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DNMT1 modulates interneuron morphology by regulating Pak6 expression
through crosstalk with histone modifications
Judit Symmanka, Cathrin Bayera, Christiane Schmidta, Anne Hahna, Daniel Pensold a, and Geraldine Zimmer-
Bensch a,b

aInstitute of Human Genetics, University Hospital Jena, Jena, Germany; bInstitute for Biology II, Division of Functional Epigenetics in the
Animal Model, RWTH Aachen University, Aachen, Germany

ABSTRACT
Epigenetic mechanisms of gene regulation, including DNA methylation and histone modifications,
call increasing attention in the context of development and human health. Thereby, interactions
between DNA methylating enzymes and histone modifications tremendously multiply the spec-
trum of potential regulatory functions. Epigenetic networks are critically involved in the establish-
ment and functionality of neuronal circuits that are composed of gamma-aminobutyric acid
(GABA)-positive inhibitory interneurons and excitatory principal neurons in the cerebral cortex.
We recently reported a crucial role of the DNA methyltransferase 1 (DNMT1) during the migration
of immature POA-derived cortical interneurons by promoting the migratory morphology through
repression of Pak6. However, the DNMT1-dependent regulation of Pak6 expression appeared to
occur independently of direct DNA methylation. Here, we show that in addition to its DNA
methylating activity, DNMT1 can act on gene transcription by modulating permissive H3K4 and
repressive H3K27 trimethylation in developing inhibitory interneurons, similar to what was found
in other cell types. In particular, the transcriptional control of Pak6, interactions of DNMT1 with the
Polycomb-repressor complex 2 (PCR2) core enzyme EZH2, mediating repressive H3K27 trimethyla-
tions at regulatory regions of the Pak6 gene locus. Similar to what was observed upon Dnmt1
depletion, inhibition of EZH2 caused elevated Pak6 expression levels accompanied by increased
morphological complexity, which was rescued by siRNA-mediated downregulation of Pak6 expres-
sion. Together, our data emphasise the relevance of DNMT1-dependent crosstalk with histone tail
methylation for transcriptional control of genes like Pak6 required for proper cortical interneuron
migration.
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Introduction

The precise balance between excitation and inhibi-
tion is crucial for neuronal information processing in
the cerebral cortex [1–4], whereby the inhibitory
actions of cortical GABAergic interneurons shape
and synchronize the responses of excitatory projec-
tion neurons [5,6]. Due to their relevance for, cir-
cuits, defects in inhibitory interneuron development
and function are associated with various neuropsy-
chiatric diseases [4,7–16]. Hence, revealing key reg-
ulators that orchestrate cortical interneuron
development is crucial to reveal critical events that
lead to cortical dysfunction.

Brain development is a complex process
through which immature cortical GABAergic
interneurons undergo a prolonged period of

post-mitotic differentiation and maturation
[5,6,17–21]. The long-range tangential migra-
tion from their subpallial sites of origin, includ-
ing the medial and caudal ganglionic eminences
as well as the preoptic area (POA) [22–30], into
cortical areas represents a critical developmen-
tal step. Proper migration relies on the adaption
and preservation of a typical migratory mor-
phology capable for directional adjustments
induced by extrinsic cues, as well as the main-
tenance of their viability [29,31–39]. The
orchestration of the underlying complex and
dynamic subcellular processes requires flexible
gene regulation [40–42].

Epigenetic mechanisms like DNA methyla-
tion and histone tail modifications provide in
part higher ordered regulatory features allowing
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for adaptive gene expression modifying devel-
opmental programs in response to external sti-
muli [40–45]. In addition to cytosine
methylation in dividing progenitors, the DNA
methylation-dependent and independent func-
tions of the DNA methyltransferase 1
(DNMT1) seem to regulate transcription in
developing as well as adult neurons
[29,43,44,46].

In this context, we previously reported in
Pensold et al. (2016) [29] that DNMT1 promotes
the migration and survival of Hmx3-expressing
cortical interneurons generated in the preoptic
area (POA) by repressing Pak6 expression, cod-
ing for a p21-activated serine/threonine protein
kinase [47]. Conditional deletion of Dnmt1
causes increased expression levels of Pak6,
which are associated with morphological altera-
tions of migrating interneurons characterized by
higher cellular complexity and increased cell
death rates. This significantly reduces the num-
ber of interneurons reaching the cortex [29].
However, the underlying mechanism by which
DNMT1 represses Pak6 gene expression remains
unclear and seems independent of direct DNA
methylation of the Pak6 locus or of genes encod-
ing for potential regulatory factors [29]. Hence,
we hypothesized a crosstalk of DNMT1 with
histone modifying enzymes in mediating the
transcriptional silencing of Pak6 in cortical
interneurons, which we addressed in the present
study.

Our results suggested a bivalent regulation of
Pak6 by simultaneous association of repressive
H3K27me3 and permissive H3K4me3 close to the
transcription start site. While the association of
H3K4me3 at the Pak6 gene locus appeared
DNMT1-independently regulated, we provided evi-
dence for interactions of DNMT1 with the H3K27-
methyltransferase EZH2 in modulating transcrip-
tional. In particular, we found that the DNMT1-
dependent establishment of repressive H3K27me3
by EZH2 contributes to the regulation of Pak6
expression. Thus, our study underlines the impor-
tance of the crosstalk between different epigenetic
key regulators for transcriptional networks under-
lying cortical interneuron development.

Results

DNA methylation-independent transcriptional
control of DNMT1

Our previous study revealed a prominent role of
DNMT1 in promoting cortical interneuron
migration and survival through the transcrip-
tional regulation of genes involved in cytoskeletal
remodeling and cell death such as Pak6, encoding
for the p21-activated protein kinase PAK6 [29].
Correlative RNA and MeDIP sequencing on
FACS-enriched Hmx3-Cre/tdTomato/Dnmt1
wild-type (Dnmt1 WT) and Hmx3-Cre/
tdTomato/Dnmt1 loxP2 (Dnmt1 KO) mice at
embryonic day (E) 16, when POA-derived inter-
neuron migration takes place [28,29], was per-
formed in a previous study [29]. The results
suggested a DNA methylation-independent regu-
lation of Pak6 expression by DNMT1. Indeed, the
majority of genes with altered expression in
Dnmt1-deficient POA interneurons did not dis-
play changes in gene methylation and vice versa
(Figure 1(A)). This strongly suggested DNA
methylation-independent actions of DNMT1
mediating transcriptional control in developing
cortical interneurons, in addition to potential sec-
ondary effects of Dnmt1 deletion. GO analysis of
the 1050 genes displaying increased expression
without respective changes in DNA methylation
in Dnmt1-deficient interneurons (obtained from
the dataset of Pensold et al., 2016 [29]), resulted
in a significant enrichment of membrane and cell
shape-associated genes, as well as genes related to
protein phosphorylation (Figure 1(B)). In agree-
ment with this, the protein kinase PAK6 is
involved in phosphate transfer as well as the
regulation of neurite branching in post-mitotic
neurons [29,48,49].

Besides cytosine methylation, DNMT1 contributes
to the complex epigenetic network of gene regulation
by modulating permissive and repressive chemical
modifications of amino acids on histone tails via
interactions with histone-modifying enzymes
[50,51]. As such interactions were already shown to
regulate relevant gene transcription in non-neuronal
cells [52,53], we next investigated potential alterations
in histone modifications after Dnmt1 deletion.
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Figure 1. DNA methylation-independent functions of DNMT1. (A) Venn diagram indicating differentially expressed genes (DEG,
purple circle) and differentially methylated genes (DMG, red circle) as well as their overlap (magenta) between E16 FACS-enriched
Hmx3-Cre/tdTomato/Dnmt1 wild-type (Dnmt1 WT) and Hmx3-Cre/tdTomato/Dnmt1 loxP2 (Dnmt1 KO) POA cells determined by
correlative RNA and MeDIP sequencing. (B) Gene ontology (GO) analysis of genes that were significantly up-regulated in FAC-sorted
E16 Dnmt1-deleted Hmx3-Cre/tdTomato POA cells (P < 0.05; Benjamini adjusted, foldchange > 1.3) and which did not display
changes in gene methylation compared with E16 Hmx3-Cre/tdTomato/Dnmt1 wild-type POA cells. (C-G) Representative microphoto-
graphs of dissociated E16 (+ 2 DIV) POA cells (C, D) and neuroblastoma (N2a) cells (E, F) treated either to control (C, E) or Dnmt1
siRNA (D, F), and stained for H3K4me3, shown as fluorescence intensity in black/white code and as thermal color-code (thermal LUT).
The mean grey value is quantified relative to controls in G (n = 26 POA and 345 N2a cells for ctrl siRNA, n = 24 POA and 245 N2a
cells for Dnmt1 siRNA). (H) Schematic illustration of the Pak6 gene locus with promoter (red), promoter flanking (light red), enhancer
(yellow) and non-regulatory (white) sites according to UCSC genome browser showing DNA primer positions (#1, #2, #3) in
regulatory (#1, #2) and non-regulatory (#3) gene regions. (I, J) ChIP-analysis of control and Dnmt1 siRNA-treated N2a cells with a
specific H3K4me3 antibody reveals the association of H3K4me3 to specific primer locations (#1–3 in H) in the Pak6 gene (I), analyzed
by quantitative PCR and normalized to the amount of input DNA (J; three individual experiments with four technical replicates each).
IgG controls were included to determine non-specifically bound DNA. ‘n’ refers to the number of analyzed cells. **P < 0.01;
***P < 0.001; Student’s t-test. Scale bars: 10 μm in (C-F). Ctrl, control; siR, siRNA; POA, preoptic area.
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Global H3K4 trimethylation was increased in
Dnmt1-depleted neuronal cells

Modifications at specific residues of histone amino
acid tails affect gene accessibility [54–57].
Dependent on the modified lysine residue, histone
methylation can either lead to permissive or
repressive gene expression states [54–57]. Dnmt1-
deficient embryonic POA-interneurons displayed
transcriptional changes of diverse genes involved
in the trimethylation of H3K4, which is associated
to permissive chromatin structure. In detail, an
increased expression of Kmt2d and Kmt2g coding
for histone-lysine N-methyltransferases (HMT
[58–60]) was observed in embryonic FACS-
enriched Hmx3-Cre/tdTomato/Dnmt1 loxP2 cells
(Supp. Figure 1). Both HMTs are classified as
trithorax-group proteins with important function
in maintaining gene expression and in promoting
the methylation of H3K4 [58,59,61]. Mono-, di-
and tri-methylation at H3K4, often correlated with
enhanced gene transcription, are regulated by
MLL-complexes that include the WDR5 protein
[62–64]. The stability of WDR5 was reported to
be increased by reduced expression of Cul4b
[65,66], which we also found diminished in
Dnmt1-deficient POA cells (Supp. Figure 1).
Together, the expressional changes detected in
Dnmt1-deficient interneurons pointed to changes
in the H3K4 methylation machinery. Hence, we
next asked whether the methylation of H3K4 was
altered in Dnmt1-deficient cells with potential
implications for the DNA methylation-indepen-
dent transcriptional up-regulation of genes like
Pak6. For this, we transfected dissociated POA
cells isolated from E16 wild-type mice either with
control or Dnmt1 siRNA and performed immu-
nostaining against H3K4me3. Fluorescence inten-
sity measurements indeed showed enhanced global
trimethylation of H3K4 in Dnmt1-depleted POA
cells (Figure 1(C,D,G)), which could be associated
to an increase in gene transcription [62–64].
Hence, these data point to a DNMT1-dependent
modulation of H3K4 methylation possibly by reg-
ulating the expression of histone methyltrans-
ferases or MLL-complex members.

The regulation of Pak6 expression seemed
independent of DNMT1-induced changes in
H3K4me3 levels

As we detected a global increase in permissive
H3K4 trimethylation, we asked whether the ele-
vated Pak6 expression observed after Dnmt1
depletion is caused by an enhanced association of
trimethylated H3K4 to the Pak6 gene locus. To
this end, we applied chromatin-immunoprecipita-
tion (ChIP) with an H3K4me3-specific antibody.
Due to low cell counts of Hmx3-Cre expressing
POA cells in embryonic brains, we switched to
neuroblastoma (N2a) cells, proven as reliable cell
culture model [29]. Similar to POA-derived inter-
neurons [29], N2a cells showed up-regulated Pak6
expression upon Dnmt1 depletion and a compar-
able increase in their morphological complexity
(Supp. Figure 2). Additionally, Dnmt1-depleted
N2a cells displayed a global increase in H3K4
trimethylation levels determined by fluorescence
intensity measurements of Dnmt1 siRNA and con-
trol-treated cells (Figure 1(E-G)).

To quantitatively assess the association of tri-
methylated H3K4 to the Pak6 gene we performed
qPCR of ChIP products of control and Dnmt1
siRNA-treated N2a cells using specific primers
for promoter-flanking and non-regulatory sites of
the Pak6 gene locus (Figure 1(H)). A promoter
region in the Gapdh gene locus was used to vali-
date the method, as Gapdh is often associated with
H3K4me3 [67,68]. The qPCR results were normal-
ized against the amount of input DNA and control
IgG was used to display unspecific antibody bind-
ing properties. Under control conditions we
detected a prominent association of H3K4me3
within the promoter flanking region (#1 and #2
in Figure 1(I,J)) similar to Gapdh, as well as within
the non-regulatory region (#3 in Figure 1(I,J)).
However, we did not observe any changes in
H3K4me3 association upon Dnmt1 depletion in
all regions analyzed (Figure 1(I,J)). Therefore, our
data suggest that the transcription of Pak6 is not
regulated by DNMT1-dependent changes in H3K4
trimethylation, even if other genes might be
modulated that way, as suggested by the global
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increase in H3K4me3 revealed by immunostaining
after Dnmt1 depletion (Figure 1(C,G)).

Repressive H3K27 trimethylation was decreased
in Dnmt1-depleted neurons

To realize an optimal and fast transition between
transcriptional states during development, genes
are often marked bivalently by a co-occurrence of
permissive H3K4me3 and repressive H3K27me3
modifications [69–74], and the ratio of H3K4me3
and H3K27me3 often decides about gene transcrip-
tion [72]. H3K27 trimethylation is regulated by the
polycomb repressor complex 2 (PCR2) through its
core enzyme EZH2, and diverse effector proteins
mediate complex stability and specificity [75–81].

Interestingly, fluorescence intensity measure-
ments of H3K27me3 in both embryonic POA-
derived interneurons as well as N2a cells, treated
either with control or Dnmt1 siRNA, revealed a
global reduction of H3K27me3 upon Dnmt1

depletion (Figure 2(A-E)). This is in line with
other studies showing diminished H3K27 trimethy-
lation levels upon Dnmt1 deletion as well as after
inhibition of EZH2 [53,82–85].

It was reported that DNMT1 can affect
H3K27me3 through the transcriptional control
over genes encoding for members of the H3K27
trimethylation machinery like EZH2. However, we
did not detect any transcriptional changes in PCR2-
related transcripts between Dnmt1 wild-type and
knockout POA-derived interneurons of E16 mice
(Supp. Figure 3A). In agreement with this, neither
Dnmt1 depletion by siRNA nor blocking the DNA
methylating function of DNMT1 by RG108 treat-
ment in cultured N2a cells resulted in reduced
EZH2 protein levels (Figure 2(F,G); Supp. Figure 3
(B,C)). In contrast to EZH2, H3K27me3 levels were
found reduced byWestern blot analysis uponDnmt1
depletion (Figure 2(F,G)), confirming the results of
the immunocytochemistry analysis (Figure 2(A-E)).
However, blocking DNA methylation with RG108

Figure 2. Repressive H3K27 trimethylation is reduced in Dnmt1-deficient cells. (A-E) Representative microphotographs of dissociated
E16 (+ 2 DIV) POA cells (A, B) and N2a cells (C, D) treated either with control (A, C) or Dnmt1 siRNA (B, D) and stained for H3K7me3,
presented as fluorescence intensity in black/white code and as thermal color-code (thermal LUT). The mean grey value relative to
control is quantified in E (n = 34 POA and 118 N2a cells for ctrl siRNA, n = 32 POA and 144 N2a cells for Dnmt1 siRNA). (F, G) Protein
levels of DNMT1, EZH2 and H3K27me3 in control and Dnmt1 siRNA-treated N2a cells analyzed with Western blot (G), normalized to
ACTB and quantified in relation to control (G; five individual experiments). (H) Co-immunoprecipitation with a DNMT1-specific
antibody revealed a protein-protein interaction with EZH2 in E16 POA and N2a cell samples analyzed by Western blot (three
individual experiments, two animals per experiment for POA cells). ‘n’ refers to the number of analyzed cells. *P < 0.05;**P < 0.01;
***P < 0.001; Student’s t-test. Scale bars: 10 μm in (A-D). Ctrl, control; siR, siRNA; POA, preoptic area.
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did not cause changes in the global H3K27me3 pro-
tein levels (Supp. Figure 3(B,C)). Together, these
results indicate that DNMT1 modulates H3K27 tri-
methylation independently of the transcriptional
control over PCR2 components like EZH2.

For non-neuronal cells direct interactions of
DNMT1 and EZH2 at protein level are described
to realize a repressive transcriptional state [52,82].
Indeed, co-immunoprecipitation experiments per-
formed with isolated POA cells of E16 wild-type
brains as well as N2a cells confirmed an interac-
tion of DNMT1 and EZH2 in both cell types
(Figure 2(H)). Thus, these data point to a
DNMT1-dependent modulation of H3K27 tri-
methylation via protein-protein interaction with
EZH2 in developing POA-derived interneurons
and neuron-like cells.

DNMT1 represss Pak6 expression by promoting
the association of repressive H3K27me3 marks in
promoter flanking regions

To elucidate whether DNMT1-dependent modula-
tion of H3K27me3 is involved in the regulation of
Pak6 expression, we next performed ChIP with a
H3K27me3-specific antibody using control and

Dnmt1 siRNA-treated N2a cells. The immunopre-
cipitated DNA was quantitatively analyzed for
Pak6 gene fragments using the same primer as
for H3K4me3 analysis directed against promoter-
flanking regions as well as non-regulatory gene
regions of Pak6 (Figure 3(A)). Primer against a
promoter region of Myod1 were used as control,
as this muscle-specific gene is usually strongly
associated with H3K27me3 in neuronal cells to
repress its transcription [86].

In control siRNA-treated cells, we detected a
strong association of H3K27me3 at the promoter-
flanking positions of the Pak6 gene locus (Figure 3
(B,C), #1 and #2), as well as at the non-regulatory
region (Figure 3(B,C), #3). Upon Dnmt1 depletion,
we found significantly decreased levels of
H3K27me3 within the regulatory gene regions of
the Pak6 gene locus (Figure 3(B,C), #1 and #2).
Apart from that, we did not detect any relevant
changes within the non-regulatory site (Figure 3(B,
C), #3). This reduced association of trimethylated
H3K27 induced by Dnmt1 depletion was in line
with the observed increase in Pak6 expression.

As an association of H3K27me3 near gene promo-
ter regions often suppresses transcription of the
respective genes [76,77,87], our results emphasize a

Figure 3. Dnmt1-depletion causes a reduced association of trimethylated H3K27 with Pak6 regulatory regions. (A) Schematic
illustration of the Pak6 gene locus with promoter (red), promoter flanking (light red), enhancer (yellow) and non-regulatory
(white) sites according to UCSC genome browser showing specific DNA primer positions (#1, #2, #3) in regulatory (#1, #2) and
non-regulatory (#3) gene regions. (B, C) ChIP-analysis of control and Dnmt1 siRNA-treated N2a cells with a H3K27me3-specific
antibody shows the association of H3K27me3 to the indicated primer locations (#1–3 in A) in the Pak6 gene (B), analyzed by
quantitative PCR and normalized to the amount of input (C; three individual experiments with four technical replicates each). IgG
controls indicate the amount of non-specifically bound DNA. ***P < 0.001; Student’s t-test. Ctrl, control; siR, siRNA.
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DNMT1-dependent repression of Pak6 transcription
through the modulation of EZH2-mediated H3K27
trimethylation.

EZH2 inhibition lead to changes in morphology
similar to the effects induced by Dnmt1
depletion

The experiments described so far indicated that
DNMT1 represses Pak6 expression through interac-
tions with EZH2, thereby affecting H3K27me3marks.
To functionally verify the EZH2-dependent transcrip-
tional regulation ofPak6, we treated culturedN2a cells
with the inhibitor 3-Deazaneplanocin A (DZNep),
shown to increase protein degradation of EZH2
[88,89]. In line with other studies [89–91], we detected
decreased levels of global H3K27me3 compared to
DMSO-treated controls in both, embryonic POA-
derived primary neurons (Figure 4(A,B)) and N2a
cells (Figure 4(C,D)) uponDZNep-mediated degrada-
tion of EZH2, as analyzed by intensity measurements
of immunocytochemical stainings (Figure 4(E)).
Furthermore, in comparison toDMSO controls quan-
titative measurements revealed enhanced Pak6
expression after DZNep-induced EZH2 degradation
(Figure 4(F)), confirming the relevance of this histone
methyltransferase for the transcriptional control of
Pak6.

A Dnmt1 deletion-induced elevation of Pak6
expression in migrating POA-derived interneurons

was shown to change their morphological character-
istics from a polarized migratory shape to an atypical
complex morphology reminiscent of mature inter-
neurons. This was assessed by measuring the leading
and trailing process length, neurite numbers as well
as branching frequencies [29]. To validate whether
EZH2 inhibition that caused increased Pak6 expres-
sion induces similar effects, we analyzed the mor-
phology of dissociated POA-derived interneurons
and N2a cells treated with DZNep (Figure 5A-E).
Consistent with previous studies, in which forced
PAK6 expression was induced [29], DZNep treat-
ment lead to a substantial increase in cellular com-
plexity of both cell types, characterized by
augmented lengths of non-leading processes and a
higher branch point occurrence (Figure 5(A-E)). To
directly control whether the elevated Pak6 expres-
sion contributes to this gain in cellular complexity,
depletion of Pak6 with target-specific siRNA was
achieved in DZNep and DMSO-treated cells and
compared to control transfections. Indeed, Pak6
siRNA treatment rescued the DZNep-induced
defects in POA cell morphology (Figure 5(F,J)), indi-
cating that Pak6 expression regulation in neurons
depends on EZH2-mediated repressive H3K27 tri-
methylation in regulatory gene regions.

Together, the results presented here demon-
strate that DNMT1 acts in concert with histone
modifying mechanisms in developing POA-
derived interneurons. In particular, Pak6

Figure 4. EZH2 inhibition by DZNep reduces global H3K27me3 levels and elevates Pak6 gene expression. (A-E) Representative
microphotographs of dissociated E16 (+ 2 DIV) POA cells (A, B) and N2a cells (C, D) treated either with DMSO (A, C) or the EZH2
inhibitor DZNep (B, D) and stained with a H3K7me3-specific antibody, shown as fluorescence intensity in black/white code and as
thermal color-code (thermal LUT). The mean grey value is quantified relative to DMSO controls in E (n = 37 POA and 120 N2a cells
for DMSO, n = 36 POA and 102 N2a cells for DZNep). (F) Quantitative PCR displays increased Pak6 expression in DZNep-treated N2a
cells compared to DMSO controls, normalized against Rps29 and Actb (three individual experiments with four technical replicates
each). ‘n’ refers to the number of analyzed cells. ***P < 0.001; Student’s t-test.
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repression in immature interneurons seems to rely
on a DNMT1-dependent modulation of repressive
H3K27 trimethylations mediated by interactions
between DNMT1 and EZH2.

Discussion

Developmental processes in neurons underlie a
multifaceted epigenetic regulation triggering stage
and cell type-specific transcriptional programs
[92–95]. While stable gene repression potentially
restricts cell fate, flexible and fast gene regulation
allows the adaption to transient intrinsic and
extrinsic cues [40–42]. DNMT-mediated DNA
methylation was initially considered as a stable

repressive mark and as a key mechanism for per-
manent gene silencing during development and
over lifetime [96–99]. However, active and selec-
tive DNA demethylation processes enable dynamic
DNA methylation and contribute to an adjustable
transcriptional control in neuronal cell types [100–
106]. Although, DNMT1 was classified as mainte-
nance methyltransferase with a high affinity to
hemimethylated DNA strands after replication
[107–109], there are many studies reporting addi-
tional functions during post-mitotic neuronal
development as well as in the adult brain
[29,43,46,110–113].

In our previous study, we highlighted the func-
tion of DNMT1 in facilitating the migration and

Figure 5. Enhanced Pak6 expression induced by EZH2 inhibition results in increased morphological complexity. (A-E) Representative
microphotographs of dissociated E16 (+ 2 DIV) POA cells (A, B) and N2a cells (C, D) treated either with DMSO (A, C) or DZNep (B, D)
and stained against TUBB3 (green channel) with a specific antibody, ACTB (red channel) with fluorescently labeled phalloidin and
DAPI (blue channel). Quantification of cell morphology is shown in (E) as complexity index relative to DMSO controls. The complexity
index is a product of primary neurite number, the branch point number of the longest process and the ratio between longest
process length and the mean length of all other neurites. (E; n = 52 POA and 85 N2a cells for DMSO, n = 69 POA and 93 N2a cells for
DZNep). (F-J) Representative microphotographs of dissociated E16 (+ 2 div) POA cells treated either with DMSO (F, H) or DZNep (G, I)
in addition to control (F, G) or Pak6 siRNA (H, I), then stained against TUBB3 (green channel) with a specific antibody, ACTB (red
channel) with fluorescently labeled phalloidin and DAPI (blue channel). The complexity index is quantified in (J) relative to DMSO
+ ctrl siRNA cell parameters (n = 39 POA cells for DMSO + ctrl siRNA, n = 43 POA cells for DZNep + ctrl siRNA, n = 51 POA cells for
DMSO + Pak6 siRNA, n = 68 POA cells for DZNep + Pak6 siRNA). ‘n’ refers to the number of analyzed cells. **P < 0.01;***P < 0.001;
Student’s t-test. Ctrl, control; siR, siRNA; POA, preoptic area.
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survival of immature inhibitory interneurons in
part by transcriptional repression of the gene cod-
ing for the serine/threonine-protein kinase PAK6
[29]. However, our data pointed to a DNA methy-
lation-independent regulation of Pak6 expression
by DNMT1 [29]. In the present study, we provided
evidence that the transcriptional control of Pak6
relies on a DNMT1-dependent establishment of
repressive histone marks through interactions
with histone-modifying enzymes.

This is consistent with the results obtained by RNA
and MeDIP sequencing of Hmx3-expressing Dnmt1
wild-type and knockout POA cells, showing no corre-
lation between transcriptional changes and alterations
in gene methylation for many membrane-, cell shape-
and protein phosphorylation-associated genes.
Immature interneurons have to quickly adapt their
morphology in regard to changing external guidance
cues during their migration from their sites of origin
in the basal telencephalon towards cortical targets
[114–117]. Therefore, the expression of genes impor-
tant for the composition and arrangement of cytoske-
letal compartments as well as membrane-bound
proteins like specific guidance receptors has to be
rapidly adapted upon signal detection and integration
[116,118–122]. Often, these processes are regulated by
protein phosphorylation [123–126], which also neces-
sitates a flexible regulation of respective protein
kinases like the PAKs [47,127,128]. Although active
DNA demethylation is shown to realize rapid activity-
dependent transcriptional changes in post-mitotic
neurons [101], DNA methylation and demethylation
seem rather regulate temporally orchestrated pro-
grams in neurons facilitating subtype-specific differ-
entiation andmaturation over the developmental time
course [129].

However, DNMT1 additionally appears to con-
tribute to the transcriptional control of genes
important for highly dynamic processes like cell
shape modulation through distinct mechanisms
apart from direct DNA methylation. Several stu-
dies already emphasize the relevance of non-cano-
nical DNMT1 functions in regulating gene activity
showing that the enzyme is also repressively active
without its catalytic domain [130–132]. In addition
to the transcriptional control over genes encoding
for proteins involved in the methylation of histone
tail amino acids, DNMT1 directly interacts with
these proteins, thereby coordinately determining

the chromatin status and allowing for transient
gene expression [50,51,133,134].

In agreement with this, we found elevated global
H3K4me3 and diminished H3K27me3 levels upon
Dnmt1 depletion, proposing a function for DNMT1
in modulating these histone tail modifications in
POA-derived interneurons. H3K4me3 marks,
mostly detected at transcription start sites of gene
promoters and other regulatory gene regions
together with the RNA polymerase II [135–137],
are strongly associated with active gene transcription
[62]. In turn, H3K27me3 sites were predominantly
found within inactive chromatin regions [76,77,87].

Consistent with changes in H3K4me3 levels, we
found an elevated expression of components facil-
itating H3K4 trimethylation upon Dnmt1 deletion
by screening the RNA sequencing dataset published
in Pensold et al., 2016 [29]. This included transcripts
coding for the histone-lysine-N-methyltransferases
(HKMT) KMT2D and KMT2G (SETD1B), which
specifically perform mono- and tri-methylation at
H3K4 [58–60]. Hence, altered expression of HKMT
like KMT2D or KMT2G may facilitate DNA methy-
lation-independent alterations in gene transcription
in POA-derived Dnmt1-deficient interneurons.

Although we collected evidence for a DNMT1-
mediated control of H3K4me3 marks, transcrip-
tional levels of Pak6 in immature POA-derived
interneurons rather rely on a DNMT1-dependent
regulation of H3K27 trimethylation. While asso-
ciations of H3K4me3 with regulatory regions at
the Pak6 gene locus were observed, we did not
detect an increase upon Dnmt1 depletion, neither
at regulatory nor non-regulatory Pak6 gene sites.
However, we can not exclude that more distanced
regulatory regions up- or down-stream are possi-
bly changed in their association with H3K4me3.

In contrast to H3K4me3, the association of
repressive H3K27me3 histone marks in Pak6 reg-
ulatory regions was diminished upon Dnmt1
depletion consistent with the global decrease.
This indicates that in addition to H3K4me3,
DNMT1 affects trimethylation of H3K27 in neu-
ronal cells and that Pak6 expression is regulated
through DNMT1-induced changes in H3K27me3
association. Comprehensive studies in mice ana-
lyzing methylated lysine residues of H3 already
revealed a bivalent regulation of many develop-
mental genes by permissive H3K4me3 and
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repressive H3K27me3 residues adopting a ‘winner-
takes-all’ principle [71,72,138]. That means, the
decision about the transcriptional activity of these
genes depends on the proportion of both histone
marks.

Trimethylations at lysines 27 of histone 3 pro-
teins are performed by the Polycomb repressor
complex 2 (PCR2) [76,139], consisting of the
core enzyme enhancer of zeste (EZH2) and diverse
accessory components [77,78]. During early brain
development, EZH2 is the main methyltransferase
of PCR2 [79–81]. With neuronal maturation its
expression decreases and the repressive function
is taken over by EZH1 in a similar polycomb
protein complex [140,141].

For non-neuronal cells, an interplay of DNMT1
and EZH2 was already shown [53,82,84,85,142–144]
and the global decrease of H3K27me3 we detected in
neurons with diminished Dnmt1 expression is con-
sistent with other studies [53,82,83]. Some studies
suggest a modulation of DNMT1 function by EZH2,
as it is found to bind and recruit the DNA methyl-
transferase to specific gene sites and to regulate DNA
methylation properties [82,142–144]. Vice versa, a
widespread H3K27me3 redistribution and the re-
expression of Polycomb-target genes upon DNA
hypomethylation is reported [83], suggesting that
DNMT1 potentially acts upstream of EZH2. In this
context, DNMT1 is already described to affect the
expression of the Polycomb methyltransferase and
other PCR2 components as well as H3K27 trimethy-
lation [53,83–85]. Thereby, manipulation of
DNMT1 function or expression induces an
increased generation of miR-214, which targets
Ezh2 leading to its degradation [53,145,146]. MiR-
214 is further suggested to support DNMT1 via a
self-regulatory feedbackmechanism, as it triggers the
degradation of a DNMT1 repressor protein [146].
However, as EZH2 also targets miR-214 for gene
silencing [145], more work needs to be done to
uncover all aspects of the complex relationship
between DNMT1, EZH2 and further regulatory
components.

In contrast to studies in cancer cells [53,84], we
neither detected changes in EZH2 expression nor in
the expression of accessory PCR2 components upon
Dnmt1 depletion in POA interneurons and neuron-
like N2a cells, although they revealed significantly
diminished H3K27 trimethylation. Our data

emphasize that in POA neurons and neurons-like
N2a cells the H3K27me3 marks rather depend on
the interaction of DNMT1 and EZH2 proteins than
on DNMT1-dependent transcriptional control of
PCR2 components.

How is the target-specificity of such complexes
regulated? Recent studies highlight an important
function of non-coding RNA derivatives in mediat-
ing EZH2 binding to specific gene regions [147]. For
example, in a complex with DNMT1, the lncRNAs
LINC00673 and HOXA-11-AS participate in the
recruitment of EZH2 [148,149]. Thus, DNMT1 pos-
sibly modulates H3K27 trimethylation not only
through the direct interaction with EZH2, but also
via the assembly of further components like
lncRNAs that in turn determine target specificity.
Moreover, the demethylase LSD1 is found in a
close relation to HOXA-11-AS andDNMT1, remov-
ing H3K4 methylation and contributing to gene
silencing [149]. This supports the role of DNMT1
in mediating gene accessibility through the recruit-
ment and regulation of many epigenetic key players
and its involvement in bivalent gene regulation.

Among those genes regulated by DNMT1-EZH2
interactions, we also suspected Pak6, which was con-
firmed by chromatin-immunoprecipitation experi-
ments and pharmacological inhibition of EZH2 with
DZNep, inducing an up-regulation of Pak6 gene tran-
scription along with a down-regulation of H3K27
trimethylation. Similar to morphological alterations
seen in Dnmt1-deficient cells [29], DZNep-treated
POA neurons also displayed increasing cellular com-
plexity mimicking the morphological phenotype of
Dnmt1-deficient POA-derived interneurons. DZNep
treatment was already shown to induce morphologi-
cal alterations as it possibly affects the expression of
many genes [150,151]. However, the siRNA-mediated
downregulation of Pak6 levels in DZNep-treated
POA cells rescued their cell morphology, underlining
our hypothesis of a DNMT1-dependent regulation of
Pak6 through EZH2-dependent alterations in H3K27
trimethylations.

Moreover, based on the simultaneous association of
H3K27me3 and H3K4me3 at the investigated posi-
tions of the Pak6 gene locus, we hypothesize a bivalent
regulation of Pak6 expression. Although H3K4me3
levels were not changed in Dnmt1-depleted cells, the
reduced trimethylation of H3K27 might allow a fast
up-regulation of Pak6 expression due to a
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proportional higher association of H3K4me3. This
could facilitate transcriptional activity, which was
already reported for several developmental genes
[62]. This bivalent mechanism might be of relevance
for the observed switch between the repressive Pak6
gene state during interneuronmigration in developing
embryos and the increased transcription of Pak6 in
cortical interneurons of newborn pubs [29]. As PAK6
was reported to be important for neurite outgrowth
during differentiation of excitatory neurons in the
cortex [48], a ‘switched-on’ expression in interneurons
that have reached their cortical target areawould favor
their maturation.

In conclusion, our study highlighted the impor-
tance of DNMT1 for regulating gene expression in
immature interneurons via DNA methylation-inde-
pendent mechanisms. Thereby, changes in repres-
sive H3K27 trimethylation seem to rely on the
interaction of DNMT1 with the PCR2 core histone
methyltransferase EZH2. Moreover, our data
revealed that Pak6 regulatory gene regions are asso-
ciated with both repressive H3K27me3 and permis-
sive H3K4me3, proposing a bivalent regulation.

Material and methods

Animals

Wild-type mice on a C57BL/6 background were
used for all experiments. All animal procedures
were performed in strict compliance with the EU
directives 86/609/EWG and 2007/526/EG guide-
lines for animal experiments and were approved
by the local government (Thueringer Landesamt,
Bad Langensalza, Germany). Animals were housed
under 12 h light/dark conditions with ad libitum
access to food and water.

Preparation of embryonic single cells from the
POA

For the preparation of embryonic POA cells, timed
pregnant mice were killed by an intraperitoneal
injection of 50% chloral hydrate in phosphate-buf-
fered saline (PBS; pH 7.4). Embryos were removed
and decapitated, brains prepared and embedded in
4% low-melt agarose (Sigma-Aldrich). Coronal liv-
ing brain sections (300 µm) from embryonic brains
were prepared at the vibratome (VT1000S, Leica) at

4°C in Krebs’ buffer (126 mM NaCl, 2.5 mM, KCL,
1.2 mM NaH2PO4, 1.2 mM MgCl2, 2.1 mM CaCl2,
10 mM D-Glucose, 12.5 mM NaHCO3). Slices were
collected in post holding buffer (Krebs’ buffer with
1 M HEPES, 100 U/mL penicillin and 100 μg/mL
streptomycin). POA domains were prepared under
visual control. Brain tissue was incubated with
0.025% trypsin (Thermo Fisher Scientific) in
Hank's balanced salt solution (Invitrogen) for
17 min at 37°C. Cells were then dissociated by tri-
turation and cell aggregates were removed by filter-
ing through a nylon gauze (200 µm). Single cells were
seeded at densities of 300 cells/mm2 on coverslips (Ø
12 mm) coated with 19 µg/µL laminin (Sigma-
Aldrich) and 5 µg/µL poly-L-lysine (Sigma-Aldrich)
in Grey´s balanced salt solution (GBSS) and incu-
bated in DMEM/F12 (1:1, Invitrogen), 10% fetal
bovine serum (FBS; Biowest), 100 U/mL penicillin
(Gibco), 100 g/mL streptomycin (Gibco), 0.4 mM
L-glutamine (Gibco), 0.15% D-glucose at 37°C, 5%
CO2, and 95% humidity for 1 day in vitro (div)
before further treatment. For co-immunoprecipita-
tion, POA cells were washed in PBS and pelleted by
centrifugation (1000 g at 4°C for 5 min) before
further treatment.

N2a cell culture

Neuro-2a (N2a) cells were cultured in DMEM
(Invitrogen), 2% FBS (Biowest), 100 U/mL peni-
cillin (Gibco), 100 g/mL streptomycin (Gibco) at
37°C, 5% CO2, and 95% humidity. When reaching
75% confluence, N2a cells were mechanically dis-
sociated and divided by the ratio 1:4. Before
further treatment, N2a cells were seeded at densi-
ties of 100 cells/mm2 on coverslips (Ø 12 mm)
coated with 19 µg/µL laminin (Sigma-Aldrich)
und 5 µg/µL poly-L-lysine (Sigma-Aldrich) in
GBSS and incubated in DMEM (Thermo Fisher
Scientific), 2% FBS, 100 U/mL penicillin, 100 g/mL
streptomycin at 37°C, 5% CO2, and 95% humidity
for 24 h.

Transfection of primary neuron culture and N2a
cells with siRNA

Transfection of dissociated embryonic POA cells of
C57BL/6 wild-type mice and N2a cells with siRNA
was performed via lipofection using Lipofectamine
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RNAiMAX (Thermo Fisher Scientific), according to
the manufacturer’s protocol and as described in
Zimmer et al. (2011) [152]. Mouse Dnmt1 siRNA
oligos (50 nM) or mouse Pak6 siRNA oligos
(50 nM), containing a pool of at least three target-
specific 19–25 nt siRNAs to knockdown gene expres-
sion (Dnmt1 siRNA sc-35,203; Pak6 siRNA sc-
44,879; Santa Cruz Biotechnology) or 50 nM control
siRNA (BLOCK-iT Alexa Fluor red/green fluores-
cent oligo; Invitrogen) were applied for 5 h in anti-
biotic-free Opti-MEM I Reduced Serum Medium
(Thermo Fisher Scientific) at 37°C, 5% CO2, and
95% humidity. Then, primary cells were incubated
in DMEM/F12 (1:1, Invitrogen), 10% FBS (Biowest),
100 U/mL penicillin (Gibco), 100 g/mL streptomycin
(Gibco), 0.4 mM L-glutamine (Gibco), 0.15%
D-glucose and N2a cells in DMEM (Invitrogen),
2% FBS (Biowest), 100 U/mL penicillin (Gibco),
100 g/mL streptomycin (Gibco) for 24 h at 37°C,
5% CO2, and 95% humidity.

DZNep and RG108 treatment

To inhibit EZH2 function, dissociated POA cells
were treated with 1.5 µM 3-Deazaneplanocin A
(DZNep, Sigma-Aldrich) in DMEM/F12 (1:1,
Invitrogen), 10% FBS, 100 U/mL penicillin,
100 g/mL streptomycin, 0.4 mM L-glutamine,
0.15% D-glucose. N2a cells were treated with
100 nM DZNep (Sigma-Aldrich) in DMEM
(Invitrogen), 2% FBS, 100 U/mL penicillin,
100 g/mL streptomycin for 24 h at 37°C, 5%
CO2, and 95% humidity. N-phthalyl-L-tryptophan
(20 µM, RG108, Sigma-Aldrich) was used to block
DNA methylation in N2a cells cultured in DMEM
(Thermo Fisher Scientific), 2% FBS, 100 U/mL
penicillin, 100 g/mL streptomycin for 24 h at 37°
C, 5% CO2, and 95% humidity. As control, POA
and N2a cells were treated with dimethyl sulfoxide
(DMSO).

RNA preparation and expression analysis

For RNA expression analysis, siRNA- or
DZNep-treated N2a cells cultured in 6 well
plates were harvested in Trizol Reagent (Life
Technologies), frozen and stored at −20°C.
N2a cells were subjected to standard RNA iso-
lation procedure in Trizol Reagent (Life

Technologies), digested with RNase-free DNase
(Qiagen) and quality and RNA quantities were
measured with the NanoDropTM1000 (Thermo
Fisher Scientific). RNA was analyzed in a one-
step qRT-PCR using the SuperScript III
Platinum SYBR Green One-Step qRT-PCR Kit
(Thermo Fisher Scientific) with the following
primer sequences (indicated as 5′ to 3′; fw,
forward; rev, reverse): Dnmt1 fw TGAGC
ATCGATGAGGAGATG, Dnmt1 rev CGCAT
GGAACATCATCTGAC, Pak6 fw CTGTACG
CTACTGAGGTGGA, Pak6 rev GTACCAG
CATCCGATCCAGG, Rps29 fw GAAGTTCG
GCCAGGGTTCC, Rps29 rev GAAGCCTATG
TCCTTCGCGT, bAct fw AGAGGGAAATC
GTGCGTGAC, bAct rev CAATAGTGATGA
CCTGGCCGT.

Immunocytochemistry and
immunohistochemistry

POA and N2a cells cultured on coverslips and
used for immunohistochemical stainings were
fixed with 4% PFA for 10 min and stored in PBS
at 4°C. Immunocytochemistry of fixed dissociated
cells was performed as previously described in
Zimmer et al. (2011 [152]). Briefly, cells were
washed in PBS with 0.1% Triton X-100 and treated
with the blocking reagent (4% bovine serum albu-
min in PBS with 0.1% Triton X-100) for 30 min at
room temperature. Primary antibody incubation
was performed for 3 h and secondary antibody
incubation for 1 h at room temperature in block-
ing solution. Incubation with Alexa Fluor™ 488
Phalloidin (Thermo Fisher Scientific) to stain
F-actin was performed according to the manufac-
turer’s guidelines. Cells were stained with DAPI
for 5 min at room temperature. Following primary
antibodies were used: rabbit anti-β-III-tubulin
(TUBB3, Sigma-Aldrich; 1:500), rabbit anti-
H3K4me3 (Abcam, 1:500), rabbit anti-H3K27me3
(Millipore, 1:500). Cy3 goat anti-rabbit IgG
(1:1000; Jackson Laboratory) was used as second-
ary antibody.

Co-immunoprecipitation

For analysis of protein interactions, N2a cells cul-
tured in 6 well plates were harvested and similar to
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dissociated POA cells pelleted by centrifugation
(1000 g at 4°C for 5 min). Cell pellets were resus-
pended in RIPA buffer (50 mM Tris/HCl pH 8.0,
150 mM NaCl, 0.5% NP-40, 0.1% SDS, 0.1%
sodium deoxycholate, 1 mM PMSF, 500 µM leu-
peptine) and lysed for 10 min on ice with subse-
quent treatment in an ultrasonic water bath
(Sonorex super 10P, Bandelin) for 1 min. Lysates
were centrifuged for 20 min at 20,000 g and 4°C.
The supernatant (whole cell lysate) was applied for
co-immunoprecipitation. Five percent of the
supernatant was boiled for 10 min at 95°C in 4x
sample buffer (200 mM Tris pH 6.8, 4% SDS, 10%
β-mercaptoethanol, 40% glycerol, 0.002% bromo-
phenol blue) and stored at −20°C used later as
positive control for protein incidence in the lysate.

For co-immunoprecipitation, protein A agarose
beads (Millipore) were washed in RIPA buffer and
incubated at 4°C for 1 h with 4 µg antibody direc-
ted against rabbit anti-DNMT1 (CosmoBio).
Control beads were incubated without antibody.
Empty binding sites were blocked by adding 45 µg
bovine serum albumin (Serva). After 1 h incuba-
tion, the supernatant was removed and whole cell
lysates were added to the beads for 2 h at 4°C.
Then, beads were washed six times in RIPA buffer,
boiled for 10 min at 95°C in 4x sample buffer
(200 mM Tris pH 6.8, 4% SDS, 10% β-mercap-
toethanol, 40% glycerol, 0.002% bromophenol
blue) and stored at −20°C for protein detection.

Protein preparation and expression analysis

To quantitatively assess protein expression, N2a
cells were cultured in 6 well plates and harvested
after 24 h of siRNA or RG108 treatment, washed
in PBS and pelleted by centrifugation (1000 g at 4°
C for 5 min). N2a cell pellets were lysed for 1 h on
ice in lysis buffer containing 0.1 M Na2HPO4,
0.1 M NaH2PO4, 5 mM EDTA, 2 mM MgCl2,
0.1 mM phenylmethylsulphonyl fluoride (PMSF,
Serva), 500 µM Leupeptin (Serva) and 0.1% 3-
[(3-cholamidopropyl) dimethylammonium]-1-
propanesulfonate (CHAPS, Carl Roth). Cell lysates
were treated for 1 min in an ultrasonic water bath
(Sonorex super 10P, Bandelin) and centrifuged for
20 min at 20,000 g and 4°C. Supernatants were
collected in new tubes and protein concentration
was determined using the NanoDropTM1000

(Thermo Fisher Scientific). Lysates with a protein
amount of 30 µg were boiled at 95°C for 10 min in
4x sample buffer containing 200 mM Tris pH 6.8,
4% SDS, 10% β-mercaptoethanol, 40% glycerol
and 0.002% bromophenol blue and were stored
at −20°C.

In 4x sample buffer frozen protein samples were
separated on a ready-to-use 4–12% gradient gel
(Serva) using 1x SDS-running buffer (Laemmli buffer,
Serva) following manufacturer’s instructions. For
transfer of proteins to a nitrocellulose membrane in
a semi-dry blot procedure a Towbin blotting kit
(Serva)was used following themanufacturer’s instruc-
tions. Subsequently, the membranes were blocked in
1x BlueBlock-reagent (Serva) for 1 h. Incubation with
the following primary antibodies occurred over night:
rabbit-anti-DNMT1 (CosmoBio, 1:1000), rabbit-anti-
EZH2 (CellSignaling, 1:1000), rabbit-anti-H3K27me3
(Millipore, 1:1000), mouse-anti-β-actin (Abcam,
1:5000). The following secondary antibodies coupled
to horseradish peroxidase (HRP) were applied for 1 h:
sheep anti-mouse (GE Healthcare, 1:4000), donkey
anti-rabbit (GE Healthcare, 1:4000). Membranes
were washed after each incubation step three times
for 5 min in TBS-T buffer (25 mM Tris/HCl pH 7.5,
137 mM NaCl, 2.7 mM KCl, 0.05% Tween-20).
Chemo-luminescent detection of protein bands was
performed at the blot documentation system
ImageQuant LAS4000 (GE Healthcare) after applying
theHRP substrate solution (Serva). Protein levelswere
normalized to β-actin.

Chromatin-immunoprecipitation and
quantitative PCR

For chromatin-immunoprecipitation, N2a cells
with a confluence of 75% were transfected with
siRNA in 10 cm well plates. Twenty-four hours
after transfection, N2a cells were washed with 37°
C pre-warmed PBS and cross-linking of protein-
DNA interactions was performed in 1% formalde-
hyde in PBS. The reaction was terminated by add-
ing 0.125 M glycine. Cells were washed with PBS
including 1 mM PMSF, 1 μg/mL aprotinine, 1 μg/
mL pepstatine A (all from Serva), harvested with a
cell scraper, aliquoted with a cell number of
1 × 106 cells per tube and centrifuged for 5 min
at 1000 g at 4°C. Cell pellets were frozen in liquid
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nitrogen and stored at −80°C before further
treatment.

Protein-DNA cross-linked N2a cell pellets were
resuspended and lysed in 50 mM Tris-HCl pH 8.1,
10 mM EDTA pH 8.0, 1% SDS including protease
inhibitors (1 mM PMSF, 1 μg/ml aprotinine, 1 μg/
ml pepstatine A; all from Serva) for 10 min at 4°C.
DNA fragmentation was performed in an ultrasonic
water bath (Sonorex super 10P, Bandelin) at 4°C
with 30 cycles at 100% power setting and 30 s
break between each cycle. After centrifugation for
10 min with 13.000 g at 4°C, supernatant was
diluted in ChIP dilution buffer (16.7 mM Tris-HCl
pH 8.1, 167 mM NaCl, 1.2 mM EDTA pH 8.0, 1.1%
Triton X-100, 0.01% SDS) including protease inhi-
bitors (1 mM PMSF, 1 μg/ml aprotinine, 1 μg/ml
pepstatine A; all from Serva). 1% was taken as input
control and stored at −20°C. To reduce unspecific
binding to the agarose beads, probes were incubated
for 30 min at 4°C with 3% protein A agarose/salmon
sperm DNA (50% slurry; Merck Millipore). After
centrifugation (1 min, 1000 g, 4°C), supernatant was
incubated with 4 μg/mL antibody for 12 h at 4°C.
Following antibodies were used for precipitation:
rabbit anti-H3K4me3 (Abcam), rabbit anti-
H3K27me3 (Millipore) and rabbit anti-IgG
(Abcam). For detection of antibody-bound DNA
fragments, probes were incubated for 1 h at 4°C
with 3% protein A agarose/salmon sperm DNA
(50% slurry; Merck Millipore). After centrifugation
(1 min, 1000 g, 4°C), agarose pellets were washed for
5 min each with following solutions: low salt
immune complex-wash buffer (20 mM Tris-HCl
pH 8.1, 150 mM NaCl, 2 mM EDTA pH 8.0, 1%
Triton X-100, 0.1% SDS), high salt immune com-
plex-wash buffer (20 mM Tris-HCl pH 8.1, 500 mM
NaCl, 2 mM EDTA pH 8.0, 1% Triton X-100, 0.1%
SDS), LiCl immune complex-wash buffer (16.7 mM
Tris-HCl pH 8.1, 250 mM LiCl, 1 mM EDTA pH
8.0, 1% sodium deoxycholate, 1% IGEPAL CA630)
and 2 x TE buffer (10 mM Tris-HCl pH 8.1, 1 mM
EDTA pH 8.0). For elution of DNA, pelleted agarose
was incubated with elution buffer (1% SDS, 0.1 M
NaHCO3) for 15 min at room temperature. The
supernatant was collected in a new tube after cen-
trifugation (1 min, 1000 g, 4°C). The elution was
repeated. Protein-DNA cross-linking of the eluate
and input control probes were removed for 4 h at
65°C with 200 mM NaOH. Finally, proteins were

digested for 1 h at 45°C in 10 mM EDTA, 40 mM
Tris-HCl pH 6.5 und 20 µg/µl proteinase K (Merck
Millipore). DNA was precipitated with standard
phenol-chloroform isoamyl alcohol (25:24:1) extrac-
tion and purified with the DNA Clean &
Concentrator-5 Kit (Zymo Research) according to
the manufacturer’s guidelines.

To quantitatively asses the amount of specific
DNA fragments, primer-specific pre-amplification
of probes was performed in the T-gradient PCR
Cycler (Bio-Rad) for 20 cycles prior quantitative
analysis with the Real-Time PCR-System
qTOWER3/G (Analytik Jena). For both PCR reac-
tions the innuMIX qPCR MasterMix SyGreen
qPCR Kit (Analytik Jena) was used according to
the manufacturer’s guidelines. Following primer
sequences were used (indicated as 5′ to 3′; fw,
forward; rev, reverse): Pak6-1 fw TCTC
ACTCTCAGAAGCCAGG, Pak6-1 rev AGCGT
AGATCAGAGTGGGTG, Pak6-2 fw ACACT
GTGCTTCTCCCTAGG, Pak6-2 rev TTCT
CTCCGCTCCTTTCTCC, Pak6-3 fw CGCTG
CTGAAGTTCTTCTGG, Pak6-3 rev GGCCCTTC
TTACCGTCAGAT. Normalization of DNA con-
tent was performed according to the percent-input
method in relation to the analyzed input
probes [153].

Microscopy and data analysis

Fluorescent images were either taken with the
inverted confocal laser scanning microscope TCS
SP5 (Leica) or with the inverted Axio Cellobserver
Z1 fluorescence microscope with a MosaiX mod-
ule and Apotome (Carl Zeiss Microscopy).
Photographs were analyzed with Fiji software
(Schindelin, 2012). For fluorescence intensity mea-
surement, each experimental design was imaged at
one particular microscope with same settings
regarding exposure time and light intensity at the
CellObserver Z1, or laser power, gain and spectral
settings at Zeiss SP5. Fluorescence intensity mea-
surement of the cell nucleus of was applied for the
H3K4me3 and H3K27me3 staining. Background
correction was performed. Mean fluorescent inten-
sity of the Dnmt1 siRNA- or DZNep-treated cells
was normalized to control siRNA- or dimethyl
sulfoxide (DMSO)-treated cells. Quantitative
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RNA results were analyzed by ΔCt method and
presented in relation to control samples.

The dataset of the RNA and MeDIP-analysis
performed and published in Pensold et al., 2016
[29] was used for the analysis presented here.
Here, FAC-sorted cells of transgenic mice on
the C57BL/6 background including Hmx3-Cre/
tdTomato/Dnmt1 wild-type as well as Hmx3-
Cre/tdTomato/Dnmt1 loxP2 mice were used.
The transgenic mice were established by crossing
the Hmx3-Cre line (obtained from Oscar Marin,
King’s College, London, UK and described in
Gelman et al. 2009 [28]) with the tdTomato
transgenic reporter mice (obtained from
Christian Hübner, University Hospital Jena,
Germany, and described in Madisen et al. 2010
[154]), and Dnmt1 LoxP2 mice (B6;129Sv-
Dnmt1tm4Jae/J, Jaenisch laboratory, Whitehead
Institute, USA). Cre-mediated deletion leads to
out-of-frame splicing from exon 3 to exon 6 of
the Dnmt1 gene, resulting in a null allele [155].
Data analysis was performed as described in
Pensold et al., 2016 [29].

Photoshop CC was applied for image illustration.
Significance was analyzed with two-tailed Student’s
t-test. Significance levels: P value < 0.05 *; P value
< 0.01 **; P value < 0.001 ***. If not stated differ-
ently, experiments were repeated three times.
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