DMRs were annotated 
to genomic regions with the R package ChIPseeker (v1.30.3) (77). Pro-
moter regions were defined as ±2 kb of TSS. DMRs were assigned to 
genes based on the closest TSS. Motif analysis of DMRs was performed 
with HOMER (v4.7) (78), and its known motifs output was reported. 
SOX2, SOX3, and SOX9 ChIP-seq peaks were downloaded in BED 
format as reported by Bergsland et al. (35) and Klum et al. (36). Peaks 
in mm9 coordinates were converted to mm10 using the UCSC Lift-
Over tool (https://genome.ucsc.edu/cgi-bin/hgLiftOver). NSC TKO 
devDMRs were intersected with ChIP-seq peaks using bedtools inter-
sect with option -u. The 60-way vertebrate phastCons score BigWig 
file for mm10 was downloaded from UCSC Genome Browser (http://
hgdownload.cse.ucsc.edu/goldenpath/mm10/phastCons60way/) (79). 
E11.5 mouse WGBS data were downloaded in BED format from the 
ENCODE Project Consortium (37). BED files were converted to bed-
Graph format and then converted to BigWig format using the com-
mand bedGraphToBigWig (80). E11.5 mouse H3K27ac ChIP-seq data 
were downloaded from ENCODE in BigWig format and plotted with-
out further processing. See table  S2 for a complete list of ENCODE 
WGBS and ChIP-seq accession numbers. Profile plots of WGBS, 
phastCons, and ChIP-seq data were generated from BigWig files us-
ing DeepTools (v4.5.1) (81). Genome browser tracks were generated 
using pyGenomeTracks (82). Integration of NSC TKO devDMRs 
with validated enhancers from the VISTA Enhancer Browser database 
(Lawrence Berkeley National Laboratory, https://enhancer.lbl.gov/) (38) 
was performed as follows: BED files of highly conserved elements with 
validated enhancer activity were downloaded from the VISTA Enhanc-
er Browser database in mm9 coordinates. Enhancer coordinates were 
converted from mm9 to mm10 using the UCSC LiftOver tool. Enhanc-
ers were intersected with NSC TKO devDMRs using bedtools intersect 
with option -u. Enhancers were classified as having neural activity if 
reproducible LacZ staining was observed in the forebrain, midbrain, 
hindbrain, neural tube, cranial nerve, trigeminal V, eye, or dorsal 
root ganglion.

CUT&Tag and data analysis
Genome-wide mapping of H3K4me1 and H3K27ac was performed by 
CUT&Tag as previously described (26, 83). Two biological replicates 
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per genotype and cell type were analyzed. ESCs were preplated to re-
move feeder cells and then grown in gelatin-coated wells for 24 hours 
before harvest. NSCs were harvested at passage one (day 6) of culture. 
A total of 1.0 × 105 cells per genotype and condition were washed in 
DPBS and cross-linked with 0.5% paraformaldehyde for 5 min. Cross-
linking was quenched by addition of glycine to 375 mM. Cells were 
bound to concanavalin A–coated beads (Epicypher, 21-1401), permea-
bilized, and incubated with 1 μg of primary antibody [anti-H3K4me1 
(Abcam, ab8895), anti-H3K27ac (Abcam, ab4729), and rabbit im-
munoglobulin G (IgG) isotype control (CST, 3900)] overnight at 
4°C. Samples were incubated with secondary antibody (guinea pig 
anti-rabbit, Antibodies Online, ABIN101961) for 1 hour at room tem-
perature. Preloaded pA-Tn5 transposase-adaptor complex (a gift from 
A. Skoultchi, Albert Einstein College of Medicine) was then added, 
and samples were incubated for 1 hour at room temperature. Trans-
posase was activated by incubation in tagmentation buffer with mag-
nesium for 1 hour at 37°C. Adaptor-ligated DNA was isolated by 
phenol-chloroform isoamyl alcohol extraction and amplified using 
NEBNext High Fidelity 2× PCR Master Mix (M0541). Post-PCR DNA 
libraries were cleaned up with AMPure XP beads (Beckman Coulter, 
A63880). Libraries were subjected to 75-bp paired-end sequencing on 
the Illumina NextSeq 500 platform at the Einstein Epigenomics Shared 
Facility. Adaptor and low-quality trimming were performed with trim 
galore. Clean reads were mapped to mm10 using bowtie2 (84) using 
options -local -sensitive -very-sensitive-local --no-unal -no-mixed 
-no-discordant -phred33 -I 10 -X 700. Duplicate reads were removed 
with Picard tools (v2.26.10, https://broadinstitute.github.io/picard/). 
Peak calling was performed first before data balancing with SEACR 
(v1.3) (85) using options -norm and -stringent and with the IgG con-
trol for each cell type as background. The fraction of reads in peaks 
(FRiP) was calculated from the SEACR output BED file and the unbal-
anced BAM files. BAM files were then balanced across all samples for 
each histone mark to the sample with the lowest number of reads in 
peaks (product of the FRiP and the number of reads). Peaks were then 
called again with SEACR using the balanced BAM files to obtain the 
final peak sets. DeepTools was used to convert balanced BAM files to 
BigWig files using the bamCoverage function with parameter -binsize 
10 and to generate profile plots and heatmaps. Genome browser tracks 
were generated using pyGenomeTracks.

Identification of NSC-unique active enhancers and 
differential H3K4me1 and H3K27ac analysis
First, consensus peaks between biological replicates for all samples 
were defined using bedtools intersect with default settings to find the 
intersection of the individual peak BED files. Then, for each cell type 
and genotype, H3K4me1 and H3K27ac double positive peaks were 
defined with bedtools intersect using the consensus H3K4me1 and 
H3K27ac BED files. Next, for each genotype, ESC double positive 
peaks were excluded using bedtools intersect with option -v to obtain 
NSC-unique double positive peaks. NSC-unique double positive 
peaks were annotated to genomic regions using ChIPseeker. Last, 
peaks annotated to promoter regions (±2 kb of TSS) were excluded 
to obtain WT and TKO NSC-unique active enhancers. Enhancers 
were assigned to genes based on their proximity to the nearest 
TSS. H3K4me1 and H3K27ac levels at NSC-unique active enhancers 
were quantified using DiffBind (v3.10.0) (86). First, WT and TKO 
NSC-unique active enhancer BED files were merged using bed-
tools merge to obtain a master set of NSC-unique active enhancers. 
Then, DiffBind was run between TKO and WT NSC using the merged 

enhancer BED file and balanced H3K4me1 and H3K27ac BAM files 
as  inputs. Differential enrichment of H3K4me1 and H3K27ac at 
enhancers was determined using a P value threshold of 0.05.

Promoter-capture HiC
Genomic regions interacting with gene promoters in WT and TKO 
NSCs were identified using promoter-capture HiC. A total of 10 mil-
lion NSCs at passage one were harvested and cross-linked with 2% 
paraformaldehyde (PFA) for 10 min at room temperature. Cross-
linking was quenched by addition of glycine to 230 μM. HiC library 
preparation, promoter capture, sequencing, and chromatin loop call-
ing were performed by Arima Genomics. Each sample was sequenced 
to a depth of 170 million to 190 million raw read pairs. Data were 
processed using the Arima Capture-HiC v1.5 pipeline. Briefly, reads 
were aligned to mm10 using HiCUP, and chromatin loops were called 
at 5-kb resolution using CHiCAGO (87, 88). To identify total differen-
tial loops between WT and TKO NSCs, the bedtools function pairTo-
Pair was used with option -notboth. To identify differential loops 
at active enhancers containing NSC TKO devDMRs, WT and TKO 
promoter-interacting loops were first overlapped with these enhanc-
ers using the bedtools function pairtobed with option -either. Then, 
the WT and TKO enhancer loops were compared using pairToPair 
with option -notboth. Genome browser tracks were generated using 
the Washington University Epigenome Browser.

Lentivirus preparation and transduction
Lentivirus was prepared as previously described (89). Briefly, FUW-
tdTomato (empty) or FUW-expressing hemagglutinin (HA)–tagged 
Tet1 WT or mutant catalytic domain and tdTomato (FUW-HA-
TET1CD-2A-tdTomato or FUW-HA-TET1CD-2A-tdTomato) were 
transfected into human embryonic kidney–293T cells along with 
psPAX2 and pMD2.G using XtremeGene 9 DNA transfection re-
agent. Viral supernatants were concentrated with Lenti-X Concentra-
tor (Takara, 631231). TKO ESCs were transduced for 48 hours, and 
tdTomato+ cells were sorted by fluorescence activated cell sorting 
(FACS) 24 hours later and then cultured on feeders. After ~1 week in 
culture, individual tdTomato+ ESC colonies with comparable expres-
sion of tdTomato were picked and pooled to obtain populations with 
homogenous tdTomato expression.

Generation of Tet cTKO mice
B6.129S2-Emx1tm1(cre)Krj/J (EmxCre/Cre) mice were obtained from the 
Jackson Laboratory (strain 005628) (42). Because of the very close ge-
netic linkage between the Emx1 and Tet3 loci on chromosome 6 that 
prevented segregation of Emx1Cre with a Tet3f allele in our crosses, 
we disrupted the Tet3 allele in Emx1Cre/Cre zygotes by CRISPR-Cas9. 
Zygotes were injected with Cas9 protein and a previously published 
single guide RNA targeting the Tet3 catalytic domain at the Einstein 
Transgenic Facility (62). Manipulated zygotes were implanted into 
pseudo-pregnant females, and offspring were screened by PCR for in-
sertions or deletions within the Tet3 catalytic domain. A heterozygous 
60-bp deletion spanning the critical iron-binding site required for 
catalytic activity was identified in a founder male and confirmed by 
Sanger sequencing (2). This male was crossed to 129/B6 mixed back-
ground WT females. Homozygosity of this Tet3 allele exhibited peri-
natal lethality, which is the expected phenotype of Tet3−/− mice (18). 
This confirmed the allele to be functionally null, and we therefore re-
fer to it as Tet3−. Next, male Emx1+/Cre;Tet3+/− and female Tet1f/f;Tet2f/f 
mice were mated to obtain Emx1+/Cre;Tet1+/f;Tet2+/f;Tet3+/− mice. 

https://broadinstitute.github.io/picard/
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Last, 2- to 3-month-old male Emx1+/Cre;Tet1+/f;Tet2+/f;Tet3+/− and fe-
male Emx1+/+;Tet1f/f;Tet2f/f;Tet3f/f mice were mated to obtain experi-
mental Emx1+/Cre;Tet1f/f;Tet2f/f;Tet3f/− (Tet cTKO) embryos and mice. 
All experiments were performed in accordance with our approved 
Albert Einstein College of Medicine Institutional Animal Care and 
Use Committee protocols study approval number 00001310.

Mouse perfusion, brain cryosectioning, 
and immunofluorescence
For P21 brains, Tet cTKO and littermate control (Emx1+/+) mice 
were perfused with DPBS, followed by 4% PFA. Brains were dissected, 
post-fixed overnight in 4% PFA at 4°C, and cryoprotected in a 15 to 
30% sucrose gradient at 4°C. For embryonic E17.5 brains, time-
mated dams were euthanized, and embryos were isolated. For im-
munofluorescence analysis, up to three biological replicates per 
group were analyzed. Brains were dissected, washed with DPBS, and 
fixed overnight in 4% PFA at 4°C before cryoprotection as above. 
Brains were embedded in O.C.T. compound (Sakura, 4583), and 20-
μm sections were sliced on a Leica CryoStar NX50 cryostat. Sections 
were mounted onto Superfrost Plus slides, permeabilized in DPBS 
with 0.5% Triton X-100 for 10 min, and blocked in DPBS with 3% 
bovine serum albumin (BSA) and 0.1% Triton X-100 for 1 hour at 
room temperature. Primary antibodies [anti-GFAP (1:400; CST, 
3670, for P21 brains), anti-GFAP (1:500; Dako, Z00334, for embry-
onic brains), anti-NEUN (1:100; CST, 24307), anti-SOX2 (1:200; 
Millipore, AB5603), anti-MBP (1:50; Abcam, ab7349), anti-OLIG2 
(10 μg/ml; R&D Systems, AF2418), and anti-AQP4 (1:800; CST, 
59678)] in DPBS with 3% BSA and 0.1% Triton X-100 were incu-
bated overnight at 4°C. Secondary antibodies [anti-mouse Alexa 
Fluor 594 (1:500; Invitrogen, A-21207), anti-rabbit Alexa Fluor 488 
(1:500; Invitrogen, A21206), and anti-rat Alexa Fluor 555 (1:500; 
Southern Biotech, 6430-32)] in DPBS with 3% BSA and 0.1% Triton 
X-100 were incubated at room temperature for 1 hour. Sections were 
stained with DAPI (5 ng/ml in DPBS) for 5 min. Coverslips were ap-
plied with ProLong Glass mounting medium (Invitrogen, P36980) 
and cured overnight at room temperature. Slides were imaged with a 
Zeiss Apotome.2 fluorescence microscope.

Statistical analysis
GraphPad Prism (v8.4.3), bedtools2 (v2.28.0), and R software 
(v4.0.3) were used for statistical analyses. Unpaired Student’s t test 
was used to compare two groups. One-way analysis of variance 
(ANOVA) was used to compare more than two groups. Differences 
in proportions were assessed by two-proportion z tests. Enrichment 
and depletion of groups for features were assessed with the hyper-
geometric test. Significance of feature overlaps was determined by 
103 random permutation tests. P values were adjusted for multiple 
testing correction where applicable. Statistical analyses for genome-
wide methods are explained in detail under the respective methods 
subsections.
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