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Assessment and site-specific manipulation of DNA
(hydroxy-)methylation during mouse corticogenesis

Florian Noack'®, Abhijeet Pataskar?, Martin Schneider®, Frank Buchholz?, Vijay K Tiwari?, Federico Calegari'®

Dynamic changes in DNA (hydroxy-)methylation are fundamental
for stem cell differentiation. However, the signature of these
epigenetic marks in specific cell types during corticogenesis is
unknown. Moreover, site-specific manipulation of cytosine
modifications is needed to reveal the significance and function of
these changes. Here, we report the first assessment of (hydroxy-)
methylation in neural stem cells, neurogenic progenitors, and
newborn neurons during mammalian corticogenesis. We found
that gain in hydroxymethylation and loss in methylation occur
sequentially at specific cellular transitions during neurogenic
commitment. We also found that these changes predominantly
occur within enhancers of neurogenic genes up-regulated
during neurogenesis and target of pioneer transcription fac-
tors. We further optimized the use of dCas9-Tet1 manipulation
of (hydroxy-)methylation, locus-specifically, in vivo, showing the
biological relevance of our observations for Dchs1, a regulator of
corticogenesis involved in developmental malformations and
cognitive impairment. Together, our data reveal the dynamics of
cytosine modifications in lineage-related cell types, whereby
methylation is reduced and hydroxymethylation gained during
the neurogenic lineage concurrently with up-regulation of pi-
oneer transcription factors and activation of enhancers for
neurogenic genes.
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Introduction

During embryonic development of the mammalian brain, neural
stem and progenitor cells progressively switch from proliferative to
differentiative divisions to generate neurons and glia that populate
the cortical layers. This switch ultimately controls cortical thickness
and surface area during development and evolution and is im-
portant for better understanding the molecular cell biology of
somatic stem cells and their potential use in therapy (LaMonica
et al, 2012; Southwell et al, 2014; Taverna et al, 2014). Although it is
increasingly clear that cell fate commitment involves a massive

rewiring of gene expression programs, the epigenetic mechanisms
underlying these changes are yet to be fully understood.

Specifically, before neurogenesis, radial glial, neural stem cells
populating the ventricular zone (VZ) undergo symmetric, pro-
liferative divisions that exponentially expand their number over
time. With development, an increasing proportion of radial glial
cells switches to asymmetric, differentiative divisions to generate
basal, intermediate progenitors that leave the VZ to form the
subventricular zone (SVZ) (Lui et al, 2011; Taverna et al, 2014). Al-
though the majority (~80%) of basal progenitors are soon consumed
to generate neurons, a subpopulation remains that undergoes a few
rounds of symmetric proliferative divisions to expand their pool
within the SVZ (Lui et al, 2011; Taverna et al, 2014). As a result, both
proliferative progenitors (PPs) and differentiative progenitors (DPs)
coexist as intermingled populations in the two germinal zones of
the mammalian VZ and SVZ, whereas neurons are added to the
cortical layers.

Understanding the switch from proliferation to differentiation of
neural progenitors, thus, requires the identification of PP from DP
and neurons. To this end, our group has previously characterized a
double reporter mouse line that allowed the isolation of DP and
neurons by the expression of Btg2R™ and Tubb3°", respectively,
and of PP by the lack of both reporters (Aprea et al, 2013). This
approach led to the identification of genes transitorily up- or down-
regulated specifically in DP relative to both PP and neurons and,
thus, identifying the functional signature to neurogenic commit-
ment (Aprea et al, 2015; Aprea et al, 2013; Artegiani et al, 2015; de
Jesus Domingues et al, 2016). To further decipher the regulatory
mechanisms underlying changes in gene expression, we here
decided to characterize the epigenetic signature of PP, DP, and
neurons and its role in cortical development.

In recent years, epigenetic modifications have emerged as a key
mechanism regulating gene expression during differentiation of
embryonic and adult neural stem cells (Hirabayashi & Gotoh, 2010;
Smith & Meissner, 2013; Yao et al, 2016). Among these, modification
of DNA, in particular cytosine methylation and hydroxymethylation,
was shown to be critical for cell fate change in the developing and
adult mammalian brain (Koh & Rao, 2013; Smith & Meissner, 2013;
Schubeler, 2015; Stricker & Gotz, 2018). For example, deletion of
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methyltransferases (Dnmt1or 3a) impaired neuronal differentiation
resulting in a reduced number of neurons (Fan et al, 2005; Nguyen
et al, 2007; Wu et al, 2010). Similarly, manipulating the ten-eleven
translocation genes (Tet? or 3), which encode enzymes oxidizing 5-
methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC) driving
demethylation (Tahiliani et al, 2009; He et al, 2011), led to altered
corticogenesis (Hahn et al, 2013), neuronal death (Xin et al, 2015),
aberrant circuitry formation (Zhu et al, 2016), impaired adult
neurogenesis, and reduced cognitive performance (Kaas et al, 2013;
Rudenko et al, 2013; Zhang et al, 2013). However, as these attempts
to manipulate DNA methylation were limited to systemic genetic
deletions or pharmacological treatments causing genome-wide
changes, they failed to provide functional information with
regard to locus-specific effects. Moreover, current efforts to un-
derstand the dynamic changes in (hydroxy-)methylcytosine during
brain development have so far been limited to in vitro models of
neurogenesis or bulk tissues (Stadler et al, 2011; Hahn et al, 2013;
Lister et al, 2013; Mo et al, 2015; Ziller et al, 2015; Jaffe et al, 2016).

To fill these gaps and decipher the role of DNA (de-)methylation
during brain development, systems are required that allow the (i)
identification of 5mC and 5hmcC (together referred to as 5(h)mcC)
patterns in specific cell types, rather than whole tissues, during
neurogenesis and (ii) efficient manipulation of DNA (hydroxy-)
methylation in a locus-specific, rather than systemic, manner for
which approaches with varying efficiency were recently described
(Liu et al, 2016; Morita et al, 2016). In this work, we achieved both
providing the first cell type-specific resource of 5(h)mC patterns in
PP, DP, and neurons. This revealed that a commitment to neuro-
genesis in DP is characterized by an increase in 5hmC within en-
hancers of neurogenic genes and resulting in the subsequent loss
in 5mCin their neuronal progeny. We also found that these changes
correlated with the (i) acquisition of histone marks characteristic of
open chromatin, (ii) up-regulation and putative binding of basic
helix-loop-helix (bHLH) pioneer transcription factors, and (iii) ac-
tivation of their nearby neurogenic genes. Finally, we optimized the
use of dCas9-Tetl to achieve the locus-specific manipulation of
(hydroxy-)methylation in developing mouse embryos and pro-
vided one example of the potential biological relevance of our
observations for one candidate 5(h)mC-dependent regulator of
neurogenesis involved in neurodevelopmental malformations
and mental retardation: Dchs1.

Results

Cell-specific assessment of 5(h)mC identifies the bivalent
epigenetic signature of enhancers during neurogenic
commitment

To characterize the signature of DNA (hydroxy-)methylation during
corticogenesis, we FAC-sorted PP, DP, and neurons from Btg2®™"/
Tubb3° mice by their combinatorial expression of the two fluo-
rescent reporters (RFP-/GFP-, RFP+/GFP-, and GFP+ irrespective of
RFP, respectively) (Aprea et al, 2013). Mice at the embryonic (E) day
14.5 were chosen as a stage at mid-corticogenesis, that is, when the
three cell types were similarly abundant. We next generated
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genome-wide maps of both 5mC and 5hmC by adapting a com-
parative immunoprecipitation protocol (Tan et al, 2013) by which
DNA from different cell types were barcoded, mixed, and immu-
noprecipitated together considerably reducing experimental vari-
ability among samples. Antibodies against 5mC or 5hmC were used
and single-end sequencing performed in three biological replicates
(~35-60 million unique reads per sample) to cell-specifically assess
the (hydroxy-)methylome of each cell type (Figs 1A and S1A).

After assessing the quality and specificity of our immunopre-
cipitation (Fig S1B), we started to validate our approach by merging
together PP, DP, and neurons and comparing our data with previous
studies performed in cell cultures or bulk brain tissues (Hahn et al,
2013; Oda et al, 2006; Song et al, 2011; Tan et al, 2013; Wen & Tang,
2014). This confirmed the general hyper- or hypo-(hydroxy-)
methylation state of previously reported individual loci, including
Xist, Hist1h2aa, Gapdh, Uchl1, and others, which in all cases showed
relative levels of 5(h)mC consistent with previous studies (Fig S1C
and D). Next, we assessed the genome-wide distribution of 5(h)mC
across gene bodies. In doing so, we also sought to investigate
a potential correlation among (hydroxy-)methylation patterns of
differentially expressed genes. Toward this, we selected from the
expression profile of the same cell types previously reported by our
group (Aprea et al, 2013, 2015) the top 10% most highly or lowly
expressed genes (FPKM > 2) and plotted the levels of 5(h)mC across
the two groups. This confirmed the characteristic (Song et al, 2011;
Hahn et al, 2013) drop in 5(h)mC at the transcription start and end
sites (TSS and TES) (Fig 1B). In addition, we found that highly
expressed genes had lower 5mC levels specifically across their TSS
and the first third of the gene body, whereas the inverse correlation
was found toward the 3" end (Fig 1B, top). A similar trend, but limited
to a smaller region within the TSS, was detected for 5hmC, whereas,
conversely, higher levels correlated with increased expression
across other regions of the gene body (Fig 1B, bottom) (similar
trends were also observed when analyzing individual cell types, not
shown).

Additional analyses of 5(h)mC patterns across several genomic
features, including exons, introns, CpG islands, and enhancers
(according to Ensembl annotation) of the E14.5 mouse revealed that
the most significant enrichment in cytosine modifications, partic-
ularly 5hmC, occurred within enhancers (Fig 1C, note that in these
coverage-profiles, the variance was too small to be depicted). In-
terestingly, whereas these analyses pointed out the distribution of
5(h)mC within genomic features when pulling cell types together,
analysis of PP, DP, and neurons individually revealed a general
decrease in 5mC and increase in 5ShmC during differentiation that
were particularly profound within enhancers relative to other re-
gions (Fig 1D and data not shown). Specifically, a loss in 5mC within
enhancers was primarily observed in the transition from DP to
neurons but not from PP to DP (Fig 1D, top), whereas a constant
increase in 5hmC was observed during neurogenic commitment
from PP to DP as well as from DP to neurons (Fig 1D, bottom).
Knowing that a gain in 5hmC by Tet enzymes is essential for active
demethylation at enhancers (Hon et al, 2014; Lu et al, 2014), this
suggested that the bivalent epigenetic signature within enhancers
of DP, with a gain in 5hmC but not yet a loss in 5mC, potentially
represented an initial step in the transition from high 5mCin PP and
its subsequent loss in neurons. This in turn implied that neurogenic
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(A) Drawing depicting the strategy of our study with PP, DP, and neurons (color coded in gray, red, and green, respectively, throughout all figures) FAC-sorted from

the E14.5 mouse cortex followed by DNA barcoding, mixture, immunoprecipitation, and sequencing. (B-D) Distribution and abundance (reads per million = RPM) of 5(h)mC
of the +2,000-bp regions across gene bodies of the top 10% more highly or lowly expressed genes (B; thick and thin lines, respectively); genomic regions (C, as indicated);

or enhancers in PP, DP, and neurons (D, as indicated). Note that in this and all other figures, 5mC and 5hmC are consistently depicted as continuous (top) or

dashed (bottom) lines, respectively. Values for the three cell types were merged together (B, C) or depicted individually (D). Note the characteristic drop in 5(h)mC at the

TSS and TES (B) and the bivalent 5(h)mC signatures within enhancers during neurogenic commitment (D). Gray shadows in B represent the standard error of the
mean, which was too small to be visibly depicted in (C, D) because of the much higher number of loci in the latter relative to the former plots.
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commitment involves stage-specific, active remodeling of DNA
methylation at distal regulatory elements that may have escaped
previous analyses of bulk tissues or cell lines. In addition, our data
identified DP as a bivalent population defined by levels of 5mC
similar to their precursors PP but intermediate in 5hmC between PP
and their neuronal progeny.

A concurrent loss in 5mC and gain in 5ShmC occurs within, or in
proximity to, neurogenic genes up-regulated during fate
commitment

We then identified the loci whose 5(h)mC levels changed (£50%; P <
0.05) in specific cell types. Altogether, this led to ~25,000 differentially
(hydroxy-)methylated loci associated to 11,000 unique genes (nearest
TSS) in the PP-DP or DP-neuron transition (Fig 2A and Supplemental
Data 1 and 2).

Interestingly, our analysis showed that the number of loci losing
5mC (5mC-loss) during the PP-DP (1,927) or DP-neuron (3,716)
transition was overall 1.3- and 2.5-fold greater than the number of
loci undergoing the converse modification and gain in 5mC (5mC-
gain: 1,475 and 1,463 for PP-DP and DP-neurons, respectively) (Fig 2A,
left: compare loss versus gain, orange and blue, respectively).
Concomitantly, a ~3.0- and 2.0-fold greater number of loci gained
5hmC (5hmC-gain) relative to those losing it (5hmC-loss) during
each cellular transition (4,757 versus 1,611 and 6.051 versus 3.043,
respectively) (Fig 2A, right: compare loss versus gain, orange and
blue, respectively). The trend and magnitude of these changes were
reminiscent of the bivalent (hydroxy-)methylation signature of DP
within enhancers (Fig 1D) with the greatest loss in 5mC occurring
primarily during the DP-neuron transition, whereas an increase in
5hmC was similarly abundant during both transitions (Fig 2A). In
addition, the overall >2-fold greater abundance in 5mC-loss and
5hmC-gain loci relative to the converse modifications (i.e., 5mC-gain
and 5hmC-loss) suggested a functional role for demethylation in
neurogenic commitment. However, these trends were insufficient
to ascertain whetheraloss in 5mCand gain in 5ShmC occurred within
the same, rather than different, loci and, if so, whether changes
occurred at the level of the same, rather than different, cytosines.

To address the first question, we selected 5hmC-gain loci at the
onset of neurogenic commitment in DP (4,757) and assessed within
these loci the changes in 5mC (Fig 2B). Conversely, we also tested
the inverse correlation after selecting all 5mC-loss loci in neurons
(3,716) and measuring within them the levels of 5ShmC as before (Fig
2C). In both cases, we found a highly significant (P < 1 x 107%°)
negative correlation both at the level of individual loci and mean
5(h)mC values (Fig 2B and C, heat and violin plots, respectively),
indicating that in the overwhelming majority of the cases, both
modifications occurred concomitantly within the same, 5mC-loss/
5hmC-gain, loci. Showing the specificity of these results, a much
weaker, if any, correlation was found among 5hmC-loss (1,611) and
5mC-gain (1,463) loci (Fig S2A and B), indicating that 5mC-loss/
5hmC-gain and 5mC-gain/5hmC-loss loci are functionally distinct.

We next selected six among this pool of 5mC-loss/5hmC-gain
loci, each containing 5-10 individual cytosines (48 in total) and
performed both bisulfite and oxidative bisulfite amplicon se-
quencing from genomic DNA of PP, DP, and neurons. This was

5(h)mC editing during mammalian corticogenesis Noack et al.

important not only to validate our (h)MeDIP analysis at single-
nucleotide resolution but also as a means to investigate whether
changes in 5(h)mC occurred at the level of the same cytosines
rather than different nucleotides within the same locus. For all six
loci, this not only validated the relative levels of 5(h)mC previously
assessed by (h)MeDIP but also showed that in essentially all cases
(44/48 cytosines; i.e, >90%), a 5mC-loss/5hmC-gain involved the
same cytosine residues in subsequent cellular transitions (three
examples are shown in Fig S2C). In addition, and confirming pre-
vious results, the magnitude of the loss in 5mC from PP to DP, if any,
was typically minor (on average ~10%) and only became substantial
from DP to neurons (50% decrease), whereas the magnitude of a
gain in 5hmC was more robust and similar (twofold increase) in
both cellular transitions (Figs 2D and S2C).

To gain insight into the biological role of loci undergoing dif-
ferential (hydroxy-)methylation, we next investigated genes asso-
ciated with 5mC-loss/5hmC-gain loci (nearest TSS). Gene ontology
(GO) term analysis revealed a highly consistent and very strong
enrichment in neurogenesis-related terms, including as the top
three most enriched: neurogenesis, developmental process, and
cell signaling (Fig 2E). Highlighting the specificity of 5mC-loss/
5hmC-gain loci in neurogenic commitment, genes containing,
or in proximity to, loci undergoing the converse modifications of
5mC-gain/5hmC-loss showed less consistent terms with lower
enrichment scores and that in some cases were not even specific
for neuronal development, such as mesonephros development and
metabolism (Fig S2D). Finally, again taking advantage of the pre-
vious assessment of gene expression in PP, DP, and neurons of the
E14.5 mouse cortex (Aprea et al, 2013, 2015), we reconstructed the
expression levels of transcripts associated with 5mC-loss/5hmC-
gain loci finding a highly significant up-regulation in the lineage
from PP to DP and reaching the higher expression levels in neurons
(Fig 2F). In turn, this indicated that 5ShmC-gain alone correlated with
increased gene expression even before a loss in 5mC. Conversely,
no correlation was detected among genes associated with 5mC-
gain/5hmC-loss loci (Fig S2E).

Altogether, our study revealed the sequential molecular changes
in 5(h)mC in consecutive cell divisions during the neurogenic lin-
eage whereby hydroxymethylation is initiated at the onset of
fate commitment in DP and resulting in the subsequent loss in
methylation in their neuronal progeny. Such 5mC-loss/5hmC-gain
was more prevalent in loci annotated as enhancers and located
within, or in proximity to, neurogenic genes up-regulated during
differentiation, suggesting that active demethylation is a trigger of
neurogenesis and establishment of neuronal identity.

5mC-loss/5hmC-gain loci are enriched in active enhancers and
neurogenic pioneer factor-binding motifs

We next inspected the features of 5mC-loss/5hmC-gain loci. Ex-
tending our previous analysis at the genome-wide level (Fig 1D),
we also confirmed among 5mC-loss/5hmC-gain loci a high en-
richment in Ensembl-annotated enhancers (average z-score 4156;
P < 0.001). To investigate whether these enhancers were charac-
terized by an active chromatin state, we took advantage of the large
depository of ChiP-seq datasets provided by the Encyclopedia of
DNA Elements (ENCODE) (Shen et al, 2012). To this end, we overlaid
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our differentially (hydroxy-)methylated loci with that of histone
H3 lysine 27 acetylation (H3K27ac) and/or lysine 4 methylation
(H3K4me1) ChlIP-seq data as signatures of active and poised en-
hancers, respectively (Mahe et al, 2017). By specifically selecting
data obtained from the E14.5 mouse cerebral cortex as equivalent
to our study, we found that 5mC-loss/5hmC-gain loci displayed a
sharp increase at their 5" and 3’ end sites in H3K27ac as well as
H3K4me1 levels relative to both 5mC-gain/5hmC-loss and ran-
dom genomic loci (Figs 3A and S3A).

Given the strong correlation of 5mC-loss/5hmC-gain loci with
increased gene expression (Fig 2F) and enrichment in active en-
hancers (Fig 3A), we inspected whether these loci additionally
contained distinctive sequence motifs. We found a remarkably high
enrichment in binding motifs for hundreds of transcription factors
with the most significant one belonging to the bHLH family and that
were very distinct from the binding motifs found within 5mC-loss/
5hmC-gain loci (Fig S3B, top five motifs). However, we noticed that
such a long list of bHLH transcription factors also included genes
thataccordingto our previous transcriptome analysis of PP, DP, and
neurons (Aprea et al, 2013, 2015) were either expressed at negligible
levels at this developmental stage or not expressed at all (e.g,
Bhlha1s, Twist1, Atoh1, and others). This in turn suggested that
our motif enrichment analysis was confounded by the close
homology of bHLH binding sequences. Hence, to reinforce our
confidence in the biological significance of these findings, we
identified among the list of bHLH transcription factors those
specifically up-regulated in the PP-DP transition as a proxy for their
putative link with demethylation during neurogenesis. This led to
the selection of only six factors, including Neurod1-2, Neurogl-2,
Bhlh22, and Nhlh1 (Fig 3B), whose binding motifs ranked among the
top-20 most enriched specifically for 5mC-loss/5hmC-gain, but not
5mC-gain/5hmC-loss, loci (compare Figs 3C and S3C). Interestingly,
these six factors are known to play key roles in brain development
with both Neurod1 and Neurog2 being reported to act as pioneer
factors modifying the chromatin landscape during neurogenesis
(Pataskar et al, 2016; Smith et al, 2016). In turn, other factors in our
list were also shown to drive demethylation by association to Tet
enzymes (Donaghey et al, 2018; Sardina et al, 2018).

To provide an independent assessment of the putative binding
of at least some of these bHLH transcription factors within 5mC-
loss/5hmC-gain loci, we again took advantage of publicly available
ChIP-seq datasets. In mapping the reads obtained for two such
transcription factors, Neurod2 and Neurog2 (Bayam et al, 2015;
Velasco et al, 2017), within 5mC-loss/5hmC-gain loci as previously
carried out for histones marks, we indeed observed a strong
positive correlation that was absent when considering the converse

5mC-gain/5hmC-loss loci (Figs 3D and S3D). Conversely, we also
observed that a decrease in 5mC and increase in 5ShmC occurred
at Neurod2 as well as Neurog2 binding sites (Fig 3E), further
strengthening our previous results.

Finally, we sought to provide one example and experimental
validation of the potential biological significance of our observa-
tions and the role of (hydroxy-)methylation in controlling gene
expression of neurogenic genes during corticogenesis. To this aim,
we first had to implement a method to site-specifically manipulate
5(h)mC in vivo.

An improved method to manipulate 5(h)mC reveals the role of
methylation within a novel regulatory element of Dchs1

To assess the biological relevance of our observations, we decided
to locus-specifically manipulate 5(h)mC by in utero electroporation
with an inactive (dead) dCas9 fused to the catalytic domain of Tet1
(dCas9-Tet1) (Fig 4A). To this aim, we generated an all-in-one vector
by adding to the dCas9-Tet1 construct a GFP as reporter and gRNAs
targeting the region of interest. Differently from two previous re-
ports, we decided to only use two gRNAs rather than several (Liu
et al, 2016) and avoid the bulky SunTag system to deliver Tetl
(Morita et al, 2016), thus decreasing potential off-targets and steric
hindrance at once.

To test the efficacy and specificity of our system, we performed
electroporation of E13.5 mouse embryos and FAC-sorted GFP+ cells
48 h later (Fig 4A). Different control vectors were tested including a
dCas9 fused to a catalytically inactive dTet1 delivered together with
gRNAs against either an unspecific sequence (dCas9-dTet1'%) or
the target locus (dCas9-dTet179%) with the latter control being
important to assess potential effects of dCas9 occupancy irre-
spective of Tet1 activity. Next, we selected four loci within regions
containing 4-9 CpG dinucleotides (28 in total) using as a main
criterion their high level of methylation (to increase the sensitivity
of our assessment) but not necessarily all the features emerging
from our analysis as characteristic of 5mC-loss/5hmC-gain loci.
Bisulfite amplicon sequencing on FAC-sorted GFP+ cells was then
used to assess methylation levels when using any of the three
vectors, that is, (i) inactive and unspecific dCas9-dTet1:9, (ii) in-
active but specific dCas9-dTet17%9¢ or (jii) both active and specific
dCas9-Tet179et,

This revealed that although the levels of 5(h)mC appeared by all
means similar among the two control vectors when averaging
cytosines within the target region together (Fig 4B), the use of the
inactive but specific dCas9-dTet179% was still sufficient to induce
several significant, and in some instances inconsistent, changes at

Figure 2. 5mC-loss/5hmC-gain loci characterize neurogenic genes up-regulated during fate commitment.

(A) Volcano plots depicting the loss (orange) and gain (blue) in 5mC (left) or 5hmC (right) from PP to DP and DP to neurons (as indicated). Number of significantly
(>50% change, P < 0.05) differentially (hydroxy-)methylated loci (top) and nearest genes (parentheses) are indicated. (B, C) Heat maps (left) and violin plots (right)
representing 5(h)mcC levels within a +2-kb region across differentially (hydroxy-)methylated loci in each cell type (colors, as above) calculated as log,(ChIP/control) or
trimmed mean of M values (TMM), respectively. In this analysis, 5ShmC-gain and 5mC-loss loci identified in DP (4,757) or neurons (3,716), respectively, were first

taken as a reference (top panels) and the levels of the converse cytosine modification (i.e., 5mC or 5ShmC for B and C, respectively) measured within these very same loci
(bottom) revealing the extensive correlation in 5(h)mC changes. (D) Whiskers-box plots of 5mC and 5hmC levels (left and right, respectively) calculated for
individual cytosines (n = 48) after (oxidative) bisulfite amplicon sequencing of six among all 5mC-loss/5hmC-gain loci (one examples of which is depicted in Fig S2C).
Data are plotted as fold change relative to PP. (E, F) DAVID-gene ontology term enrichment (top three terms) (E) and expression levels (FPKM) (F) of 5mC-loss and
5hmC-gain loci in the PP-DP and DP-neuron transitions (as indicated). Note the high enrichment, specificity, and consistency of the GO terms and the highly significant
change in gene expression throughout the neurogenic lineage. Statistical test = edgeR-modified t test (A), Wilcoxon rank sum test (B, C, D and F).
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Figure 3. 5mC-loss/5hmC-gain loci are enriched in active enhancers and pioneer factor-binding motifs.

(A) Distribution and abundance (RPM) of active enhancer marks including H3K27ac (left) or H3K4me1 (right) as depicted across a +1-kb region of loci undergoing
differential (hydroxy-)methylation. For these plots, all eight possible combinations were considered, namely, gain (thick lines) or loss (thin lines) in 5mC (left) or 5ShmC
(right) in the PP-DP (black/red lines) or DP-neuron (red/green lines) transition as well as random loci as negative controls (blue lines). Note the increase in both
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the level of individual cytosines (Fig S4A), which were likely due to
dCas9 occupancy of the target locus irrespective of Tet1 activity. In
contrast, only the active and specific dCas9-Tet1"9¢' was found to
induce a significant, major, and consistent reduction (~90%; P <
0.001) in methylation of the entire locus and across essentially all
CpG dinucleotides (Figs 4B and S4A) but not affecting those within
~20 bp of the dCas9-binding region or outside (e.g., CpG Tand 8 in
Fig S4A, top left). While assessing the effects in (hydroxy-)
methylation within the four target loci in embryos electroporated
with active dCas9-Tet17979¢! constructs, we also assessed 5(h)mC
of the remaining three loci finding no significant change relative
to dCas9-dTet1'% controls (not shown) and validating both the
efficiency and specificity of our approach.

We next verified the suitability of the previous control vectors to
assess neurogenesis by comparing the distribution of electro-
porated cells in cortical layers 48 h after electroporation at E13.5
relative to an empty GFP control. Hence, we calculated the pro-
portion of apical and basal progenitors and neurons by Thr2 im-
munoreactivity and distribution of GFP+, electroporated cells
across cortical layers (Tbr2- in the VZ, Tbr2+ in the VZ/SVZ, and
Thr2- in the I1Z and CP, respectively). Unexpectedly, we found that
electroporation with dCas9-dTet1*%“ had a minor, yet significant,
increase in GFP+, apical progenitors and equivalent decrease in
neurons, which was particularly noticeable in the CP relative to
both GFP and active, but unspecific, dCas9-Tet1:% control vectors
(Fig S4B). This was surprising because the dCas9-dTet1:% vector
did not encode any functional protein, its effect on methylation was
overall minorand inconsistent (Fig 4B), and a previous study using a
similar vector did not report any negative effect on neurogenesis
(Morita et al, 2016).

To gain more insight into this unexpected result, we repeated
electroporation using only dTet1 vectors without dCas9 or gRNAs to
exclude potential side effects of the former and off-targets of the
latter. Once again, dTet1 alone triggered a subtle but significant
change in the proportion of GFP+ cells, which was similar to the one
previously observed using dCas9-dTet1"“ constructs (Fig S4B).
These subtle changes in any condition in which constructs
encoding dTet1 were used resembled those previously reported in
cell culture for the very same catalytically inactive enzyme (Gao
et al, 2016) and suggested to result from dTet1 interaction with
Gadd45a, a gene involved in neural development (Kienhofer et al,
2015). Therefore, considering the caveats arising from the use of
dTet1 vectors, we concluded that dCas9™9¢" was a superior neg-
ative control that, contrary to empty vectors such as GFP, still
accounts for potential side effects due to dCas9 occupancy and
hindrance of the target locus.

Having established our approach, we next sought to provide one
example of the potential biological relevance of our observations

on differential (hydroxy-)methylation during neurogenic commit-
ment by targeting a 5mC-loss/5hmC-gain locus. To this aim, we
selected candidates among target regions that epitomized all the
key features emerging from our study including: (i) a 5mC-loss/
5hmC-gain in DP, (ii) within, or in proximity to, genes containing
Neurod2 and Neurog2 binding motifs, and (iii) whose nearby gene
was physiologically up-regulated during fate commitment. Among
these, as expected from our previous gene ontology enrichment
analysis (Fig 2E), we found numerous markers and characterized
regulators of neurogenesis such as Emx1, Prox1, Eomes, Pou4f1, DII3,
Tcf4, Tubb3, Wnt members, and others. We finally selected Dchs1
because of its relatively recent identification as a novel gene
controlling the proliferation of neural progenitors and whose
mutations is cause of developmental malformations, including
heterotopia, in Van Maldergem syndrome (Cappello et al, 2013).
Beyond this, and as one additional advantage of choosing Dchs1 as
a target for manipulation, its differential (hydroxy-)methylation
occurred within a locus predicted, but not validated, to act as an
enhancer that we sought to simultaneously assess by our exper-
iments. In particular, this relatively tiny, 300-bp putative enhancer
within an intron of a complex gene >35 kb in length and comprising
23 exons (Fig 4C, top) was of doubtful significance making it for a
particularly challenging target to test our method and biological
significance of our observations on (hydroxy-)methylation.
Hence, after confirming the differential (hydroxy-)methylation
physiologically occurring within the DchsT locus in PP, DP, and
neurons by bisulfite sequencing (not shown), we designed dCas9-
Tet12"" or dCas9P™? as control constructs that were used to
electroporate E13.5 mouse embryos. FAC-sorting of GFP+ cells 48 h
later followed by bisulfite sequencing confirmed, also in this ad-
ditional case, the efficacy of our approach leading to an overall
~50% decrease in 5(h)mC relative to control (Fig 4C). In these
experiments, we additionally assessed potential off-targets of
dCas9-Tet1°¢"s" and dCas9”<"s” within the 10 genomic regions
having the highest homology to the Dchs7 gRNAs (5 each). Bisulfite
amplicon sequencing of all these regions revealed no significant
change in methylation at the level of all loci as well as individual
cytosines (Fig 4D and data not shown), again highlighting the high
specificity of our approach. Next, we investigated whether or not a
loss in methylation alone was sufficient to change the expression of
Dchs1 by performing qRT-PCR on GFP+ FAC-sorted cells, which
resulted in a 2.5-fold up-regulation of Dchs1 relative to control (Fig
4E). Importantly, this result confirmed three assumptions at once:
(i) it validated the regulatory function of the predicted enhancer
within Dchs7, (i) it showed that differential (hydroxy-)methylation
within a 5mC-loss/5hmC-gain locus is a cause, rather than conse-
quence, of gene up-regulation, and (iii) it showed that demethylation
alone can potentially account for the observed up-regulation in

histone marks sharply at the 5" and 3’ end of 5mC-loss/5hmC-gain, but not 5mC-gain/5hmC-loss, loci (heat maps are also shown in Fig S3A to appreciate
individual loci). ChIP-Seq data for H3K27ac and H3K4me1 from the E14.5 mouse cortex were taken from the ENCODE project (Shen et al, 2012). Shadows represent the
variance (SD) of the mean that in some cases was too small to be visibly depicted. (B, C) Expression levels (FPKM) of bHLH transcription factors up-regulated from
PP to DP (B), and enrichment values of their binding motifs within 5mC-loss/5hmC-gain loci (C) (top five motifs are shown in Fig S3B). (D) Distribution and abundance
(RPM) of Neurod2 and Neurog2 ChIP-Seq reads across a +1-kb region including loci undergoing any of the eight possible combinations of differential (hydroxy-)
methylation depicted as in A and including random loci as negative control (variance was too small to be depicted). (E) Converse analysis as in (D) with
distribution and abundance (RPM) of 5(h)mC reads of PP (black), DP (red), N (green) plotted across Neurod? (left)- and Neurog2 (right)-binding sites (bold) and random

regions as negative control (left and right; thin lines).
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Figure 4. Site-specific manipulation of (hydroxy-)methylation.

(A) Drawing depicting dCas9-Tet1 targeting of a locus of interest through the use of two gRNAs (yellow) to manipulate 5(h)mC at CpG dinucleotides (black circles)
by in utero electroporation (right) of a vector including all components of interest plus GFP as reporter. (B) Whiskers—box plots depicting 5(h)mC levels of FAC-sorted GFP+
cells 48 h after in utero electroporation as assessed by bisulfite sequencing of 48 cytosines within four loci (individual loci and values are shown in Fig S¢A). Note
the major reduction in 5(h)mC upon use of dCas9-Tet'9¢t constructs. (C) Screenshot of 5(h)mC levels in cell types (left) and drawing (in scale) of the DchsT locus
and regions targeted by dCas9-Tet?" vectors (top). Assessment of 5(h)mC in GFP+ cells 48 h after in utero electroporation was performed as described in Figs 4B and StA

5(h)mC editing during mammalian corticogenesis Noack et al. https://doi.org/10.26508/1sa.201900331 vol 2 | no 2 | €201900331 9 of 15


https://doi.org/10.26508/lsa.201900331

<4< o . o
s2el» Life Science Alliance

Dchs1 during neurogenesis because the magnitude of the change
induced by dCas9-Tet1°"" (2.5-fold) was nearly identical to that
occurring from PP to neurons in physiological conditions (2.2-fold)
(Aprea et al, 2013).

Moreover, as mentioned above, down-regulation of Dchs1 was
described to increase progenitor proliferation and alter neuronal
migration (Cappello et al, 2013). Hence, we finally assessed whether
a converse up-regulation of Dchs1 by targeted demethylation
would reach the levels that are necessary to trigger a biological
effect consistent with this previous report. Indeed, immunohisto-
chemistry 48 h upon electroporation at E13.5 with dCas9-Tet17<"’
and EdU administration 6 h before sacrifice showed a 30% de-
crease (from 37.4 +3.5t0 25.4 + 35%; P < 0.001) in proliferation and
EdU+/GFP+ cells relative to dCas9®“"™’, control vectors (Fig 4F).
Moreover, BrdU birthdating 24 h before sacrifice revealed that the
migration of newborn neurons was also impaired with a sub-
stantial, threefold increase (from 4.3+ 2310 17.7 +5.2%; P < 0.001) in
the proportion of BrdU+/GFP+/Tbr2- (i.e., excluding basal pro-
genitors) cells in the SVZ and their altered distribution in medial
bins of the I1Z, neuronal layer (Fig 4G).

Altogether, the observed decrease in proliferation of progenitors
and altered neuronal migration induced by demethylation-driven
up-regulation of Dchs? were consistent with a previous report
(Cappello et al, 2013) and showed that demethylation within this
newly identified regulatory region of DchsT alone is both sufficient
to trigger its up-regulation to the levels observed in physiological
conditions and necessary to produce a biological effect.

Discussion

Regulation of DNA (hydroxy-)methylation in stem cells and its role
in controlling gene expression during fate commitment have been
the focus of many studies resulting in conflicting hypotheses with
regard to the causes underlying these changes (Calo & Wysocka,
2013; Smith & Meissner, 2013; Schubeler, 2015; Atlasi & Stunnenberg,
2017). Here, we provided the first resource describing the patterns of
5mCand 5hmCin specific cell types of the developing mammalian
cortex. We further relate this to the gene expression program
underlying specification of distinct cell fates during cortical de-
velopment. We found that a switch from proliferative to neuro-
genic divisions was characterized by a gain in 5hmCin DP followed
by a loss in 5mC in newborn neurons. These changes occurred
predominantly within regions annotated as enhancers and en-
riched in pioneer transcription factor-binding motifs, which ul-
timately correlated with up-regulation of their nearby neurogenic
genes. We then assessed the potential biological significance
of our observations by developing an improved method to site-
specifically manipulate 5(h)mC in vivo. By this, we identified a
novel regulatory element within a factor involved in cortical

malformations: Dchs1. Several aspects of our study are worth
discussing.

First, and contrary to our study, a previous description of the
(hydroxy-)methylome of mixed populations of progenitors versus
neurons did not observe a loss in 5mC during neurogenesis (Hahn
et al, 2013). This inconsistency is likely explained not only by our
discrimination of PP and DP as distinct cell populations but also
by the higher resolution of our sequencing analysis relative to the
microarrays previously used. In addition, Hahn et al (2013) used
MIRA as a method to detect 5mC, which strongly favors its
identification within CpG islands despite the fact that our and
previous studies (Guo et al, 2011; Schubeler, 2015; Yao et al, 2016)
have shown that CpG islands are not target of differential (hy-
droxy-)methylation. As a result, by also considering DP as an
intermediate cell type with a bivalent epigenetic signature, our
study reveals the full dynamics of cytosine modifications that
may be critical to decipher the role of this epigenetic mark in
corticogenesis.

Second, we found thata gain in 5hmCis initiated in DP resulting
in a loss in 5mCin their neuronal progeny. These 5mC-loss/5hmC-
gain loci (i) occurred within, or in close proximity to, neurogenic
genes, (ii) were enriched in binding motifs of bHLH, among them
pioneer, transcription factors, and (iii) their change in (hydroxy-)
methylation correlated with an activation of enhancers and up-
regulation of gene expression. Notably, these genes included
many known regulators and markers of corticogenesis, such as
Emx1, Prox1, Eomes, DII3, Tcf4, Tubb3, Wnt family members, and
Dchs1, to mention a few, which in essentially all cases were up-
regulated in the PP-DP-neuron lineage. In describing the features
of 5mC-loss/5hmC-gain loci, we also observed that the converse
pair of cytosine modifications, namely, 5mC-gain/5hmC-loss,
consistently displayed unrelated characteristics such as a di-
verse enrichment in genomic features, transcription factor-
binding motifs, and so forth. This does not imply that these latter
modifications are irrelevant in neurogenesis as in fact, several
sites among this group were adjacent to positive regulators of
stemness and pluripotency. For example, a gain in 5mC was ob-
served at loci for Nanog, Shh, Numb, Pou3f2, and others and
whose expression decreased in the PP-DP transition consistent
with a functional role during differentiation. In addition, 5mC-gain
loci showed an enrichment in binding motifs for methylation-
sensitive transcription factors and negative regulators of neu-
rogenesis such as Hifla and Hes1 (Koslowski et al, 2011; Yin et al,
2017). As such, our data highlight that a gain in 5mC and loss in
5hmC, although still important, are uncoupled from each other
and controlled independently through mechanisms yet to be
identified.

Third, in addition to providing an improved method for dCas9-
mediated manipulation of (hydroxy-)methylation, we assessed the
significance of our observations by validating the causal link

(bottom). (D) Whiskers—box plots depicting 5(h)mC levels assessed by bisulfite sequencing at top 10 predicted off-target regions (5 for each gRNA, 51 CpGs total) of
FAC-sorted GFP+ cells 48 h after in utero electroporation of dCas9-Tet?"" or dCas9®"s". (E) Dchs1 expression levels (AACT) calculated by qRT-PCR on GFP+ cells as
described in (C). Note the ~2.5-fold increase expression upon demethylation. (F, G) Pictures of the E15.5 mouse cortex (left) and quantifications (right) 24 h after
electroporation under different conditions followed by (immuno-)labeling for GFP, EdU, or BrdU (as indicated). Boundaries of the SVZ with the VZ and 1Z were assessed by
Tbr2 staining (not shown) or equidistant bins through the IZ are indicated (dashed lines in E and F, respectively) in which GFP+ cells were expressed as proportion
of their total number. Scale bar = 50 um; bars = SD (SEM in C); n = 6 (E and F); statistical test = t test; *P < 0.05; **P < 0.01; ***P < 0.001.
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between demethylation, up-regulation of gene expression, and
regulation of corticogenesis for one paradigmatic gene containing a
5mC-loss/5hmC-gain locus: Dchs1. This gene has recently emerged
as a novel regulator of brain development whose mutations cause
Van Maldergem syndrome, an autosomal-recessive disorder char-
acterized by intellectual disability and skeletal malformations
(Cappello et al, 2013). In fact, knockdown of Dchs1in the developing
cortex was shown to cause heterotopia as a result of an increased
cell proliferation and delayed neurogenesis (Cappello et al, 2013),
which is consistent with our converse manipulation leading to
increased expression of Dchs1, reduced proliferation and altered
neuronal migration. Although the previously identified DchsT mu-
tations causing heterotopia result in a truncated protein (Cappello
etal, 2013), it is here intriguing to consider the possibility that other
developmental malformations may involve cytosine residues target
of (hydroxy-)methylation and resulting in aberrant gene expression.
Such a role of DNA modifications in disease is supported by the
observation that methylated cytosines are hotspots for single-
nucleotide polymorphisms (Schubeler, 2015) and changing the
methylation of even one single cytosine residue may result in
changes in expression levels (Furst et al, 2012). In this context, it is
worth mentioning that our manipulation of Dchs1 led to a reduction
by roughly half in methylation of just eight CpG dinucleotides within
a small region of a relatively big, multiexonic gene. It is thus re-
markable that this alone was sufficient to double the expression of
Dchs1 to levels similar to those observed during physiological
differentiation. Therefore, the recent possibility to recapitulate
(hydroxy-)methylation patterns in human iPS-derived organoids
(Luo et al, 2016) combined with their site-specific manipulation
opens up a new dimension in studying the role of epigenetics in
diseases of the brain and other organs.

Finally, fourth, our data are in line with recent observations
pointing out that the binding of pioneer transcription factors per
se can cause demethylation (Donaghey et al, 2018; Sardina et al,
2018). In fact, at least for the transcription factors identified in our
study, their expression was specifically increased in DP and,
hence, became more abundantin the appropriate cell type and at
the appropriate time for initiating hydroxymethylation. In addi-
tion, although DNA binding of transcription factors is generally
inhibited by methylation, these bHLH pioneer factors are meth-
ylation insensitive (Yin et al, 2017) and, thus, display the appro-
priate feature needed to initiate and drive this process. In light
of this, a model has been recently reviewed in which pioneer
transcription factors drive the activation of enhancers (Atlasi &
Stunnenberg, 2017). Our data are consistent with this model
and would even extend it in the context of DNA demethylation
which, together with changes in histone marks and opening of
the chromatin, concur toward the activation of enhancers, up-
regulation of nearby neurogenic genes and, hence, cell fate
change (Fig 5). The bivalent (hydroxy-)methylation footprint of DP
is also fully consistent with this model and suggests a dual
function to first, fate-commit DP to switch from proliferative to
neurogenic division and second, to consolidate neuronal identity
in the resulting neurons. This is reminiscent and would actually
explain the reported onset of expression of neuron-specific genes
already at the level of DP (Aprea et al, 2013) as if this cell type was
primed to acquire the early features of their future neuronal
progeny. Clearly, key aspects of this model are still highly debated
such as whether DNA methylation is a cause or a consequence of
gene up-regulation and cell fate change (Stricker & Gotz, 2018). At
least for Dchs1, our study shows that demethylation alone can be
a driver of these processes.
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Figure 5. DNA (hydroxy-)methylation in neurogenic commitment.

A model emerging from several studies (see text) suggests that pioneer transcription factors (PTFs) drive cell fate commitment and differentiation by remodeling
chromatin. In this context, our data suggest that PTF up-regulated during the PP-DP transition are associated with oxidation of 5mC to 5hmC (black to blue dots) within
enhancers of neurogenic genes. This results in priming of those genes (dotted to continuous arrow) and fate commitment of DP toward neurogenic division. This
process is continued during the next cell division (DP-N) leading to higher levels of 5hmC, reinforced gene expression (continuous to bold arrow), and establishment of
neuronal identity despite a possible down-regulation of PTF.
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Materials and Methods

Animals and cell sorting

Mice were kept under standard housing conditions, and experi-
ments were carried out according to local regulations. E14.5
Btg2®*" | Tubb3°" double heterozygous embryos or E13.5 C57bl/6)
pregnant mice (Janvier Laboratories) were used for (h)MeDIP or in
utero electroporation, respectively. For the latter, the mice were
treated as previously described (Aprea et al, 2013) by injecting
~3 pg of endotoxin-free DNA into the telencephalic ventricles
followed by delivery of eight 50-ms-long electric pulses of 36 V
with intervals of 1s. The mice were euthanized 48 h later even-
tually upon intraperitoneal administration of 1T mg BrdU (1 pulse at
E14.5) and/or 0.1 mg EdU (3 and 6 h before sacrifice). Brains were
either dissected and processed for immunohistochemistry or
dissociated by the papain-based neural dissociation kit (Milteney
Biotec). FAC-sorting was performed at 4°C in the four-way purity
mode with a flow rate of 20 ul/min and side and forward scatter
light to eliminate debris and aggregates gating for green (488 nm)
and red (561 nm) fluorescence as described (Aprea et al, 2013). The
cells were sorted into DNA/RNA lysis buffer (QlAamp DNA Micro,
QIAGEN or Quick-RNA MicroPrep Zymo Research) or pelleted
(500 g, 5 min at 4°C) for later use.

(h)MeDIP and sequencing

Comparative 5(h)mC immunoprecipitation ((h)MeDIP) was adapted
from Tan et al (2013). Briefly, 1 ug of DNA from PP, DP, or neurons in
three independent biological replicates was sheared using the
Covaris LE220 (duty cycle 10%, intensity 5, cycles/burst 200, 180 s)
into ~250 bp fragments that were ligated to barcoded sequencing
adaptors (NEBNext Ultra DNA Library Prep kit for Illumina; New
England Biolabs). 300 ng of DNA from each cell type was pooled and
(h)MeDIP performed using the MagMeDIP or hMeDIP kits (Diagnode)
according to the manufacturer instructions. The immunopre-
cipitated DNA and non-antibody-treated control was quantified,
amplified (15 cycles; NEBNext High-Fidelity 2X PCR Master Mix;
New England Biolabs), gel size selected (225-325 bp) using the
E-Gel EX system (2%) (Invitrogen), and used for 75-bp single-read
sequencing on an Illumina HiSeq 2000 platform resulting in ~30-60
million reads per sample. Sequencing raw data were deposited in
Gene Expression Omnibus (GEO) database: GSE104585.

Bioinformatics and statistics

Raw sequencing reads were aligned to the mm' reference ge-
nome using BWAv0.7.8 and peaks called using SICER v1.1 (window =
25 bp, gap =50 bp, fragment =250 bp, max redundant reads = 2, and
FDR = 0.0001). Peaks found in all replicates of each cell type were
merged to build a reference peak sets of PP, DP, and neurons
for 5mC and 5hmC excluding those overlapping repetitive se-
quences (RepeatMasker). Diffbind v2.6 was used to calculate TMM
(DBA_SCORE_TMM_READS_EFFECTIVE) values and identify differ-
ential (hydroxyl-)methylated regions (DBA_edgeR, 50% change, P <
0.05) that were annotated using HOMER v4.7. Genomic features, GO
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terms, or enrichment of transcription factor-binding motifs were
assessed by HOMER v4.7, DAVID v6.8, or MEME-AME v5.0 (JASPAR
CORE and UniPROBE mouse), respectively. ChIP-seq data from the
ENCODE or GEO databases were used to generate bigwig files
calculating the log,(control/ChIP) using deepTools v3.0.2 (bin
size = 50, scaling method = SES) that was also used together with
NGSplot v2.61 (robust statistics fraction = 0.05) to generate profile
plots or heat maps, respectively. Off-targets of gRNAs were pre-
dicted using Cas-OFFinder (http://www.rgenome.net/cas-offinder/).
Z-scores were calculated using regioneR (1.14.0) permutation test
(n = 1,000). Bar and whiskers—-box plots were built using RStudio
v1.0.143 and t test, or Wilcoxon rank sum test was used to assess
significance as appropriate.

Constructs

The dCas9-Tet1 fusion protein with a 9-amino acid linker
(LQGGGSGS) was generated by replacing the DNMT3a domain within
pdCas9-DNMT3A-EGFP (Vojta et al, 2016) with the active or inactive
catalytic domain of human TET1 (Maeder et al, 2013) with cassettes
being introduced (Table S1) for one (LacZ) or two gRNAs under
independent U6 promoters. The (d)Tet1 cassette was removed by
enzymatic digestion (Fsel/Xhol) to obtain the dCas9 control
plasmid.

Immunohistochemistry

Immunohistochemistry was performed as described (Aprea et al,
2013). Briefly, the brains were fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer (pH 7.4; PFA) at 4°C for 12 hours, cryoprotected in
30% sucrose, and cryosectioned (10 ym). Sodium citrate (0.01 M; pH
6.0)-based antigen treatment was performed (1 h at 70°C) followed
by incubation with the appropriate antibodies (Table S2), washes
with PBS, and PFA post-fixation for 30 min. For EdU, the Click-iT
Alexa Fluor 647 kit was used according to the manufacturer’s in-
structions (Invitrogen). For BrdU, the sections were incubated in 2 M
HCl after post-fixation for 30 min at 37°C, followed by washes with
PBS and antibody incubation.

(Oxidative-)bisulfite amplicon sequencing and qRT-PCR

(ox)BSamp-seq protocol was adapted from Masser et al (2015).
Briefly, 0.2-1 ug of DNA was converted either using the EpiTect
Bisulfite kit (QIAGEN) for BSamp-seq or the TrueMethyl-seq kit
(Cambridge Epigenetix) for oxBSamp-seq. Converted DNA was used
as a template to PCR-amplify the region of interest using bisulfite-
specific primer pairs (Table S1). The purity and size of the amplicons
was validated on gels and purified using the QlAquick PCR Puri-
fication Kit (QIAGEN). 0.2 uM from all amplicons of each sample were
pooled and used for tagmentation-based whole-genome library
preparation using the Nextera DNA Library Preparation Kit (Illu-
mina). Libraries were amplified using the KAPA High Fidelity Master
Mix (PeqLab), purified using Ampure XP-beads (Beckman & Coulter),
and loaded on a Miseg-Nanoflowcell (Illumina). Each sequencing
run resulted in about 100,000 reads distributed over all pooled
amplicons. Data were analyzed using Bismark 0.16.0. For gRT-PCRs,
reverse transcription was performed with 30-100 ng of RNA using
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the iScript cDNA Synthesis kit (Bio-Rad). Transcripts were quantified
by iQ SYBR Green Supermix (Bio-Rad) on a CFX Connect real-time
PCR Detection System (Bio-Rad) using the appropriate primers
(Table S7).

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/sa.
201900331.

Acknowledgements

This work was supported by the Center for Regenerative Therapies TU
Dresden (CRTD), the German Research Foundation (SFB655 project A20) and
a fellowship of the DIGS-BB of the TU Dresden awarded to F Noack. We are
grateful to Andreas Dahl, Annekathrin Krankel, and Susanne Reinhardt of the
Dresden Genome Sequencing Center for helpful discussions and the MPI-
CBG and CRTD animal house for support. Animal experiments were approved
by local authorities (24-9168.11-1/41 and TVV 39/2015).

Author Contributions

F Noack: conceptualization, data curation, formal analysis, validation,
visualization, methodology, project administration, and writing—
original draft, review, and editing.

A Pataskar: data curation.

M Schneider: methodology.

F Buchholz: conceptualization and resources.

VK Tiwari: conceptualization, formal analysis, and writing—review
and editing.

F Calegari: conceptualization, supervision, funding acquisition,
project administration, and writing—original draft, review, and
editing.

Conflict of Interest Statement

The authors declare that they have no conflict of interest.

References

Aprea J, Lesche M, Massalini S, Prenninger S, Alexopoulou D, Dahl A, Hiller M,
Calegari F (2015) Identification and expression patterns of novel long
non-coding RNAs in neural progenitors of the developing mammalian
cortex. Neurogenesis (Austin) 2: €995524. doi:10.1080/
23262133.2014.995524

Aprea J, Prenninger S, Dori M, Ghosh T, Monasor LS, Wessendorf E, Zocher S,
Massalini S, Alexopoulou D, Lesche M, et al (2013) Transcriptome
sequencing during mouse brain development identifies long non-
coding RNAs functionally involved in neurogenic commitment. EMBO J
32: 3145-3160. doi:10.1038/emb0j.2013.245

Artegiani B, de Jesus Domingues AM, Bragado Alonso S, Brandl E, Massalini S,
Dahl A, Calegari F (2015) Tox: A multifunctional transcription factor
and novel regulator of mammalian corticogenesis. EMBO | 34:
896-910. doi:10.15252/embj.201490061

5(h)mC editing during mammalian corticogenesis Noack et al.

Atlasi Y, Stunnenberg HG (2017) The interplay of epigenetic marks during
stem cell differentiation and development. Nat Rev Genet 18: 643-658.
doi:10.1038/nrg.2017.57

Bayam E, Sahin GS, Guzelsoy G, Guner G, Kabakcioglu A, Ince-Dunn G (2015)
Genome-wide target analysis of NEUROD2 provides new insights into
regulation of cortical projection neuron migration and differentiation.
BMC Genomics 16: 681. doi:10.1186/512864-015-1882-9

Calo E, Wysocka J (2013) Modification of enhancer chromatin: What, how, and
why? Mol Cell 49: 825-837. d0i:10.1016/j.molcel.2013.01.038

Cappello S, Gray MJ, Badouel C, Lange S, Einsiedler M, Srour M, Chitayat D,
Hamdan FF, Jenkins ZA, Morgan T, et al (2013) Mutations in genes
encoding the cadherin receptor-ligand pair DCHS1 and FAT4 disrupt
cerebral cortical development. Nat Genet 45: 1300-1308. d0i:10.1038/
ng.2765

de Jesus Domingues AM, Artegiani B, Dahl A, Calegari F (2016) Identification of
Tox chromatin binding properties and downstream targets by DamID-
Seq. Genom Data 7: 264-268. doi:10.1016/j.gdata.2016.02.003

Donaghey J, Thakurela S, Charlton J, Chen JS, Smith ZD, Gu H, Pop R, Clement K,
Stamenova EK, Karnik R, et al (2018) Genetic determinants and
epigenetic effects of pioneer-factor occupancy. Nat Genet 50: 250-258.
doi:10.1038/s41588-017-0034-3

Fan G, Martinowich K, Chin MH, He F, Fouse SD, Hutnick L, Hattori D, Ge W,
Shen Y, Wu H, et al (2005) DNA methylation controls the timing of
astrogliogenesis through regulation of JAK-STAT signaling.
Development 132: 3345-3356. doi:10.1242/dev.01912

Furst RW, Kliem H, Meyer HH, Ulbrich SE (2012) A differentially methylated
single CpG-site is correlated with estrogen receptor alpha
transcription. J Steroid Biochem Mol Biol 130: 96-104. d0i:10.1016/].
jsbmb.2012.01.009

Gao J, Ma Y, Fu HL, Luo Q, Wang Z, Xiao YH, Yang H, Cui DX, Jin WL (2016) Non-
catalytic roles for TET1 protein negatively regulating neuronal
differentiation through srGAP3 in neuroblastoma cells. Protein Cell 7:
351-361. doi:10.1007/5s13238-016-0267-4

Guo JU, Ma DK, Mo H, Ball MP, Jang MH, Bonaguidi MA, Balazer JA, Eaves HL, Xie
B, Ford E, et al (2011) Neuronal activity modifies the DNA methylation
landscape in the adult brain. Nat Neurosci 14: 1345-1351. d0i:10.1038/
nn.2900

Hahn MA, Qiu R, Wu X, Li AX, Zhang H, Wang J, Jui J, Jin SG, Jiang Y, Pfeifer GP,
et al (2013) Dynamics of 5-hydroxymethylcytosine and chromatin
marks in Mammalian neurogenesis. Cell Rep 3: 291-300. doi:10.1016/].
celrep.2013.01.011

He YF, Li BZ, Li Z, Liu P, Wang Y, Tang Q, Ding}J, Jia Y, Chen Z, Li L, et al (2011) Tet-
mediated formation of 5-carboxylcytosine and its excision by TDG in
mammalian DNA. Science 333: 1303-1307. doi:10.1126/science. 1210944

Hirabayashi Y, Gotoh Y (2010) Epigenetic control of neural precursor cell fate
during development. Nat Rev Neurosci 11: 377-388. d0i:10.1038/
nrn2810

Hon GC, Song CX, Du T, Jin F, Selvaraj S, Lee AY, Yen CA, Ye Z, Mao SQ, Wang BA,
et al (2014) 5mC oxidation by Tet2 modulates enhancer activity and
timing of transcriptome reprogramming during differentiation. Mol
Cell 56: 286-297. d0i:10.1016/j.molcel.2014.08.026

Jaffe AE, Gao Y, Deep-Soboslay A, Tao R, Hyde TM, Weinberger DR, Kleinman JE
(2016) Mapping DNA methylation across development, genotype and
schizophrenia in the human frontal cortex. Nat Neurosci 19: 40-47.
doi:10.1038/nn.4181

Kaas GA, Zhong C, Eason DE, Ross DL, Vachhani RV, Ming GL, King JR, Song H,
Sweatt JD (2013) TET1 controls CNS 5-methylcytosine hydroxylation,
active DNA demethylation, gene transcription, and memory
formation. Neuron 79: 1086-1093. doi:10.1016/j.neuron.2013.08.032

Kienhofer S, Musheev MU, Stapf U, Helm M, Schomacher L, Niehrs C, Schafer A
(2015) GADD45a physically and functionally interacts with TET1.
Differentiation 90: 59-68. d0i:10.1016/].diff.2015.10.003

https://doi.org/10.26508/1sa.201900331 vol 2 | no 2 | €201900331 13 of 15


https://doi.org/10.26508/lsa.201900331
https://doi.org/10.26508/lsa.201900331
https://doi.org/10.1080/23262133.2014.995524
https://doi.org/10.1080/23262133.2014.995524
https://doi.org/10.1038/emboj.2013.245
https://doi.org/10.15252/embj.201490061
https://doi.org/10.1038/nrg.2017.57
https://doi.org/10.1186/s12864-015-1882-9
https://doi.org/10.1016/j.molcel.2013.01.038
https://doi.org/10.1038/ng.2765
https://doi.org/10.1038/ng.2765
https://doi.org/10.1016/j.gdata.2016.02.003
https://doi.org/10.1038/s41588-017-0034-3
https://doi.org/10.1242/dev.01912
https://doi.org/10.1016/j.jsbmb.2012.01.009
https://doi.org/10.1016/j.jsbmb.2012.01.009
https://doi.org/10.1007/s13238-016-0267-4
https://doi.org/10.1038/nn.2900
https://doi.org/10.1038/nn.2900
https://doi.org/10.1016/j.celrep.2013.01.011
https://doi.org/10.1016/j.celrep.2013.01.011
https://doi.org/10.1126/science.1210944
https://doi.org/10.1038/nrn2810
https://doi.org/10.1038/nrn2810
https://doi.org/10.1016/j.molcel.2014.08.026
https://doi.org/10.1038/nn.4181
https://doi.org/10.1016/j.neuron.2013.08.032
https://doi.org/10.1016/j.diff.2015.10.003
https://doi.org/10.26508/lsa.201900331

<4< o . o
s2el» Life Science Alliance

Koh KP, Rao A (2013) DNA methylation and methylcytosine oxidation in cell
fate decisions. Curr Opin Cell Biol 25: 152-161. doi:10.1016/].
ceb.2013.02.014

Koslowski M, Luxemburger U, Tureci O, Sahin U (2011) Tumor-associated CpG
demethylation augments hypoxia-induced effects by positive
autoregulation of HIF-1alpha. Oncogene 30: 876-882. doi:10.1038/
onc.2010.481

LaMonica BE, Lui JH, Wang X, Kriegstein AR (2012) OSVZ progenitors in the
human cortex: An updated perspective on neurodevelopmental
disease. Curr Opin Neurobiol 22: 747-753. d0i:10.1016/].
conb.2012.03.006

Lister R, Mukamel EA, Nery JR, Urich M, Puddifoot CA, Johnson ND, Lucero J,
Huang Y, Dwork AJ, Schultz MD, et al (2013) Global epigenomic
reconfiguration during mammalian brain development. Science 341:
1237905. doi:10.1126/science.1237905

Liu XS, Wu H, Ji X, Stelzer Y, Wu X, Czauderna S, Shu J, Dadon D, Young RA,
Jaenisch R (2016) Editing DNA methylation in the mammalian genome.
Cell 167: 233-247 €217. d0i:10.1016/j.cell.2016.08.056

Lu F, Liu Y, Jiang L, Yamaguchi S, Zhang Y (2014) Role of Tet proteins in
enhancer activity and telomere elongation. Genes Dev 28: 2103-2119.
doi:10.1101/gad.248005.114

Lui JH, Hansen DV, Kriegstein AR (2011) Development and evolution of the
human neocortex. Cell 146: 18-36. doi:10.1016/j.cell.2011.06.030

Luo C, Lancaster MA, Castanon R, Nery JR, Knoblich JA, Ecker JR (2016) Cerebral
organoids recapitulate epigenomic signatures of the human fetal
brain. Cell Rep 17: 3369-3384. doi:10.1016/j.celrep.2016.12.001

Maeder ML, Angstman JF, Richardson ME, Linder SJ, Cascio VM, Tsai SQ, Ho QH,
Sander JD, Reyon D, Bernstein BE, et al (2013) Targeted DNA
demethylation and activation of endogenous genes using
programmable TALE-TET1 fusion proteins. Nat Biotechnol 31:
1137-1142. d0i:10.1038/nbt.2726

Mahe EA, Madigou T, Serandour AA, Bizot M, Avner S, Chalmel F, Palierne G,
Metivier R, Salbert G (2017) Cytosine modifications modulate the
chromatin architecture of transcriptional enhancers. Genome Res 27:
947-958. d0i:10.1101/gr.211466.116

Masser DR, Stanford DR, Freeman WM (2015) Targeted DNA methylation
analysis by next-generation sequencing. J Vis Exp doi:10.3791/52488

Mo A, Mukamel EA, Davis FP, Luo C, Henry GL, Picard S, Urich MA, Nery JR,
Sejnowski TJ, Lister R, et al (2015) Epigenomic signatures of neuronal
diversity in the mammalian brain. Neuron 86: 1369-1384. doi:10.1016/].
neuron.2015.05.018

Morita S, Noguchi H, Horii T, Nakabayashi K, Kimura M, Okamura K, Sakai A,
Nakashima H, Hata K, Nakashima K, et al (2016) Targeted DNA
demethylation in vivo using dCas9-peptide repeat and scFv-TET1
catalytic domain fusions. Nat Biotechnol 34: 1060-1065. doi:10.1038/
nbt.3658

Nguyen S, Meletis K, Fu D, Jhaveri S, Jaenisch R (2007) Ablation of de novo DNA
methyltransferase Dnmt3a in the nervous system leads to
neuromuscular defects and shortened lifespan. Dev Dyn 236:
1663-1676. d0i:10.1002/dvdy.21176

Oda M, Yamagiwa A, Yamamoto S, Nakayama T, Tsumura A, Sasaki H, Nakao K,
Li E, Okano M (2006) DNA methylation regulates long-range gene
silencing of an X-linked homeobox gene cluster in a lineage-specific
manner. Genes Dev 20: 3382-3394. doi:10.1101/gad.1470906

Pataskar A, Jung ), Smialowski P, Noack F, Calegari F, Straub T, Tiwari VK (2016)
NeuroD1 reprograms chromatin and transcription factor landscapes
to induce the neuronal program. EMBO J 35: 24-45. d0i:10.15252/
embj.201591206

Rudenko A, Dawlaty MM, Seo J, Cheng AW, Meng J, Le T, Faull KF, Jaenisch R,
Tsai LH (2013) Tet1 is critical for neuronal activity-regulated gene
expression and memory extinction. Neuron 79: 1109-1122. doi:10.1016/
j.neuron.2013.08.003

5(h)mC editing during mammalian corticogenesis Noack et al.

Sardina JL, Collombet S, Tian TV, Gomez A, Di Stefano B, Berenguer C,
Brumbaugh ), Stadhouders R, Segura-Morales C, Gut M, et al (2018)
Transcription factors drive Tet2-mediated enhancer demethylation to
reprogram cell fate. Cell Stem Cell 23: 727-741 €729. d0i:10.1016/].
stem.2018.08.016

Schubeler D (2015) Function and information content of DNA methylation.
Nature 517: 321-326. doi:10.1038/nature14192

Shen 'Y, Yue F, McCleary DF, Ye Z, Edsall L, Kuan S, Wagner U, Dixon J, Lee L,
Lobanenkov VV, et al (2012) A map of the cis-regulatory sequences in
the mouse genome. Nature 488: 116-120. doi:10.1038/nature11243

Smith DK, Yang J, Liu ML, Zhang CL (2016) Small molecules modulate
chromatin accessibility to promote NEUROG2-mediated fibroblast-to-
neuron reprogramming. Stem Cell Reports 7: 955-969. doi:10.1016/j.
stemcr.2016.09.013

Smith ZD, Meissner A (2013) DNA methylation: Roles in mammalian
development. Nat Rev Genet 14: 204-220. doi:10.1038/nrg3354

Song CX, Szulwach KE, Fu Y, Dai Q, Yi C, Li X, Li Y, Chen CH, Zhang W, Jian X, et al
(2011) Selective chemical labeling reveals the genome-wide
distribution of 5-hydroxymethylcytosine. Nat Biotechnol 29: 68-72.
doi:10.1038/nbt.1732

Southwell DG, Nicholas CR, Basbaum Al, Stryker MP, Kriegstein AR,
Rubenstein JL, Alvarez-Buylla A (2014) Interneurons from embryonic
development to cell-based therapy. Science 344: 1240622. doi:10.1126/
science.1240622

Stadler MB, Murr R, Burger L, lvanek R, Lienert F, Scholer A, van Nimwegen E,
Wirbelauer C, Oakeley EJ, Gaidatzis D, et al (2011) DNA-binding factors
shape the mouse methylome at distal regulatory regions. Nature 480:
490-495. doi:10.1038/nature10716

Stricker SH, Gotz M (2018) DNA-Methylation: Master or slave of neural fate
decisions? Front Neurosci 12: 5. doi:10.3389/fnins.2018.00005

Tahiliani M, Koh KP, Shen Y, Pastor WA, Bandukwala H, Brudno Y, Agarwal S,
lyer LM, Liu DR, Aravind L, et al (2009) Conversion of 5-methylcytosine
to 5-hydroxymethylcytosine in mammalian DNA by MLL partner TET1.
Science 324: 930-935. doi:10.1126/science.1170116

Tan L, Xiong L, Xu W, Wu F, Huang N, Xu Y, Kong L, Zheng L, Schwartz L, Shi Y,
et al (2013) Genome-wide comparison of DNA hydroxymethylation in
mouse embryonic stem cells and neural progenitor cells by a new
comparative hMeDIP-seq method. Nucleic Acids Res 41: e84.
doi:10.1093/nar/gkt091

Taverna E, Gotz M, Huttner WB (2014) The cell biology of neurogenesis:
Toward an understanding of the development and evolution of the
neocortex. Annu Rev Cell Dev Biol 30: 465-502. doi:10.1146/annurev-
cellbio-101011-155801

Velasco S, Ibrahim MM, Kakumanu A, Garipler G, Aydin B, Al-Sayegh MA,
Hirsekorn A, Abdul-Rahman F, Satija R, Ohler U, et al (2017) A multi-
step transcriptional and chromatin state cascade underlies motor
neuron programming from embryonic stem cells. Cell Stem Cell 20:
205-217 €208. doi:10.1016/j.5stem.2016.11.006

Vojta A, Dobrinic P, Tadic V, Bockor L, Korac P, Julg B, Klasic M, Zoldos V (2016)
Repurposing the CRISPR-Cas9 system for targeted DNA methylation.
Nucleic Acids Res 44: 5615-5628. doi:10.1093/nar/gkw159

Wen L, Tang F (2014) Genomic distribution and possible functions of DNA
hydroxymethylation in the brain. Genomics 104: 341-346. doi:10.1016/].
ygeno.2014.08.020

Wu H, Coskun V, Tao J, Xie W, Ge W, Yoshikawa K, Li E, Zhang Y, Sun YE (2010)
Dnmt3a-dependent nonpromoter DNA methylation facilitates
transcription of neurogenic genes. Science 329: 444-448. doi:10.1126/
science.1190485

Xin'Y), Yuan B, Yu B, Wang YQ, Wu JJ, Zhou WH, Qiu Z (2015) Tet1-mediated DNA
demethylation regulates neuronal cell death induced by oxidative
stress. Sci Rep 5: 7645. doi:10.1038/srep08951

https://doi.org/10.26508/1sa.201900331 vol 2 | no 2 | €201900331 14 of 15


https://doi.org/10.1016/j.ceb.2013.02.014
https://doi.org/10.1016/j.ceb.2013.02.014
https://doi.org/10.1038/onc.2010.481
https://doi.org/10.1038/onc.2010.481
https://doi.org/10.1016/j.conb.2012.03.006
https://doi.org/10.1016/j.conb.2012.03.006
https://doi.org/10.1126/science.1237905
https://doi.org/10.1016/j.cell.2016.08.056
https://doi.org/10.1101/gad.248005.114
https://doi.org/10.1016/j.cell.2011.06.030
https://doi.org/10.1016/j.celrep.2016.12.001
https://doi.org/10.1038/nbt.2726
https://doi.org/10.1101/gr.211466.116
https://doi.org/10.3791/52488
https://doi.org/10.1016/j.neuron.2015.05.018
https://doi.org/10.1016/j.neuron.2015.05.018
https://doi.org/10.1038/nbt.3658
https://doi.org/10.1038/nbt.3658
https://doi.org/10.1002/dvdy.21176
https://doi.org/10.1101/gad.1470906
https://doi.org/10.15252/embj.201591206
https://doi.org/10.15252/embj.201591206
https://doi.org/10.1016/j.neuron.2013.08.003
https://doi.org/10.1016/j.neuron.2013.08.003
https://doi.org/10.1016/j.stem.2018.08.016
https://doi.org/10.1016/j.stem.2018.08.016
https://doi.org/10.1038/nature14192
https://doi.org/10.1038/nature11243
https://doi.org/10.1016/j.stemcr.2016.09.013
https://doi.org/10.1016/j.stemcr.2016.09.013
https://doi.org/10.1038/nrg3354
https://doi.org/10.1038/nbt.1732
https://doi.org/10.1126/science.1240622
https://doi.org/10.1126/science.1240622
https://doi.org/10.1038/nature10716
https://doi.org/10.3389/fnins.2018.00005
https://doi.org/10.1126/science.1170116
https://doi.org/10.1093/nar/gkt091
https://doi.org/10.1146/annurev-cellbio-101011-155801
https://doi.org/10.1146/annurev-cellbio-101011-155801
https://doi.org/10.1016/j.stem.2016.11.006
https://doi.org/10.1093/nar/gkw159
https://doi.org/10.1016/j.ygeno.2014.08.020
https://doi.org/10.1016/j.ygeno.2014.08.020
https://doi.org/10.1126/science.1190485
https://doi.org/10.1126/science.1190485
https://doi.org/10.1038/srep08951
https://doi.org/10.26508/lsa.201900331

<4< o . o
s2el» Life Science Alliance

Yao B, Christian KM, He C, Jin P, Ming GL, Song H (2016) Epigenetic mechanisms
in neurogenesis. Nat Rev Neurosci 17: 537-549. d0i:10.1038/nrn.2016.70

Yin' Y, Morgunova E, Jolma A, Kaasinen E, Sahu B, Khund-Sayeed S, Das PK,
Kivioja T, Dave K, Zhong F, et al (2017) Impact of cytosine methylation
on DNA binding specificities of human transcription factors. Science
356: eaaj2239. doi:10.1126/science.aaj2239

Zhang RR, Cui QY, Murai K, Lim YC, Smith ZD, Jin S, Ye P, Rosa L, Lee YK, Wu HP,
et al (2013) Tet1 regulates adult hippocampal neurogenesis and
cognition. Cell Stem Cell 13: 237-245. doi:10.1016/j.stem.2013.05.006

Zhu X, Girardo D, Govek EE, John K, Mellen M, Tamayo P, Mesirov JP, Hatten ME
(2016) Role of Tet1/3 genes and chromatin remodeling genes in

5(h)mC editing during mammalian corticogenesis Noack et al.

cerebellar circuit formation. Neuron 89: 100-112. doi:10.1016/j.
neuron.2015.11.030

Ziller M), Edri R, Yaffe Y, Donaghey J, Pop R, Mallard W, Issner R, Gifford CA,
Goren A, Xing ), et al (2015) Dissecting neural differentiation regulatory
networks through epigenetic footprinting. Nature 518: 355-359.
doi:10.1038/nature13990

License: This article is available under a Creative
Commons License (Attribution 4.0 International, as
described at https://creativecommons.org/
licenses/by/4.0/).

https://doi.org/10.26508/1sa.201900331 vol 2 | no 2 | 201900331 15 of 15


https://doi.org/10.1038/nrn.2016.70
https://doi.org/10.1126/science.aaj2239
https://doi.org/10.1016/j.stem.2013.05.006
https://doi.org/10.1016/j.neuron.2015.11.030
https://doi.org/10.1016/j.neuron.2015.11.030
https://doi.org/10.1038/nature13990
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.26508/lsa.201900331

	Assessment and site-specific manipulation of DNA (hydroxy-)methylation during mouse corticogenesis
	Introduction
	Results
	Cell-specific assessment of 5(h)mC identifies the bivalent epigenetic signature of enhancers during neurogenic commitment
	A concurrent loss in 5mC and gain in 5hmC occurs within, or in proximity to, neurogenic genes up-regulated during fate comm ...
	5mC-loss/5hmC-gain loci are enriched in active enhancers and neurogenic pioneer factor–binding motifs
	An improved method to manipulate 5(h)mC reveals the role of methylation within a novel regulatory element of Dchs1

	Discussion
	Materials and Methods
	Animals and cell sorting
	(h)MeDIP and sequencing
	Bioinformatics and statistics
	Constructs
	Immunohistochemistry
	(Oxidative-)bisulfite amplicon sequencing and qRT–PCR

	Supplementary Information
	Acknowledgements
	Author Contributions
	Conflict of Interest Statement
	Aprea J, Lesche M, Massalini S, Prenninger S, Alexopoulou D, Dahl A, Hiller M, Calegari F (2015) Identification and express ...


