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Abstract Histone methylation is an important epigenetic
mark leading to changes in DNA accessibility and transcrip-
tion. Here, we investigate immunoreactivity against the eu-
chromatic histone-lysine N-methyltransferase EHMT2 and
its catalyzed mono- and dimethylation marks at histone 3 ly-
sine 9 (H3K9me1 and H3K9me2) during postnatal differenti-
ation of the mouse central auditory system. In the brainstem,
expression of EHMT2was high in the first postnatal week and
down-regulated thereafter. In contrast, immunoreactivity in
the auditory cortex (AC) remained high during the first year
of life. This difference might be related to distinct demands for
adult plasticity. Analyses of two deaf mouse models, namely
Cldn14−/− andCacna1d−/−, demonstrated that sound-driven or
spontaneous activity had no influence on EHMT2 immunore-
activity. The methylation marks H3K9me1 and H3K9me2
were high throughout the auditory system up to 1 year.
Young auditory neurons showed immunoreactivity against
both methylations at similar intensities, whereas many mature
neurons showed stronger labeling for either H3K9me1 or
H3K9me2. These differences were only poorly correlated
with cell types. To identify methyltransferases contributing
to the persistent H3K9me1 and H3K9me2 marks in the adult

brainstem, EHMT1 and the retinoblastoma-interacting zinc-
finger protein RIZ1 were analyzed. Both were down-
regulated during brainstem development, similar to EHMT2.
Contrary to EHMT2, EHMT1 was also down-regulated in
adult cortical areas. Together, our data reveal a marked differ-
ence in EHMT2 levels between mature brainstem and cortical
areas and a decoupling between EHMT2 abundance and his-
tone 3 lysine 9 methylations during brainstem differentiation.
Furthermore, EHMT1 and EHMT2 are differentially expressed
in cortical areas.
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Introduction

During development, neurons acquire distinct fates despite
sharing identical DNA sequences. These differentiation pro-
cesses are controlled by epigenetic mechanisms (Goldberg
et al. 2007; Lister et al. 2013; Sweatt 2013). Historically, the
term epigenetics described the Bcausal mechanisms^ bywhich
Bgenes of the genotype bring about phenotypic effects^
(Waddington 1942). The currently established epigenetic
toolkit mainly comprises dynamic modifications of DNA
and histones (Sweatt 2013; Yao and Jin 2014). At the DNA
level, cytosine methylation is a core mechanism, whereas at
the histone level, posttranslational modifications include meth-
ylation, acetylation, phosphorylation and monoubiquitination
(Sweatt 2013).

Recently, the euchromatic histone-lysine N-methyltransfer-
ase 2 (EHMT2, a.k.a. G9a) has attracted much attention in
neuro-epigenetics. EHMT2 is the dominant enzyme for the
mono- and dimethylation of lysine 9 on histone 3 (H3K9me1
and H3k9me2, respectively; Shinkai and Tachibana 2011;
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Fig. 1). H3K9me1 is often correlated with gene activation,
whereas H3K9me2 is predominant in silenced genes (Barski
et al. 2007). Ehmt2-knockout mice show high lethality during
early embryonic development between embryonic days 9.5 and
12.5 and a remarkable growth retardation attributable to in-
creased cell death (Tachibana et al. 2002). In addition, embry-
onic stem cells of these mice present severe differentiation de-
fects (Tachibana et al. 2002).

In the nervous system, postnatal conditional inactivation of
Ehmt2 by a Camk2a-Cre driver mouse line in various fore-
brain areas results in de-repression of early neuronal progen-
itor and non-neuronal genes, suggesting a role of EHMT2 in
the maintenance of neuron-specific transcriptional homeosta-
sis (Schaefer et al. 2009). These transcriptional changes are
associated with complex behavioral abnormalities such as di-
minished locomotion and exploration (Schaefer et al. 2009).
EHMT2 is also critically involved in regulating neuronal gene
expression in response to drugs (Maze et al. 2010). Finally, in
Drosophila, EHMT is essential in dendritic plasticity, non-
associative memory formation and consolidation or retrieval
of new memories (Kramer et al. 2011). Outside the brain,
interaction of EHMT2 with mediator and the neuron restric-
tive silencing factor REST represses neuronal genes (Ding
et al. 2008; Roopra et al. 2004). Furthermore, the enzyme
represses differentiation in adipocytes (Wang et al. 2013),
skeletal muscle precursor cells (Ling et al. 2012) and T cells
(Antignano et al. 2014). Together, these data suggest that
EHMT2 mediates the epigenetic silencing of non-specific
gene loci during lineage differentiation and holds an important
position at critical developmental transitions and during the
cellular response to external factors (Kramer 2016).

We therefore set out to investigate its expression in mice
during the postnatal development of major centers of the as-
cending auditory pathway. During this period, these neurons
undergo extensive changes in gene expression (Ehmann et al.
2013; Harris et al. 2005), abruptly alter their sensitivity to

deafferentiation (Harris et al. 2008; Mostafapour et al.
2000) and undergo morphological and functional maturation
(Friauf 2004; Kandler et al. 2009; Rubel et al. 2004; Yu and
Goodrich 2014). As epigenetic markers are sensitive to
external factors, we also probed the dependence of
EHMT2 on sensory activity by analyzing its immunoreac-
tivity in deaf mice.

In the course of our analysis, we observed a remarkable
down-regulation of EHMT2 in the brainstem around
hearing-onset but persisting H3K9 methylations. We thus in-
cluded other H3K9 methyltransferases. The euchromatic
histone-lysine N-methyltransferase 1 (EHMT1, a.k.a. GLP)
is closely related to EHMT2 and shows the same substrate
specificity in vitro (Ogawa et al. 2002; Tachibana et al.
2005; Weiss et al. 2010; Fig. 1). EHMT1 and EHMT2 form
functional heteromeric complexes and a knockout of Ehmt1
closely resembles the phenotype observed in Ehmt2 deficien-
cy (Schaefer et al. 2009; Tachibana et al. 2005). In humans,
mutations in the methyltransferase EHMT1 lead to Kleefstra
syndrome characterized by mental retardation, facial
dysmorphism, heart defects and hearing loss (Kleefstra et al.
2005). Additionally, we analyzed the retinoblastoma-
interacting zinc-finger protein 1 (RIZ1, a.k.a. PRDM2), which
preferentially monomethylates H3K9 (Congdon et al. 2014;
Fig. 1).

Methods

Animals The experiments were performed on wild-type mice
of the C57BL/6 strain, on Cldn14−/− mice lacking the tight
junction protein claudin 14 (Ben-Yosef et al. 2003), on
Cacna1d−/− mice lacking the L-type Ca2+-channel Cav1.3
(Platzer et al. 2000) and on Ptf1a:: Cre (Kawaguchi et al.
2002) and Atoh7:: Cre (Yang et al. 2003) driver mouse lines,
crossed to the tdTomato reporter line (Madisen et al. 2010;

Fig. 1 Representation of euchromatic histone-lysine N-methyltransfer-
ase 1 (EHMT1), euchromatic histone-lysine N-methyltransferase 2
(EHMT2) and retinoblastoma-interacting zinc-finger protein 1 (RIZ1)
action on histone 3 (H3). EHMT1 and EHMT2 are able to catalyze the

addition of one or two methyl groups to lysine 9 of histone 3, whereas
RIZ1 preferentially introduces monomethylation. Color coding of
monomethylation (green) and dimethylation (red) also corresponds to
the colors in Figs. 9, 10
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tdTomatoPtf1a and tdTomatoAtoh7 mice, respectively) to visual-
ize Ptf1a+ or Atoh7+ cell lineages. Table 1 provides an over-
view of the five different mouse lines and the number of an-
imals that we studied. In total, 60 mice of both sexes were
used. The day of birth was taken as postnatal day (P) 0. All
protocols were in accordance with the German Animal
Protection Law, were approved by the local animal care and
use committee (LAVES Oldenburg) and followed the NIH
guide for the care and use of laboratory animals.

Tissue processing Animals were transcardially perfused with
Zamboni’s fixative solution (15 % picric acid, 2 % parafor-
maldehyde in phosphate-buffered saline [PBS], pH 7.4) and
brains were stored in 30 % sucrose in PBS until being sliced.
Frozen sections (15 μm thick) were cut on a CM-1950
Cryostat (Leica, Wetzlar, Germany) or with a sliding micro-
tome Microm HM 430 (Thermo Fisher Scientific, Waltham,
Mass., USA) and mounted on Superfrost Plus microscope
slides (Thermo Fisher Scientific).

Immunohistochemistry Slices were subjected to a standard
antigen retrieval procedure with 10 mM trisodium citrate buff-
er (pH 6). Primary antibodies were diluted in carrier solution
(1 % bovine serum albumin, 1 % goat serum and 0.3 % Triton
X-100 in PBS, pH 7.4) and incubated overnight at 7 °C. To
avoid denaturation of tdTomato in sections from transgenic
tdTomatoPtf1a and tdTomatoAtoh7 mice, antigen retrieval was
omitted for brain sections from these mouse lines. In this
study, the following primary antibodies were used: mouse
anti-EHMT1 (1:200; ab41969, Abcam, Cambridge, UK), rab-
bit anti-EHMT2 (1:500; HPA050550, Sigma-Aldrich, St.
Louis, Mo., USA), rabbit anti-RIZ1 (1:200; HPA005809,
Sigma-Aldrich), rabbit anti-histone H3 monomethyl lysine 9
(H3K9me1; 1:500; ab9045, Abcam) and mouse anti-histone
H3 dimethyl lysine 9 (H3K9me2; 1:500; ab1220, Abcam).
Specificity of antibodies used was given by analyses of the
manufacturer: anti-EHMT1 gave no signal on ES cells of
Ehmt1-knockout mice. Sigma prestige antibodies anti-
EHMT2 and anti-RIZ1 were tested by immunohistochemistry
against hundreds of normal and diseased tissues in the human
protein atlas (http://www.proteinatlas.org); anti-H3K9me1

only showed slight cross-reactivity with H3K27me1 as re-
vealed by immunoblot; the specificity of anti-H3K9me2 was
tested in an enzyme-linked immunosorbent assay in which no
binding to other methylated H3 peptides was observed.
Binding was visualized by using Alexa-Fluor-coupled sec-
ondary antibodies (1:1,000; Invitrogen, Carlsbad, Calif.,
USA). These antibodies gave no signals on brain sections
without prior incubation with primary antibodies. Slides were
mounted with self-made embedding medium containing
4,6-diamidino-2-phenylindole (DAPI) to stain the nucleus.

Image acquisition and processing Images were taken with a
BZ 8100 E fluorescence microscope (Keyence, Neu-Isenburg,
Germany) or with a TCS SP8 confocal microscope (Leica,
Wetzlar, Germany). Files were obtained by using the
Keyence BZ observation software or Leica application suite
X, respectively and processed in Adobe Photoshop CS6
(Adobe Systems, San José, Calif., USA) or Image J
(U. S. National Institutes of Health, Bethesda, Md., USA).

Analysis by quantitative reverse transcription polymerase
chain reaction Brainstem and neocortical tissues from two
animals per age group were dissected and stored at −80 °C
until being further processed. Total RNA from these tissues
was isolated separately for each animal by using the
innuPREP RNA Mini Kit (Analytik Jena, Jena, Germany)
and transcribed into cDNA following the instructions of the
RevertAid RT reverse transcription kit (Fermentas, Waltham,
Mass., USA). Reverse transcription quantitative polymerase
chain reaction (RT-qPCR) was performed on a LightCycler 96
system (Roche, Basel, Switzerland) with the FastStart
Essential DNA Green Master (Roche) containing SYBR
green as previously described (Ebbers et al. 2015).
The following primers from Maze et al. (2010) were used:
D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
forward (5′-AGGTCGGTGTGAACGGATTTG-3′), GAPDH
reverse (5′-TGTAGACCATGTAGTTGAGGTCA-3′), EHMT1
forward (5′-ATTGACGCTCGGTTCTATGG-3′), EHMT1 re-
verse (5′-ACACTTGGAAGACCCACACC-3′), EHMT2 for-
ward (5′-TGCCTATGTGGTCAGCTCAG-3′) and EHMT2 re-
verse (5′-GGTTCTTGCAGCTTCTCCAG-3′). Each sample

Table 1 Overview of mouse
lines and number of animals used Mouse strain Immunohistochemistry Reverse transcription quantitative

polymerase chain reaction

P0 P8 P12 P16 P25 1 Y P0 P12 P25

Wild-type 3 3 3 3 3 3 2 2 2

Cldn14-/- 3 3 3 3 3 – – – –

Cav1.3-/- 3 3 3 3 3 – – – –

tdTomato Ptf1a – – – – 3 – – – –

tdTomato Atoh7 – – – – 3 – – – –
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was analyzed twice with three technical and two biological rep-
licates per run under the following thermocycling conditions:
95 °C for 5 min; 95 °C for 10 s 60 °C for 10 s, and 72 °C for
10 s for a total of 45 cycles. Additionally, melting curves were
generated to verify the specificity of the products. Samples were
analyzed by using the method of Pfaffl (2001) with normaliza-
tion to GAPDH. Statistical analysis was performed by using the
two-tailed Student’s t-test after testing for the Gaussian distribu-
tion of the datasets with SPSS Version 23.0 (IBM, Armonk,
N.Y., USA). Error bars illustrate the standard error of the mean
(SEM).

Results

The expression of Ehmt2 and its catalyzed histone 3 lysine 9
(H3K9) methylations was investigated during the postnatal
development of the central auditory system in mice. We first
obtained data on EHMT2 immunoreactivity during the devel-
opment of the auditory system in wild-type mice and two
different mouse models with hearing loss.We initially focused
on major nuclei of the mouse auditory brainstem, namely the
cochlear nucleus complex (CNC), the superior olivary com-
plex (SOC) and the inferior colliculus (IC). We later included
the auditory cortex (AC) in the analysis. We then carried out a
developmental analysis of H3K9me1 and H3K9me2 marks in
the auditory brainstem and AC of wild-type and tdTomatoPtf1a

and tdTomatoAtoh7 mice. Finally, we considered other H3K9
methylation enzymes, namely EHMT1 and RIZ1.

EHMT2 is downregulated during maturation of auditory
brainstem

To analyze the immunoreactivity against EHMT2 (EHMT2-ir)
during maturation of the auditory brainstem, we investigated
brain sections at P0, P8, P16, and P25. P0 and P8 represent
stages prior to the onset of hearing, as the auditory system of
the mouse is not fully developed at birth: the ear canals are
closed, the middle ears are blocked with embryonic tissue
and the hair cells of the cochlea are small and underdeveloped.
The ear canal is only fully opened by approximately P10, when
the Preyer reflex can be demonstrated for the first time as proof
of successful sound processing (Mikaelian and Ruben 1965).
P16 and P25 represent two stages after hearing onset with the
latter representing the fully developed auditory system.
Previous transcriptome studies had revealed that extensive
changes in the genetic program of the auditory brainstem until
occur the onset of hearing and only minor changes thereafter
(Ehmann et al. 2013; Harris et al. 2005).

In the hindbrain of P0 mice, EHMT2 was highly abundant
in all three regions of the CNC, i.e., the dorsal cochlear nucle-
us (DCN) and the posterior and anterior ventral cochlear nu-
cleus (pVCN and aVCN, respectively; Fig. 2a, b). An overlay

with the nuclear DAPI stain revealed the nuclear localization
of the signal (Fig. 2a’, a’’, b’). In some intermingled cells, only
the blue DAPI signal was detected, showing that EHMT2 was
not present in every cell. In addition, the entire granular cell
layer showed no immunoreactivity (Fig. 2b’ arrowhead). The
SOC of P0 mice was labeled in a similar manner, as illustrated
for the lateral superior olive (LSO) and the medial nucleus of
the trapezoid body (MNTB), two major nuclei of the mouse
SOC (Fig. 2c). The immunoreactivity pattern at P8 was indis-
tinguishable from that at P0. EHMT2-ir was detected in all
subdivisions of the CNC and in the SOC (Fig. 2e–g). Again,
immunoreactivity was restricted to the cell nuclei. Similar to
the situation at P0, some cells showed no EHMT2 labeling
(Fig. 2e’, e’’, f’, g’, g’’).

In contrast to the situation prior to the onset of hearing, a
strong decrease in signal intensity was noticed at P16. In all
investigated auditory hindbrain nuclei, the signal had al-
most vanished and no nuclear localization was observed
(Fig. 3a–d). Signal intensity was even lower at P25, when
virtually no EHMT2 was detectable in the CNC or in the
SOC (Fig. 3f–i).

The IC is situated in the midbrain and represents the most
caudal auditory nucleus in the brainstem. This center present-
ed an expression pattern of EHMT2 similar to that of the
hindbrain nuclei. High EHMT2-ir was observed prior to the
onset of hearing, whereas strong down-regulation was ob-
served thereafter (Figs. 2d,d’, h, h’, 3e, e’, j, j’). The observed
down-regulation was consistently present in all animals inves-
tigated with little inter-individual variability as shown in
Fig. 4. Developmental RT-qPCR analysis confirmed postnatal
down-regulation. The reduction of Ehmt2 expression in the
brainstem between P0 and P12 was significant (mean ratio
P0: 0.231±0.016; P12: 0.059±0.008,P=0.001) and the level
stayed low at P25 (mean ratio P25: 0.052 ± 0.007,
P=0.000092; Fig. 5a).

EHMT2 is not down-regulated in AC

During our analysis of older animals, we noticed that
EHMT2-ir was still present in areas outside the brainstem.
We therefore included the AC in our analysis. At all stages
investigated, EHMT2-ir was present in the AC and was clear-
ly located in cell nuclei (data not shown). To analyze whether
this high expression at P25 was attributable to a delayed mat-
uration of the AC compared with the brainstem, we extended
our analyses to 1-year-old animals. Even at this age, the signal
was still abundant in the AC, whereas the CNC, SOC and IC
showed no immunoreactivity against the enzyme, similar to
the results obtained at P16 and P25 (Fig. 6). These data iden-
tify a striking difference of EHMT2 regulation between
brainstem and cortex. Whereas EHMT2 levels decline during
the maturation of auditory brainstem structures, they remain
high in the AC, at least throughout the first year of life.
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To investigate whether this difference was specific to the
auditory system, we also analyzed other brain areas in the
brainstem and cortex at P25. Similar to the auditory system,
EHMT2 expression was low in brainstem structures includ-
ing the nuclei of the fifth and seventh nerve (Fig. 7a, b),
whereas it stayed high in cortical areas such as the somato-
sensory cortex and the visual cortex (Fig. 7c, d). Thus, the
developmental down-regulation of EHMT2 in the brainstem
between P0 and P12 and the persistent expression of the
enzyme in the cortical areas are general features. Again,
quantitative RT-PCR confirmed this finding. No significant
reduction in the Ehmt2 expression level was observed in
neocortical tissue between P0 and P12 or P25 (mean ratio
P0: 0.223±0.045; P12: 0.242±0.027, P=0.75; P25: 0.271
±0.016, P=0.255; Fig. 5b).

Down-regulation of EHMT2 is independent of hearing

EHMT2 levels are regulated by external factors (Covington
et al. 2011; Maze et al. 2010; Sun et al. 2012) and changes
therein are thought to be critical for the interplay between the
genetic and environmental determination of the phenotype
(Kramer 2016). In the brainstem, we observed a strong decline
of EHMT2 protein level around hearing onset. To test whether
sound-driven activity had an impact on its expression, we
characterized EHMT2-ir in Cldn14−/− mice (Ben-Yosef et al.
2003). These mice lack the paracellular tight junction protein
Claudin 14. This results in early postnatal hair cell degenera-
tion and profound congenital deafness, as demonstrated by the
absence of auditory brainstem responses at P15-P17
(Ben-Yosef et al. 2003). Immunohistochemical analysis

Fig. 2 EHMT2 is strongly present in auditory brainstem structures
during the first postnatal week. Intense EHMT2 immunoreactivity
(EHMT2-ir) is observed in all auditory brainstem structures both at
postnatal day 0 (P0) and P8. Higher magnification demonstrates the
respective structure overlaid with DAPI, revealing the nuclear
localization of EHMT2-ir (white arrowhead granular cells in cochlear

nucleus complex, red EHMT2, blue DAPI, aVCN anteroventral
cochlear nucleus, DCN dorsal cochlear nucleus, IC inferior colliculus,
LSO lateral superior olive, MNTB medial nucleus of the trapezoid body,
pVCN posteroventral cochlear nucleus). Abbreviations also apply to
subsequent figures. Dorsal is up, lateral to the right. Bars 100 μm
(a–h), 50 μm (a’–d’, a’’, c’’, e’–h’, e’’, g’’)
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revealed no differences in the labeling intensity compared
with the wild-type mice throughout development (data not
shown). As Cldn14−/− mice might still show spontaneous
neuronal activity (Wang and Bergles 2015), which might
suffice to drive the postnatal down-regulation of EHMT2,
we also investigated Cacna1d−/− mice, which lack the L-type
Ca2+ channel Cav1.3 (Platzer et al. 2000). This channel is
essential for neurotransmission at the inner hair cell synapse
and consequently, Cacna1d−/− mice show profound deafness
and lack spontaneous activity (Platzer et al. 2000).
Furthermore, mice lacking Cav1.3 show severe anatomical

and functional abnormalities in the auditory brainstem, such
as highly increased cell loss (Hirtz et al. 2011), impaired re-
finement (Hirtz et al. 2012) and altered processing of auditory
signals (Satheesh et al. 2012). Immunohistochemical analysis
in Cacna1d−/− mice revealed no differences in EHMT2-ir
compared with wild-type mice (Fig. 8). At P8, EHMT2 was
highly abundant in the cell nuclei of all investigated brainstem
structures and in the AC (Fig. 8a–e), whereas in P16 and P25,
EHMT2-ir had almost completely vanished in the brainstem
and only the blue DAPI staining was visible in the cell nuclei
(Fig. 8f–i, k–n). The AC of deaf Cacna1d−/− mice showed

Fig. 3 Low EHMT2 immunoreactivity in auditory brainstem structures
after onset of hearing. Both at P16 and P25, only weak EHMT2-ir is
observed in auditory brainstem structures. Higher magnification reveals

the respective structures overlaid with DAPI (redEHMT2, blueDAPI).
Dorsal is up, lateral to the right. Bars 100 μm (a–j), 50 μm (a’–e’, a’’,
f’–j’, f’’)
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Fig. 4 Negligible inter-
individual differences in labeling
pattern of EHMT2 before and
after onset of hearing. A
consistent strong EHMT2-ir with
a clear nuclear localization was
seen in all animals investigated
between P0 and P8 (selected
examples of the MNTB from
independent animals in a–c). No
signal was detectable in animals
at P16 or older (selected examples
of the MNTB from independent
animals in d–f). Dorsal is up,
lateral to the right. Bar 50 μm

Fig. 5 Relative expression levels
of Ehmt2 in brainstem and
neocortical areas. a Relative
Ehmt2 expression levels (± SEM)
in developing mouse brainstem.
A significant decrease occurred in
expression at P12 and P25
compared with P0. b Relative
Ehmt2 expression in developing
mouse neocortex. No significant
up- or down-regulation of Ehmt2
expression was observed between
analyzed age groups. As a test for
statistical significance, Student’s
t-test was used. **P ≤ 0.05;
***P ≤ 0.001, ns not significant
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high EHMT2-ir at P16 and P25, thus also resembling the
wild-type AC (Fig. 8j, o). These data indicate that the expres-
sion of the epigenetic modifier EHMT2 is not regulated by
spontaneous or sensory driven activity in the central auditory
system. This is in agreement with the observed down-
regulation of EHMT2 in non-auditory brainstem structures
after the first postnatal week.

Methylation persists in auditory nuclei during maturation

EHMT2 seems to be particularly important for the establish-
ment of de novo methylations rather than for their mainte-
nance (Leung et al. 2011). However, various data demonstrate
a correlation between EHMT2 levels and H3K9 methylation
under experimental conditions (Lu et al. 2013; Schaefer et al.
2009; Tachibana et al. 2002; Yu et al. 2013). The observed
down-regulation of EHMT2 in the auditory brainstem pro-
vides a natural system for studying the correlation between

altered EMHT2 expression and H3K9me1 and H3K9me2
levels in vivo. Furthermore, as H3K9me1 is associated with
gene activation and H3K9me2with suppression, an analysis is
of interest with respect to the type of methylation that is
performed by EHMT2 in the auditory system.

To address these issues, we used immunohistochemistry
against either H3K9me1 (H3K9me1-ir, green) or H3K9me2
(H3K9me2-ir, red) to study their cellular pattern during the
development of the auditory system. Both antibodies labeled
auditory hindbrain structures at all stages analyzed, i.e., P8,
P16, P25 and 1 year (Fig. 9). Of note, the labeling clearly
persisted after the onset of hearing and the immunoreactivity
levels appeared similar to those present in the age-matched
AC (Fig. 9q–t). Thus, both types of methylation persist from
P16 onwards in the brainstem, even in the absence of EHMT2,
the dominant enzyme for these modifications. This is in con-
tradiction to previous reports in which H3K9me1 and
H3K9me2 were shown to be considerably decreased after

Fig. 6 Differential regulation of
EHMT2 levels between auditory
brainstem and auditory cortex
(AC) in adult mice. Auditory
brainstem structures show low
levels of EHMT2-ir in 1-year-old
mice, whereas the AC displays
high EHMT2-ir. These data
reveal differential regulation of
this enzyme between brainstem
and cortex (redEHMT2,
blueDAPI). Dorsal is up, lateral
to the right. Bar 50 μm
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the reduction of EHMT2 function by gene knockout or phar-
macological intervention (Lu et al. 2013; Maze et al. 2010;
Schaefer et al. 2009; Tachibana et al. 2005; Yu et al. 2013).

However, we observed developmental differences in the
cellular labeling patterns of H3K9me1 or H3K9me2. At P8,
most of the cells in the auditory system displayed a uniform
yellowish appearance, indicating roughly the same share of
mono- and dimethylations at this age (Fig. 9a, e, i, m).
During maturation of the auditory system, single cells ap-
peared more red or green in the overlay of both labels, hence
indicating either more mono- or dimethylations at H3K9
(note, for instance, the red and green cells in the pVCN and
MNTB at 1 year in (Fig. 9d’, l). A similar change in the
labeling pattern was observed during the development of the
AC (Fig. 9q–t). These data suggest that individual auditory
neurons adopt distinct epigenomic configurations in
adulthood.

To investigate this phenomenon further and possibly to
assign these different configurations to cell types, we used
the Ptf1a::Cre and Atoh7::Cre driver mouse lines, both
crossed to a tdTomato reporter mouse to label distinct cell
populations in the auditory brainstem. Inhibitory neurons in
the CNC are derived from the pancreas-specific transcription
factor 1a (Ptf1a+) cell lineage (Fujiyama et al. 2009) and
excitatory neurons in the aVCN, which project to the SOC,
express the transcription factor atonal homolog 7 (Atoh7) dur-
ing development (Saul et al. 2008). In tdTomatoPtf1a mice, we
observed, in the aVCN, clear colocalization of the dtTomato
signal with both predominantly monomethylated (green,

arrowhead in Fig. 10a, c) and dimethylated (red, arrow in
Fig. 10a, c) cells. The absence of PTFa1+-derived cells in
the SOC prevented a similar analysis in this center (data not
shown). In tdTomatoAtoh7 mice, the marked neurons of the
aVCN colocalized with either predominantly monomethylated
cells (green, arrowhead in Fig. 10d, f) or with cells containing
both mono- and dimethylation (yellow, arrows in Fig. 10d, f).
We did not observe colocalization of Atoh7+ neurons with
predominantly dimethylated cells. Together, these data reveal
the poor correlation between specific methylation patterns and
cell types in the auditory hindbrain.

Immunoreactivity of other H3K9 methylation enzymes
during maturation of auditory brainstem

Our analysis shows a clear down-regulation of EHMT2 in the
auditory brainstem at P16 and P25 but persisting methylation
of its target H3K9. This could be attributable to the expression
of an additional methylase in the mature brainstem. We there-
fore extended our analysis to other H3K9 mono- and
dimethylating enzymes. EHMT1 has been reported to form
functional complexes with its close paralog EHMT2 to coop-
eratively methylate H3K9 (Tachibana et al. 2005).
Comparable with EHMT2, EHMT1 was highly present in
the nuclei of brainstem neurons at P0 (Fig. 11a–d).
However, at P8, EHMT1-ir was also found in the cell somata
of some auditory nuclei (Fig. 11e–h). Although a clear nuclear
localization was seen in the LSO (Fig. 11h), EHMT1-ir in the
MNTB was exclusively found in the soma (Fig. 11g). The

Fig. 7 Differential regulation of
EHMT2 between various brain
areas is a general feature in adult
mice. Analysis of whole
brainstem at P25 revealed no
considerable EHMT2-ir. As an
example, the nuclei of the fifth
and seventh nerve (a, b) are
shown. The whole cortex,
however, was extensively labeled
for EHMT2. The primary
somatosensory region and the
primary visual cortex (c, d) are
depicted (red EHMT2,
blueDAPI, 5N trigeminal motor
nucleus, 7N facial nucleus, S1
primary somatosensory cortex,
V1 primary visual cortex). Dorsal
is up, lateral to the right.
Bar 50 μm
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CNC showed a mixed distribution (Fig. 11e, f). At P16 and
P25, EHMT1-ir resembled that of EHMT2, as no signal was

detectable in the nuclei of the auditory brainstem (Fig. 11i–p).
The protein was not detected in the granular cells of the CNC

256 Cell Tissue Res (2016) 365:247–264



throughout development, again similar to EHMT2 (data not
shown). At the level of the AC, distinct nuclear labeling was

present at P8 (Fig. 11q), whereas at P16 and P25, no EHMT1-
ir was present, which is in stark contrast to EHMT2 (Fig. 11r,
s). Differential expression of Ehmt1 in the AC was confirmed
by RT-qPCR. Both in the brainstem and the neocortex, expres-
sionwas high at P0 and significantly decreased at P12 and P25
(mean ratio brainstem P0: 0.132±0.029; P12: 0.018±0.003,
P=0.006; P25: 0.010± 0.001, P=0.004; cortex P0: 0.235
± 0.010; P12: 0.034 ± 0.004, P = 0.000001; P25: 0.019
±0.001, P=0.0000006; Fig. 12). Thus, a different regulation

�Fig. 8 EHMT2 levels are independent of hearing. Analysis of EHMT2-ir
in deaf Cacna1d−/− mice revealed no difference in labeling prior to and
after hearing onset compared with wild-type animals. EHMT2 levels are
high at P8 (a–d) and drop considerably by P16 (f–i) until labeling
vanishes by P25 (k–n) in the brainstem of Cacna1d−/− mice. In contrast,
levels were high at all three stages (e, j, o) in the AC (redEHMT2,
blueDAPI). Dorsal is up, lateral to the right. Bar 50 μm

Fig. 9 Methylation on histone 3 lysine 9 persists independently of
EHMT2. Monomethylations (H3K9me1) and dimethylations
(H3K9me2) were highly abundant in the nuclei of the auditory
brainstem and in the AC at all age stages investigated. However, a
developmental switch occurred in the labeling pattern. Whereas most

cells showed roughly the same share of H3K9me1 and H3K9me2 at P8
and P16, more cells were found with predominant labeling for either
H3K9me1 or H3K9me2 at P25 and 1 year. No substantial difference
between the various brain areas was observed (green H3K9me1, red
H3K9me2). Dorsal is up, lateral to the right. Bar 50 μm
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of these closely related enzymes occurs at the level of the
neocortex.

Next, we analyzed the H3K9 methyltransferase RIZ1,
which was recently identified preferentially to monomethylate
H3K9 (Congdon et al. 2014). At P0, RIZ-ir was similar to that
for EHMT1 and EHMT2 at the level of the auditory
brainstem, with a clear nuclear localization (Fig. 13a–d). At
P8, labeling remarkably resembled that of EHMT1 with a
nuclear localization in the LSO (Fig. 13h), a labeled cytosol
in the MNTB (Fig. 13g) and a mixed pattern in the CNC
(Fig. 13e, f). Furthermore, RIZ1-ir was absent in the auditory
brainstem at P16 and P25 (Fig. 13i–p). Similar to the other
two methylation enzymes, the protein was not detectable
in the granular cells of the CNC throughout development
(data not shown). In the AC, we observed nuclear RIZ-ir up to
P25, the oldest age analyzed for this enzyme (Fig. 13q–s). Its
cortical expression at P25 thus resembles that of EHMT2-ir
but not EHMT1-ir.

Taken together, the data indicate that all investigated H3K9
methylation enzymes are remarkably down-regulated in the
mature brainstem. In contrast, their expression pattern in cor-
tical areas varies. EHMT2 and RIZ1 are highly expressed
beyond the first two weeks of life, whereas EHMT1 shows a
significant down-regulation between P0 and P12, similar to its
expression pattern in the brainstem.

Discussion

In this study, we report the following key observations
concerning epigenetic mechanisms in the auditory system.
We observed a strong down-regulation of the major

H3K9 methylation enzymes EHMT1, EHMT2 and RIZ1 dur-
ing the maturation of the auditory brainstem. This decrease
contrasts the persistent immunoreactivity of EHMT2 and
RIZ1 in the AC and the continued presence of the catalyzed
H3K9me1 and H3K9me2 marks in the auditory brainstem.
However, EHMT1 is also down-regulated in the adult AC.
These immunohistological findings have been confirmed
by RT-qPCR. Our data have importance beyond the auditory
system, as they also hold true for other brain areas outside this
sensory system.

Developmental down-regulation of histone 3 methylating
enzymes

EHMT1, EHMT2 and RIZ1 levels decrease in the auditory
brainstem of mice between P0 and P12 (Figs. 2, 3, 5, 11, 12,
13). Conditional ablation of Ehmt1 and Ehmt2 in the forebrain
has previously been shown to entail the de-represssion of non-
neuronal genes and neuronal progenitor genes that are usually
present during embryonic development (Schaefer et al. 2009).
Additionally, the knockdown of Ehmt1 or Ehmt2 in embryon-
ic stem cells results in severe differentiation defects
(Tachibana et al. 2002, 2005) and Ehmt2 deficiency leads to
the expression of neuronal genes in cell lines of non-neuronal
origin (Ding et al. 2008; Roopra et al. 2004). These data have
led to the conclusion that these enzymes are important for the
maintenance of cell identity. However, this contrasts our find-
ing in the auditory brainstem. Here, the disappearance of
EHMT1 and EHMT2 occurs as a natural process at a time
when these neurons acquire their cellular and genetic identity
(Nothwang et al. 2015). The auditory neurons instead appear
to down-regulate these methyltransferases in order to fix their

Fig. 10 No clear cell-type-
specific methylation patterns in
excitatory and inhibitory neurons
of the aVCN. tdTomato labeled
inhibitory Ptf1a+ cells colocalized
with both predominantly
monomethylated neurons (green,
arrowhead in a, c) and
predominantly dimethylated
neurons (red, arrow in a, c). For
excitatory Atoh7+ neurons, the
tdTomato signal frequently
colocalized with predominantly
monomethylated cells (green,
arrowhead in d, f) or cells with
roughly the same amount of
H3K9me1 and H3K9me2 (yellow
to orange, arrows in d, f). Atoh7+

cells were never predominantly
dimethylated (green H3K9me1,
red H3K9me2, cyan tdTomato).
Dorsal is up, lateral to the right.
Bar 50 μm
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genetic programs and seem to have a low demand for genomic
reprograming in the mature state. This is in agreement with the
observations of only minor changes in gene expression after
P16 in the SOC (Ehmann et al. 2013) and of the very low
degree of synaptic plasticity of auditory brainstem circuits
compared with non-auditory structures (Friauf et al. 2015).

The broad down-regulation of H3K9 methyltransferases in
the brainstem is compatible with this concept, as this part of
the brain is essential for basic functions of the organisms such
as breathing. These processes rely on hardwired circuits with a
rather stereotypic output and a low degree of plasticity in
response to external factors. This contrasts the requirements

Fig. 11 Immunoreactivity of EHMT1 in the auditory brainstem and AC
before and after the onset of hearing. Consistent with EHMT2-ir, EHMT1
was highly present in the nuclei of the auditory brainstem at P0 (a–d). At
P8, a redistribution of the signal occurred from the nucleus to the
cytoplasm in the MNTB (g) and partially in the CNC (e, f), whereas

nuclear labeling persisted in the LSO (h). At P16 and P25, no EHMT1-
ir was detectable at the level of the brainstem (i–p). Nuclear labeling of
EHMT1 in the AC was observed (q) at P8 but the signal was absent (r, s)
at P16 and P25 (redEHMT1, blueDAPI). Dorsal is up, lateral to the
right. Bars 50 μm
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in cortical structures in which epigenetic marks are important
for adult plasticity and adaptations to external signals (Gupta-
Agarwal et al. 2012; Kramer 2016; Maze et al. 2010; Schaefer
et al. 2009). Surprisingly, we found a highly significant reduc-
tion of EHMT1 in the neocortex of adult mice, whereas
EHMT2 and RIZ1 still show high expression levels and im-
munoreactivity in cortical areas.

In addition to the down-regulation of EHMT1 and RIZ1 in
the brainstem, we demonstrated a cellular redistribution of
these enzymes from the nucleus to the cytoplasm at P8 in
the MNTB and partially in the CNC (Figs. 11g, 13g). This
altered localization of EHMT1 and RIZ1 suggests a switch in
substrate preference at that age. However, no non-histone sub-
strate is known for RIZ1 (Zhang et al. 2012) and only one
non-histone substrate has been determined for EHMT1,
namely the partially cytoplasmically located p53 protein
(Chen et al. 2010; Zhang et al. 2012).

Persistent methylation of H3K9

Methylations at lysine residues were believed to be very stable
(Byvoet et al. 1972). Nevertheless, the knockdown or ablation
of Ehmt1 or Ehmt2 are usually paralleled by a reduction of
H3K9me1 and H3K9me2 (Lu et al. 2013; Schaefer et al.
2009; Tachibana et al. 2002; Yu et al. 2013). Furthermore,
during the development of the zebrafish retina, both EHMT2
expression and H3K9me2 marks vanish in parallel (Rao et al.
2010). The persistance of the mono- and dimethylations in the
auditory brainstem was therefore unexpected after the down-
regulation of all three enzymes investigated (Fig. 9). This
indicates either that the methylation marks set by EHMT1,
EHMT2, or RIZ1 actually persist for at least 1 year of life
or, more likely, that the methylations are established or
maintained by one of the other numerous H3K9

methyltransferases. EHMT1 and EHMT2 transfer methyl
groups via their SET domain (Dillon et al. 2005). The genome
encodes more than 50 SET-domain-containing proteins of
which only a few have been enzymatically characterized
(Tachibana et al. 2005). Hence, a multitude of enzymes might
compensate for the down-regulation of EHMT1, EHMT2 and
RIZ1. The presence of additional histone 3 methylases in the
brainstem is supported by the observation of H3K9me1 and
H3K9me2 in granular cells of the CNC, despite the absence of
the three enzymes analyzed.

Methylation pattern and cell-types

The cell-specific activity of methylation enzymes other than
EMHT2 might also explain the variability of the H3k9me1
and H3K9me2 levels between distinct cells in the adult organ-
ism (Fig. 9). Alternatively, the differential dominance of either
H3K9me1 or H3k9me2 in individual cells might result
from the different action of H3K9-specific demethylases
(Shi 2007). In addition, our immunohistochemical analyses
provide no spatial resolution at the genomic level and even
cells with a similar labeling pattern could therefore possess
quite distinct H3K9me1 and H3K9me2 marks. A recent anal-
ysis of DNA methylation revealed marked differences be-
tween different neuronal cell types (Mo et al. 2015; Sharma
et al. 2016). The observed differences in the ratio between
H3K9me1 and H3K9me2 might therefore be related to dis-
tinct auditory cell types. To address this issue, we analyzed the
H3K9me1 and H3K9me2 patterns in two different mouse
lines, with either inhibitory or excitatory neurons labeled in
the aVCN. We observed no correlation between the methyla-
tion pattern and labeling of inhibitory neurons, whereas excit-
atory cells exclusively showed an intense reactivity for
H3K9me1 or cells with roughly the same amount of

Fig. 12 Relative expression
levels of Ehmt1 in the brainstem
and neocortical areas. a Relative
Ehmt1 expression levels (± SEM)
in the brainstem of mice during
postnatal development. A
significant decrease occurs in
expression between P0 compared
with P12 and P25. b Relative
Ehmt1 expression in the
neocortex of mice during
postnatal development. Ehmt1
levels were significantly
decreased in the neocortex at P12
and P25 compared with P0. As a
test for statistical significance,
Student’s t-test was used.
**P ≤ 0.05; ***P≤ 0.001

260 Cell Tissue Res (2016) 365:247–264



H3K9me1 and H3K9me2 (Fig. 10). This suggests a certain
correlation between cell type and methylation state. However,
the methylation pattern in the DCN and the MNTB argue
against this assumption. The DCN is a highly organized struc-
ture with layer-specific cell types (Oertel and Young 2004)

but we could not link layers or cell types such as fusiform
cells to differences in H3K9me1 and H3K9me2 labeling.
Furthermore, MNTB neurons represent a highly homoge-
neous population of principal cells and yet exhibit marked
differences in the ratio of H3K9me1 and H3K9me2

Fig. 13 Immunoreactivity of RIZ1 in the auditory brainstem and AC
before and after onset of hearing. RIZ1 was highly present in the nuclei
of the auditory brainstem at P0 (a–d), comparable with EHMT1-ir and
EHMT2-ir. At P8, a redistribution of the signal took place from the
nucleus to the cytoplasm in the MNTB (g) and partially in the

CNC (e, f), whereas the LSO maintained a nuclear labeling pattern
(h). No detectable RIZ1-ir was seen in the auditory brainstem (i–p)
at P16 and P25. RIZ-ir with a nuclear localization was present in the
AC (q–s) at P8, P16 and P25 (redRIZ1, blueDAPI). Dorsal is up,
lateral to the right. Bars 50 μm
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(Fig. 9l). A detailed analysis of more markers for various cell
types and additional methylationmarks is needed to clarify the
relation between cell type and methylation state.

Epigenetics in hearing impairment

A clinically highly relevant issue in hearing research is the role
of epigenetic mechanisms in normal and dysfunctional hear-
ing, as it holds the promise of pharmacology-based interven-
tion and therapy (Layman and Zuo 2014). So far, both bene-
ficial and harmful roles of epigenetic mechanisms have been
identified. The pharmacological inhibition of EHMT2 de-
creases H3K9me2 in the organ of Corti in vitro and in vivo
and is able to prevent hair cell loss (Yu et al. 2013). Valproic
acid, a pan histone deacetylase inhibitor, has been shown to
preserve hearing ability in the DBA/2 J mouse, a model of
progressive hearing loss (Mutai et al. 2015). On the other
hand, mutations in EHMT1 are causative, in humans, for
Kleefstra syndrome, which is associated with sensorineural
hearing loss (Kleefstra et al. 2005). Here, we investigated
whether hearing loss might be associated with altered
EHMT2 expression. All types of congenital deafness share
an altered activity pattern in the central auditory system
(Nothwang et al. 2015). This might impair the proper
unfolding of the genetic program, ultimately impairing audi-
tory rehabilitation by peripheral hearing aids such as cochlear
implants (Willaredt et al. 2014). Indeed, deafness has been
shown to be linked to large scale alterations in gene expression
in the central auditory system (Holt et al. 2005). However,
both congenital deaf mouse lines tested in this study show
EHMT2 expression levels indistinguishable from those of
the wild-type (Fig. 8). This is also in agreement with a devel-
opmental down-regulation of the enzyme in other brainstem
areas, indicating that such a change occurs independently of
sensory activity. In the future, other epigenetic markers should
therefore be investigated for their association with activity-
dependent processes in the auditory system.

Concluding remarks

Our expression analysis is the first undertaking on the major
H3K9 methyltransferases during the development of a neuro-
sensory system. This work revealed the striking differences in
the expression and labeling patterns along the auditory system
and between the enzymes and their catalyzed epigenetic
marks. The study of the function of these enzymes along the
auditory pathway should therefore be of considerable interest.
The availability of floxed Ehmt1 and Ehmt2 alleles (Schaefer
et al. 2009) and several Cre-driver lines for conditional abla-
tion in the auditory system will pave the way for such inves-
tigations, which hold the promise of making important contri-
butions to the emerging field of epigenetics in the auditory
system.
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