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Abstract

Chromatin organization during postnatal development is very important for establishing
neuronal function and may be disrupted in neurodevelopmental disorders that are asso-
ciated with impaired brain function. Both the Methyl CpG-binding protein 2 (MeCP2)
and the linker histone H1 are important chromatin regulators. Still, their developmental
expression patterns and functional interactions across diverse genetic backgrounds are not
well understood. This study examined changes in histone H1, histone H3, and MeCP2
levels in CD1 and C57BL/6 mice in two different strains, in the liver, cerebellum, and cere-
bral hemispheres obtained at two adolescent developmental stages [P21 (postnatal day 21)
and P56]. We show that both strains have significant cerebral-specific increases in MeCP2
and H1, while H3 levels remain consistent. The CD1 strain exhibited hepatic H1 elevation
between early (P21) and late (P56) adolescence, which was absent in the C57BL/6 strain.
This highlights possible strain-dependent postnatal dynamic chromatin organization. Anal-
ysis of Mecp2T158M (Mecp2!m41Bird) mutant mice showed compensatory H1 elevation in the
Purkinje layer of the cerebellum, indicating possible functional relation between these two
chromatin-bound proteins. Despite having minimal MeCP2 protein levels, mutant mice had
higher amounts of Mecp2 transcripts, suggesting post-transcriptional/post-translational
regulations. Our results demonstrate that H1 and MeCP2 are subject to coordinated devel-
opmental control with possible interplay with the chromatin structure.

Keywords: MeCP2; linker histone H1; core histone H3; neurodevelopment; postnatal
development; mouse genetic background/strain; chromatin organization; Rett Syndrome;
cerebellar development; male and female mice

1. Introduction

Epigenetic regulation is fundamental to brain development in mammals, coordinating
dynamic transitions in gene expression that are required for cell fate determination, neu-
ronal network maturation, and synapse formation [1]. At the heart of epigenetic control is
chromatin remodeling, a process orchestrated by histone modifications, ATP-dependent
chromatin remodelling complexes, and other factors that alter nucleosome positioning
and DNA accessibility. Core histone proteins (H2A, H2B, H3, and H4) form nucleosomes,
organized by wrapping DNA around a histone octamer, creating the basic unit of chro-
matin organization that controls gene accessibility to the transcriptional machinery. This
chromatin organization enables higher-order folding, influencing whether DNA exists as
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part of an open euchromatin, supporting active transcription or in a compact heterochro-
matin state, for gene silencing and/or repression. In addition to incorporation into the
nucleosome structures, these core histones also serve as substrates for post-translational
modifications (PTMs) such as methylation, acetylation, phosphorylation, or histone variant
exchange, which precisely regulate gene expression by recruiting or blocking chromatin-
associated factors [2]. The fifth histone is known as the linker histone H1 (H1). H1 binds to
the DNA sequences between the two adjacent nucleosomes known as the “linker DNA”
and plays a role in linear chromatin compaction. The chromatin is further condensed
when the H1 engages the DNA entry and exit sites on the nucleosomal core to form the
chromosomes, which increase nucleosomal repeat length, promoting the folding of nu-
cleosome arrays into more condensed higher-order structures [3]. Histone H3 (H3), on
the other hand, is extensively and post-translationally modified on its N-terminal tail and
globular domain and functions as a central platform that integrates both activating and
silencing/or repressive chromatin signals in response to developmental and environmental
stimuli. Disruption of this histone-based regulatory network and modifications has been
implicated in the pathobiology of neurodevelopmental and neuropsychiatric disorders,
including Rett Syndrome (RTT), autism spectrum disorders, and intellectual disabilities [2].
Methyl CpG-binding protein 2 (MeCP2) is an important regulator of chromatin structure
and neuronal gene expression with solid links to mental disability and Rett Syndrome.
RTT is caused by mutations in the MECP2 gene, leading to severe cognitive and motor
impairments, as well as disrupted synaptic maturation and circuit function [4,5]. MeCP2
functions by directly silencing/repressing or activating its target genes, while playing a role
in chromatin compaction. Considering the interplay between MeCP2 and H1, MeCP2 can
compete with histone H1 and compact the nucleosomal arrays to influence higher-order
chromatin architecture, as demonstrated by several in vitro investigations [6,7]. Addition-
ally, in vivo research has shown that MeCP2-deficiency is associated with doubling of H1
levels and induces broad chromatin structure modifications in neurons, indicating that
MeCP2 functions as an alternative chromatin architecture protein [8,9].

Another crucial aspect of chromatin architecture and gene regulation is the interaction
between histone H3K9me3 and MeCP2 at the entry point of nucleosomes. It involves
multivalent interactions between DNA methylation and histone modifications [10]. MeCP2
associates with chromatin by binding both to methylated and unmethylated DNA as
well as canonical nucleosomal histones, including H3. MeCP2 cooperatively recognizes
extensive DNA methylation and H3K9me3 marks at the nucleosome entry site, where DNA
first comes in contact with histone octamers. This dual recognition enhances the MeCP2
recruitment to repressive chromatin domains and may influence the higher-order chromatin
structure by substituting H1 as a linker, thus impacting nucleosome spacing and chromatin
compaction [11]. Gene regulation and local chromatin architecture are influenced by the
convergence of H3K9me3 and MeCP2 at the nucleosomal entry. MeCP2 occupancy at such
sites is associated with the formation of constitutive heterochromatin, gene repression, and
the establishment of nuclear sub-compartments. Changes in this interaction have been
linked to neurological conditions, including RTT, where abnormalities in MeCP2 targeting
or H3K9 methylation may compromise epigenetic gene regulation [12].

Genetic background, particularly inbred (e.g., C57BL/6) versus outbred (e.g., CD1)
mouse strain, may affect the outcomes. Even when subjected to similar developmental or
environmental stimuli, different strains may have different baseline chromatin configura-
tions, epigenetic responsiveness, and transcriptional outputs. Genomic and phenotypic
analyses shed light on strain-dependent chromatin accessibility and histone modification
profiles that impact neurodevelopmental patterning. For instance, even single-nucleotide
polymorphisms can affect transcription factor binding and lead to broad transcriptomic
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shifts. These results highlight the necessity of accounting for strain, when designing
experiments and interpreting neurodevelopmental research [13,14].

Although the role of epigenetics in brain development is well established, it is unclear
how genetic background directly influences dynamic changes in chromatin remodeling
and histone compositions. In this regard, the role of histone proteins such as H1 and H3,
as well as chromatin modulators like MeCP2, in postnatal brain development in different
murine strains is not fully studied, with respect to specific parts of the brain. Our study
aims to systematically investigate the impact of strain (CD1 versus C57BL/6), adolescent
development (juvenile (P21, 3 weeks) versus young adult (P56, 8 weeks)), and brain regions
(cerebellum versus cerebral hemisphere) on the expression of core and linker histones
and MeCP2.

Indeed, despite increasing evidence for the regulatory roles of MeCP2 and histone
proteins in chromatin condensation and structural organization, several fundamentally
important biological questions remain unexplored. Are there any changes in the levels
of MeCP2 linker histone H1, and core histone H3 in the postnatal brain, particularly
during adolescent brain development? Are such changes uniformly observed across
different murine strains (such as CD1 and C57BL/6, where we have shown strain-specific
differences in the Mecp2/MeCP2 expression and DNA methylation machinery [15,16]?
Are these changes detected similarly across different brain regions, and can they also be
observed in non-brain organs such as the liver? Finally, what is the impact of MeCP2
loss-of-function mutation on the expression of these histone proteins?

To address these questions, we first aimed to study the impact of genetic background
on the expression of core histone and chromatin proteins in two specific brain regions
during adolescent development by Western blot (CD1 mice and C57BL/6). We studied
two specific brain regions (namely, the cerebellum and the cerebral hemisphere) at P21 and
P56 and investigated the expression of H1, H3, and MeCP2 proteins. Next, we studied
the effect of the T158M MeCP2 mutation (change of threonine to methionine) on the
potential interplay between MeCP2 and histone proteins by immunohistochemistry (IHC)
and possible effect on their transcript levels by real-time Reverse-Transcriptase Polymerase
Chain Reaction (RT-PCR). Our results help to establish a framework for interpreting the role
of chromatin composition in postnatal brain, providing insight into the biology of the brain.

2. Materials and Methods
2.1. Ethical Statement

The University of Manitoba Animal Research Ethics Board examined and approved
all experimental methods involving live animals used in this investigation, including the
setup and maintenance of the transgenic mice. All documented mouse experiments were
carried out in accordance with our authorized animal protocol 23-019 (AC11824) [Originally
approved on 13 July 2023 and renewed annually]. Every molecular experiment in this study
was examined and authorized by the University of Manitoba’s Environmental Health and
Safety Office (EHSO).

2.2. Animal Models and Experimental Groups

We used two mouse strains, CD1 and C57BL/6. Because of their unique genetic
and behavioral traits, the CD1 and C57BL/6 mouse strains are frequently employed in
biomedical research and are useful for comparative analyses. CD1 mice are an outbred
stock known for their genetic diversity, robustness, and superior breeding performance.
They offer benefits in terms of cost-effectiveness and experimental reproducibility. CD1
mice are especially helpful for investigations where genetic variability is a factor. According
to genetic assessments, these mice have a complicated genetic background with polymor-
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phisms across numerous loci, suggesting a population structure similar to a human founder
population [17,18]. In contrast, C57BL/6 is an inbred strain with a stable, uniform genetic
background, commonly used for studies requiring genetic consistency. C57BL/6 mice also
display notable physiological and behavioral traits, making them a standard for many
research applications [19,20].

Regarding age groups, we selected two adolescent stages: 3 weeks (P21) and 8 weeks
(P56). The 3-week-old (P21) mice are considered to be at early adolescence, characterized by
ongoing brain development and neuronal maturation. On the other hand, the 8-week-old
(P56) mice are considered to be at a late adolescent stage and /or young adult, characterized
by sexual maturity and stabilized physiology. In mice, these two ages are frequently
selected in research to investigate developmental versus mature biological phenomena
and to capture age-dependent variations in experimental outcomes [21]. We studied both
sexes (males and females). Our study also used 8-week-old male wild-type (WT) and
T158M mutant (B6.129P2(Cg)-Mecp2!"41Bird /. strain 026762) mice for real-time PCR and
IHC experiments. The genotyping for these studies was performed as reported in our
previous study [22]. The reason for choosing 8-week-old mice is the established onset of
neurological symptoms in mutant mice and the stable maturity of wild-type animals [23].
T158M is a common missense mutation in the MECP2 gene found in patients with Rett
Syndrome, leading to reduced protein stability. These male T158M (Mecp2T'8M¥) mice
present with pronounced neurological phenotypes, reduced body and brain weights, and a
significantly shortened median lifespan (~13-14 weeks), making them a suitable model for
studying the regulatory role of MeCP2 in the brain. Wild-type littermates serve as essential
controls for assessing mutation-specific effects [24].

For Western blot experiments, tissue collection included cerebellum and cerebral hemi-
sphere, aligning with the focus of our study on regional brain analysis. We also included
liver as a non-brain control tissue. For RT-PCR experiments, tissues were obtained from two
brain regions: the cerebellum and the cerebral hemisphere. For IHC experiments, tissue
sections containing the two brain regions, the cerebellum and cerebral cortex, were used.

2.3. Tissue Collection and Processing

For acquiring tissues for protein extraction and Western blot, both male and fe-
male mice from either CD1 or C57BL/6N strains were euthanized at defined end-points
(3 or 8 weeks) using CO, overdose. Dissected brain tissues were immediately divided into
left and right cerebral and cerebellar hemispheres, and stored separately at —80 °C (olfac-
tory bulbs were removed from cerebral hemispheres). Liver tissues were also harvested
from each mouse and stored in the same manner.

For IHC and RT-PCR experiments, hemizygous male Mecp2 T1°M and WT mice were
euthanized at 8 weeks of age by CO, overdose and brain tissues were harvested as described
before, with some modifications [22]. In summary, each brain was dissected into the left
and right hemispheres, and one hemisphere was then stored at —80 °C for RNA extraction
and RT-PCR. The other hemisphere was fixed for 1 h in freshly prepared and ice-cold 2%
paraformaldehyde (PFA) in phosphate-buffered saline (PBS) (pH 7.4), followed by two
rinses with PBS and stored in cryoprotectant solution (10% sucrose, 0.02% sodium azide in
PBS) at 4° C for 48 h. Fixed tissues were then embedded in Tissue-Tek® OCT compound
(Electron Microscopy Sciences, Hatfield, PA, USA) and stored at —80 °C until use [22].

2.4. Protein Extraction and Western Blot Experiments

Tissue samples were collected in 1.7 mL microcentrifuge tubes, maintained on ice,
and labeled accordingly. Samples were rinsed twice with 1 mL of PBS (prepared from a
commercial 10x stock solution) to remove residual blood and debris. Each sample was
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homogenized by adding 1 mL of PBS containing a protease and phosphatase inhibitor
cocktail (1:10, inhibitor: PBS). After homogenizing the tissues with 4-5 strokes in a glass
homogenizer, they were placed back into their corresponding tubes and centrifuged for
three minutes at 4 °C and 492 RCF (Relative Centrifugal Force). The supernatant was
removed, and the pellet was processed for protein extraction. Pellets were resuspended
in radioimmunoprecipitation assay (RIPA) buffer, supplemented with protease and phos-
phatase inhibitor cocktail (1:10, inhibitor: RIPA buffer). Liver and cerebral hemisphere
tissues received 350 pL of RIPA buffer for protein extraction, whereas cerebellum tissues
received 150 pL. Samples were sonicated in a cold room using repeated cycles of 10 s on
and 30 s off at 25 kHz (kilo hertz) until complete lysis was achieved. Protein lysates were
aliquoted and stored at —80 °C until use. Unless otherwise noted, all procedures were car-
ried out on ice to prevent protein degradation. Total protein concentration in the extracted
lysates was determined using the Bradford protein assay. In short, a spectrophotometer was
used to measure absorbance at 595 nm after an aliquot of each sample was mixed with the
Bradford reagent (Bio-Rad). Serial dilutions of bovine serum albumin (BSA) were used to
create a standard curve, from which the protein contents of the samples were computed. All
measurements were performed in triplicate to ensure accuracy. Finally, Western blots were
performed as previously reported [22], using specific primary and secondary antibodies
(Supplementary Table S1) on protein extracts (50 pg) from the brain and liver.

2.5. IHC Experiments

Immunofluorescence IHC was performed as previously described with minor modifi-
cations [22]. Initially, OCT-embedded tissues were sectioned at 16 pm thickness using a
cryostat (Leica Biosystems, Vista, CA, USA), with 3 to 4 sections mounted per slide. Consec-
utive sections on each slide were roughly 100 pm apart. The slides were stored at —80 °C
until further use. On the day of the staining, slides were air-dried for 30 min at 35 °C,
followed by a PBS wash for 5 min to remove extra OCT. To minimize non-specific binding
of the antibodies, sections were incubated with a blocking solution (5% skim milk, 1% BSA,
0.3% Triton-X in PBS) for 1 h at room temperature (RT). Sections were then incubated
overnight with primary antibody solution (diluted in the same blocking solution) at 4 °C.
The following day, the primary antibody solution was removed, followed by three washes
with PBS (10 min each), and sections were incubated with the secondary antibody solution
(diluted in the same blocking solution) for 1 h at RT. The secondary antibody solution
was then removed, followed by 2 washes with PBS (10 min each), incubated with DAPI
solution (diluted 1:10,000 in PBS) for 30 min at RT, and 2 more 10 min PBS washes. The
slides were then coverslipped (Brand Deckglaser micro 24 x 60 mm, Fisher Scientific, San
Jose, CA, USA) using ProLong Antifade Mountant (Life Technologies, Carlsbad, CA, USA)
and kept overnight. Imaging was performed using a Zeiss Confocal LSM700 (Oberkochen,
Germany) at 63 x magnification with Zen 2012 SP1 (Black edition) software for quantifi-
cation of integrated density, and a Zeiss Observer Z.1 (Oberkochen, Germany) inverted
microscope at 20 x magnification with Zen 3.03 (blue edition) software for representative
tiled images. To confirm the specificity of the primary antibodies, both a negative control
(omission of the primary antibody) and a positive control (using known tissues expressing
the target antigen) were employed. All slides were stained simultaneously, and under
similar conditions for each antibody, and experimental and imaging conditions were kept
consistent. Minor post-imaging modifications were performed on brightness and contrast
to adjust the background signal, and these changes were kept consistent across all images.
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2.6. RNA Extractions and Quantitative Real-Time PCR (RT-PCR)

Total RNA was isolated from different brain regions using TRIzol reagent according
to the manufacturer’s protocol (Life Technologies, Carlsbad, CA, USA) [25]. RNA con-
centrations were determined with a NanoDrop 2000c spectrophotometer (Thermo Fisher
Scientific, San Jose, CA, USA). RNA samples were treated with the TURBO DNA-free™ kit
(Ambion, Thermo Fisher Scientific, USA) to remove any traces of genomic DNA contami-
nation. Complementary DNA (cDNA) was synthesized using the SuperScript™ II Reverse
Transcriptase kit (Invitrogen, CA, USA) according to the manufacturer’s instructions [25].
Quantitative RT-PCR was performed using SYBR™ Green PCR Master Mix (Applied Biosys-
tems, Foster City, CA, USA). Transcript expression levels of Mecp2, H1f0, and H3c1 were
quantified. Gapdh primers were used as the internal reference gene (housekeeping). Primer
sequences used for RT-PCR are listed in Supplementary Table S2.

2.7. Statistical Analysis

For Quantitative Western blot analysis, a serial dilution of a standard protein lysate
was immunoblotted to generate a standard curve showing increasing band intensity from
5 pug to 100 pg. Densitometric analysis of these bands (Band Area) was plotted against the
relative amount of protein loaded. Linear regression analysis was performed to determine
the equation of the line (y = mx + c), where the slope (m) represents the specific sensitivity
factor for that antibody. This was conducted independently for both target protein and
loading control antibodies. Experimental samples (P21 versus P56) were immunoblotted
for the target protein and the housekeeping gene (loading control), respectively. The
density of resulting bands was quantified using Image]J (version 1.54b). The raw band areas
were then converted into proportional protein values by applying the specific slope (m)
derived from the standard curve, using the rearranged linear formula. Proportional values
underwent a two-step calculation. First, intra-sample normalization was achieved by
dividing the target protein value by its corresponding loading control value. Second, the
relative fold change is calculated by dividing the individual normalized values for all
samples by the average of one of the experimental groups (P21), then setting the baseline
to 1.0 (Supplementary Figure S1). This was then used to prepare the graphs in GraphPad
Prism (Version 7). Mean = standard error of mean (SEM) was calculated, and unpaired
Student t-tests were used to compare the data from P21 and P56 old mice in both sexes. The
experimental groups included P21 (N = 6, 3 males and 3 females) and P56 (N = 6, 3 males
and 3 females) mice, in the brain (cerebellum and cerebral hemisphere) and liver.

For IHC images, signal intensity measurements were performed. For each quantifi-
cation, images from 3 coronal brain sections were used per animal. Adjacent sections on
each slide were separated by approximately 100 um to account for spatial representation
across the brain regions that we studied. For signal intensity measurements (normalized to
the number of expressing cells), confocal microscopy images at 63 x magnification were
assessed using Image] (version 1.53q). For cerebral cortex images, the whole image was
quantified, while in cerebellum images, the Purkinje layer was quantified. Mean 4+ SEM
is reported in the resulting graphs, and unpaired Student t-tests were used to compare
the differences between WT (N = 3) and hemizygous male Mecp2™'°8M (N = 4) mice, via
GraphPad Prism Software (Version 7).

For RT-PCR experiments, RNA transcript levels were assessed by measuring the delta
CT for each gene, then normalized to Gapdh. This is then continued by measuring delta-
delta CT values to measure the fold change, which was used to prepare the graphs in
GraphPad Prism (Version 7). Mean & SEM was calculated, and unpaired Student ¢-tests
were used to compare the WT (N = 3) and hemizygous male Mecp2T*M (N = 3) mice.
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3. Results

3.1. Overview

This study systematically evaluated the influence of strain, adolescent developmental
stage, and brain region on the expression of core chromatin regulatory proteins—H1, H3,
and MeCP2—in the cerebellum and the cerebral hemisphere of male and female mice from
two widely used strains, CD1 and C57BL/6, at early adolescent/juvenile (P21/3 weeks)
and late adolescent/young adult (P56/8 weeks) stages. Quantitative Western blot analysis
was used, and findings are organized by strain and brain region. We also performed IHC
examination of H1, H3, H3K9me3, and MeCP2 in the cerebellum and cerebral cortex in
transgenic male mice carrying MeCP2 T158M mutation and WT controls, complemented
with transcript analysis of Mecp2, H1f0, and H3c1.

3.2. Preliminary Analyses of Developmental and Strain-Specific H1 and H3 Expression in a
Peripheral (Liver) Tissue of CD1 and C57BL/6 Mice

In CD1 mice, the data showed a significant increase (** p < 0.01) in H1 levels from P21
to P56, suggesting possible upregulation of H1 in the CD1 liver between the juvenile and
young adult stages (Figure 1A,A1).

CD1 Liver
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Figure 1. Levels of H1 and H3 in the Liver of (A) CD1 and (B) C57BL/6 mice at P21 and P56. Protein
levels of H1 and H3 were measured by Western blot analysis in the liver of male and female CD1 mice
at 3 weeks (P21) and 8 weeks (P56) of age. The loading control was Alpha tubulin. The following
molecular masses are shown for H1 (30 kDa), Alpha tubulin (50 kDa), and H3 (17 kDa). Results are
reported for whole cell lysates, and fold changes in protein levels were quantified for both sexes
at each age, normalized to Alpha tubulin and calculated as fold change compared to P21. (A1,A2)
Quantifications of the Western blot results of (A). (B1,B2) Quantifications of the Western blot results
of (B). Unpaired t-tests were used for statistical analyses, with statistical significance levels denoted
by asterisks (** p < 0.01). Mean 4 SEM is used to depict the data, with six biological replicates (N = 6,
3 males and 3 females). Uncropped blot images are provided in Supplementary Figures S2 and S3.

In C57BL/6 mice, H1 levels did not show any significant change between the P21 and
P56 (Figure 1B,B1). Thus, while a developmental trajectory is detected in CD1 mice, this
change appears to be strain-dependent, with clear increases in H1 levels from P21 to P56, in
the CD1 strain. Alternatively, H3 levels showed no significant difference between P21 and
P56, in either CD1 or C57BL/6 mice. Our data shows that H3 levels remained stable from
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P21 to P56, with no significant difference (Figure 1A,A2,B,B2). Individual quantifications
specific to each sex are shown in Supplementary Figure S4A,B.

3.3. Differential Developmental Trajectories of H1, MeCP2, and H3 Levels in the Cerebellum and
Cerebral Hemisphere of CD1 and C57BL/6 Mice

In the cerebellum of CD1 mice, H1 levels showed a robust and statistically significant
increase from P21 to P56 (** p < 0.01), suggesting a potential change in chromatin structure
in the cerebellum (Figure 2A,A1). Similarly, CD1 mice also showed a significant increase
in MeCP2 levels between P21 and P56 (* p < 0.05), suggesting that MeCP2 might be
dynamically regulated from P21 to P56. This increase suggests that these changes could
reflect general developmental processes (Figure 2A,A?2).
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Figure 2. Levels of H1, MeCP2, and H3 in the (A) Cerebellum and (B) Cerebral hemisphere of
CD1 mice at P21 and P56. Protein levels of H1, MeCP2, and H3 were measured by Western blot
analysis in the cerebellum and cerebral hemisphere of male and female CD1 mice at 3 weeks (P21)
and 8 weeks (P56) of age. The loading control was Alpha tubulin. The following molecular masses
are shown for MeCP2 (75 kDa), H1 (30 kDa), Alpha tubulin (50 kDa), and H3 (17 kDa). Results
are reported for whole cell lysates, and fold changes in protein levels were quantified for both
sexes at each age, normalized to Alpha tubulin and calculated as fold change compared to P21.
(A1-A4) Quantifications of the Western blot results of (A). (B1-B3) Quantifications of the Western
blot results of (B). Unpaired t-tests were used for statistical analyses, with statistical significance
levels denoted by asterisks (* p < 0.05, ** p < 0.01). Mean + SEM is used to depict the data; each
group includes six mice (N = 6, 3 males and 3 females). Uncropped blot images are provided in
Supplementary Figures S5 and Sé.

In the cerebral hemisphere of CD1 mice, samples showed no significant change in
H1 or MeCP2 levels from P21 to P56 (Figure 2B,B1,B2). In contrast, in the cerebellum of
CD1 mice, we observed a trend toward increased H3 levels (Figure 2A,A3) between P21
and P56, although this difference did not reach statistical significance. These data were
obtained using a polyclonal H3 antibody. However, to further investigate our observation,
we tested another H3 antibody (monoclonal) on the cerebellar region of CD1 mice. Our
results showed that H3 levels remained unchanged between P21 and P56 (Figure 2A,A4),
suggesting that the detected trend toward increased H3 could be due to the reduced
specificity or possible cross-reactivity of the polyclonal antibody that we used against the
H3 epitope.
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In the cerebral hemisphere of CD1 mice, H3 levels remained consistent between P21
and P56, suggesting a relative stability of nucleosomal core histones in this brain region.
This absence of developmental fluctuation suggests that H3 composition is maintained at a
consistent level, potentially to preserve chromatin integrity during ongoing maturation of
higher-order circuits (Figure 2B,B3). Sex-specific quantifications of the results are shown in
Supplementary Figure S7A,B.

Shifting to the C57BL/6 strain, we observed a significant increase in H1 and MeCP2
levels from P21 to P56 (* p < 0.05, in both cases) in the cerebellum (Figure 3A,A1,A2).
In the cerebral hemisphere, H1 levels did not differ significantly between the two age
groups (Figure 3B,B1); similar results were detected for MeCP2 (Figure 3B,B2). In the
C57BL/6 strain, H3 levels did not change from P21 to P56 in either the cerebellum or
cerebral hemisphere. This aligns with the findings from the CD1 strain, suggesting that H3
remains constant in both strains (Figure 3A,A3,B,B3). The sex-specific quantifications are
shown in Supplementary Figure S10A,B.
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Figure 3. Levels of H1, MeCP2, and H3 in the (A) Cerebellum and (B) Cerebral hemisphere of
C57BL/6 mice at P21 and P56. Protein levels of H1, MeCP2, and H3 were measured by Western blot
analysis in the cerebellum and cerebral hemisphere of male and female C56BL /6 mice at 3 weeks
(P21) and 8 weeks (P56). The loading control was Alpha tubulin. The following molecular masses
are shown for MeCP2 (75 kDa), H1 (30 kDa), Alpha tubulin (50 kDa), and H3 (17 kDa). Results are
reported for whole cell lysates, and fold changes in protein levels were quantified for both sexes
at each age, normalized to Alpha tubulin and calculated as fold change compared to P21. (A1-A3)
Quantifications of the Western blot results of (A). (B1-B3) Quantifications of the Western blot results
of (B). Unpaired t-tests were used for statistical analyses, with statistical significance results denoted
by asterisks (* p < 0.05). Mean & SEM is used to depict the data; each group includes six mice (N = 6,
3 males and 3 females). Uncropped blot images are provided in Supplementary Figures S8 and S9.

3.4. Levels of Core Histones in the Cerebellum of CD1 Mice Remain Unchanged

Given our earlier observation of a variable trend in H3 levels between P21 and P56,
using one of the two H3 antibodies (polyclonal) in the cerebella of CD1 Mice, we extended
our analyses to determine whether other core histones exhibit any changes in this brain
region. We examined H4, H2B, H2A X, and H2A.Z in the cerebellar samples of CD1 mice at
P21 and P56. H2B levels remained unchanged, suggesting that H2B levels do not vary with
age in this tissue during these time points (Figure 4A,A1), and similar data were obtained
for H4 (Figure 4A,A2).
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Figure 4. Levels of H2B, H4, H2A X, and H2A.Z in the Cerebellum of CD1 Mice at P21 and P56.
Protein levels of H2B, H4, H2A X, and H2A.Z were measured by Western blot analysis in the
cerebellum of male and female CD1 mice at 3 weeks (P21) and 8 weeks (P56). The loading control
was Alpha tubulin. Molecular masses are shown for H2B (14 kDa), H4 (11 kDa), H2A X (15 kDa),
H2A.Z (14 kDa), and Alpha tubulin (50 kDa). Results are reported for whole cell lysates, and fold
changes in protein levels were quantified for both sexes at each age, normalized to Alpha tubulin and
calculated as fold change compared to P21. (A1,A2) Quantifications of the Western blot results of (A).
(B1,B2) Quantifications of the Western blot results of (B). Unpaired t-tests were used for statistical
analyses. Mean + SEM is used to depict the data; each group includes six mice (N = 6, 3 males and
3 females). Uncropped blot images are provided in Supplementary Figures S11 and S12.

H2A X, a histone variant associated with DNA repair and chromatin remodeling, also
showed no detectable developmental change in CD1 cerebellar tissue. The mice maintained
similar H2A X levels between P21 and P56, suggesting that developmental regulation
of this histone variant is minimal in this brain region at these two ages (Figure 4B,B1).
Similar results were obtained for the H2A.Z variant, often implicated in transcriptional
regulation and chromatin accessibility at the promoter regions (Figure 4B,B2). Sex-specific
quantifications are shown in Supplementary Figure S13A,B.

3.5. Immunofluorescence IHC Experiments Showed Significant Elevation of Histone H1 Levels in
the Cerebellar Purkinje Layer of the Hemizygous Male Mecp2T'°M Mutant Mice Compared to
WT Controls

To further study the interplay between MeCP2, H1, and H3, we performed immunoflu-
orescence IHC experiments on the brain sections of early adolescent/young adult (8 weeks
old) hemizygous male Mecp2T°M mice and wild-type controls. The Mecp2 gene is located
on the X chromosome; therefore, male mutant mice carry only the mutated copy of the gene
(Mecp2T158M/Y) ' whereas heterozygous females (Mecp2*/T158M) carry both WT and mutated
copies of the gene. Since the mutant males are sterile, the study of homozygous female
Mecp2T158M mutant mice (Mecp2T158/T158M) is not feasible.

Moreover, because of the skewed inactivation of the X chromosome in heterozygous
females, such an approach in these mice is rather complicated. Therefore, we chose
male mice for IHC studies, where assessing the MeCP2-histone interplay might be more
conclusive due to the presence of the single mutated copy of the Mecp2 gene [26].
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We first evaluated the interplay between MeCP2 and H1 through IHC staining of the
cerebral cortex (Figure 5A-D). We had previously shown a significant reduction in the
signal intensity of MeCP2 in the brains of hemizygous male Mecp2™'°M mice compared
to their WT counterparts [22]. By confocal microscopy, we did not detect any significant
increase in H1 signal intensity in the cerebral cortex of hemizygous male Mecp2T1°¥M mice
compared to WT (Figure 5A-D). For a more detailed view of the full-cortex images in
Figure 5A, enlarged panels are available in Supplementary Figure S14A. Additionally,
a closer look at the localization of the MeCP2 and H1 within the nuclei at a subcellular
level through insets of the confocal images showed a high concentration of MeCP2 at the
chromocenters, while H1 seemed to have a higher presence around the chromocenters and
throughout the nuclei (Figure 5C).

The H1 levels and their relationship with MeCP2 were also evaluated within the
cerebellum of these mice (Figure 5E-H). Our IHC analysis shows a significant increase
(* p < 0.05) in H1 signal intensity in the cerebellar Purkinje layer (PL) of hemizygous male
Mecp2T15M mice compared to WT mice. The subcellular localization of both proteins
in the cerebellar PL was also very similar to our observation within the cerebral cortex
(Figure 5G).

To elucidate the interplay between MeCP2 and H3, we next performed IHC on the cere-
bral cortex and cerebellum of our mice using these markers (Figure 6A-H). The analysis of
H3 signal intensity using a monoclonal antibody in both the cerebral cortex (Figure 6A-D)
and the cerebellar PL (Figure 6E-H) showed no significant differences between the hemizy-
gous male Mecp2T1°8M mice and their WT counterparts. For a more detailed view of the full-

cortex images in Figure 6A, enlarged panels are available in Supplementary Figure S14B.
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Figure 5. H1 and MeCP2 protein expression and subcellular localization in the cerebral cortex and

cerebellum of hemizygous male Mecp2T158M
MeCP2 (using an antibody that detects the C-terminal region of the protein) (red) were assessed

by IHC analysis within the cerebral cortex (A-D) and cerebellum (E-H) of WT and mutant male
9 T158M

mice. H1 protein level (yellow) and its relationship with

Mecp mice at 8 weeks (P56) of age. In the cerebral cortex, low magnification tiled images
(A), high magnification confocal images (B), and single nuclei insets of the confocal images with
their respective 2.5D histograms (C) are shown, and the signal intensity of H1 is measured and
normalized to the number of expressing cells (D). The same set of IHC experiments is also shown for
the cerebellum (E-G), and the insets of the confocal images with their respective 2.5D histograms
(G) and the signal intensity data. (H) Results specifically represent the cerebellar cells at the Purkinje
layer (PL). Scale bars for each set of images are shown in white. Unpaired t-tests were used for
statistical analyses, with statistical significance denoted by asterisks (* p < 0.05). Mean & SEM is used

to depict the data (N = 3-4).

Additionally, to investigate the interplay between MeCP2 and H3K9me3, IHC staining
of the cerebral cortex was also performed done for these markers as well (Figure 7A-D).
Signal intensity measurements did not reveal any significant differences in H3K9me3 levels
between the hemizygous male Mecp2°M mice and their WT counterparts. Subcellular
evaluation of these markers shows that H3K9me3 is enriched at the chromocenters, while
MeCP2 is present throughout the nucleus, with a high presence within the chromocenters
(Figure 7C). For a more detailed view of the full-cortex images in Figure 7A, enlarged
panels are available in Supplementary Figure S14C.
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3.6. Transcript Analysis of Specific Brain Regions Indicates Increased Mecp2 Transcripts Despite
Reduced Protein Levels in the Hemizygous Male Mecp2™'°8M Mutant Mice

Next, we performed quantitative RT-PCR analysis in the hemizygous male Mecp21°M
mice and age-matched WT controls. Our results showed a significant increase (*** p < 0.001
in cerebellum, and * p < 0.05 in cerebral hemisphere) in the Mecp? transcript levels in
the cerebellum and cerebral hemisphere of mutant mice compared with WT controls. In
contrast, the expression levels of H1 (H1f0) and H3 (H3c1) were not significantly different
between the mutant and WT mice. These findings indicate that MeCP2-mutation at T158M
may primarily affect Mecp2 transcripts, with minimal impact on the histone genes examined

across the analyzed brain region (Figure 8).
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Figure 6. H3 and MeCP2 protein expression and subcellular localization within the cerebral cortex
and cerebellum of hemizygous male Mecp2T!°M mice. H3 protein expression level (yellow) and its
relationship with MeCP2 (using an antibody that detects the C-terminal region of the protein) (red)
were assessed by IHC analysis within the cerebral cortex (A-D) and cerebellum (E-H) of WT and
mutant male Mecp2T158M mice at 8 weeks (P56) of age. In the cerebral cortex, low magnification tiled
images (A), high magnification confocal images (B), and single nuclei insets of the confocal images
with their respective 2.5D histograms (C) are shown, and the signal intensity of H3 is measured and
normalized to the number of expressing cells (D). The same set of IHC experiments is also shown for
the cerebellum (E-G), and the insets of the confocal images with their respective 2.5D histograms
(G) and the signal intensity data. (H) Results specifically represent the cerebellar PL cells. Scale
bars for each set of images are shown in white. Unpaired ¢-tests were used for statistical analyses.
Mean + SEM is used to depict the data (N = 3-4).
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Figure 7. H3K9me3 and MeCP2 protein expression and subcellular localization within the cerebral
cortex of hemizygous male Mecp2T158M mice. H3K9me3 level (red) and its relationship with MeCP2
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(using an antibody that detects the N-terminal region of the protein) (yellow) were assessed by IHC
analysis within the cerebral cortex (A-D) of WT and mutant male Mecp2T158M mice at 8 weeks (P56)
of age. Low magnification tiled images (A) and high magnification confocal images (B) of histone
H3K9me3, and single nuclei insets of the confocal images with their respective 2.5D histograms (C)
from both H3K9me3 and MeCP2 are shown, and the signal intensity of histone H3K9me3 is measured
and normalized to the number of expressing cells (D). Scale bars for each set of images are shown in
white. Unpaired t-tests were used for statistical analyses. Mean 3= SEM is used to depict the data
(N =3-4).
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Figure 8. Transcript expressions are shown for Mecp2, H1f0, and H3c1 in the Cerebellum (CB) and
Cerebral hemisphere (CHM) of the wild-type and hemizygous male Mecp2T°M mice. Transcript
expression levels were measured by quantitative RT-PCR experiments with the extracted RNA
from the cerebellum and cerebral hemisphere of wild-type and Mecp2 '™ mutant male mice at
8 weeks (P56) of age. Gene expression levels were normalized to the reference gene Gapdh. Unpaired
t-tests were used for statistical analyses with significant levels denoted (* p < 0.05, ** p < 0.001).
Mean + SEM is used to depict the data; each group has three mice (N = 3).

4. Discussion

In this study, we evaluated the region-specific expression pattern of the linker histone
H1, core histone H3, and MeCP2 at P21 and P56 in two commonly used mouse strains, CD1
and C57BL/6. In our study, we used Western blot on samples isolated from the murine liver,
cerebellum, and cerebral hemisphere of mice at early adolescent/juvenile (P21) and late
adolescent/young adult (P56). Our results showed that H1 and MeCP2 levels are changed
with age, in a region-specific manner in both strains, whereas H3 levels remained consistent.
Further, we performed quantitative RT-PCR and IHC to assess the transcript and protein
expression of these chromatin-related components in hemizygous male Mecp2"1*¥M mice
at P56. While H3 and its specific PTM, H3K9me3, did not change, our results showed a
general increase in H1 levels in the Purkinje cells of the cerebellum that was associated with
decreased MeCP2 protein levels in mutant mice compared to their age- and sex-matched
wild-type control mice.

Our hepatic findings showed that CD1 and C57BL /6 mice had different developmental
trends. These strain-specific variations could result from basic developmental and metabolic
differences between the inbred and outbred mouse strains [27]. The Swiss Webster-derived
CD1 mice are typically known to have metabolic and developmental traits that are different
from those of the C57BL/6 strain, with the inbred mice commonly used in genetically
engineered research. During postnatal liver development, there is evidence of chromatin
accessibility that affects gene expression, specifically between P7 and P105 [28]. The
increase in H1 protein levels in the liver of CD1 mice at P56 may influence a higher-order
chromatin structure, necessary to establish mature hepatic metabolic functions. Since the
C-terminal domain of histone H1 mediates dynamic multivalent interactions between
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the nucleosomes [29], its increased chromatin incorporation during liver maturation may
contribute to increased chromatin compaction and more effective silencing of progenitor-
associated genes, while permitting selective activation of adult metabolic pathways. In
C57BL/6 mice, hepatic H1 levels showed some variability between the samples (detected
by Western blot); however, there was no significant difference in H1 expression between
P21 and P56. The strain-dependent divergence in hepatic H1 protein expression highlights
the importance of studying developmental processes across genetically distinct mouse
models, as phenotypes observed in one strain may not be observed in others.

In the mouse brain, we found significant regional heterogeneity in H1 protein expres-
sion kinetics. Given the distinct development trajectory of the cerebellum, an increase
in H1 protein level could have significant biological relevance. Long-term postnatal de-
velopment occurs in the cerebellum, with proliferation of granule cells continuing until
around P10-to-P14, which is continued by cellular migration and differentiation up to
P21 [30]. The dynamic epigenetic remodeling required during the crucial stage of neuronal
growth and circuit formation in this structure may be reflected in the regional specificity of
H1 increases in the cerebellum. Increased H1 may support the establishment of inactive
chromatin states, which are needed for terminal neuronal differentiation, as chromatin
remodeling proteins like Snf2h work with linker histones during cerebellar development to
control the nucleosome spacing and also facilitate the transition from neural progenitor
to differentiated neurons [31]. In both mouse strains and studied brain regions, MeCP2
protein levels exhibited a similar developmental trend to that of H1. This parallel regula-
tion of H1 and MeCP2 may suggest a competitive dynamic between these two proteins
for chromatin-binding. MeCP2 can replace H1 as a linker histone-like protein, and both
proteins may compete for binding to methylated chromatin according to biochemical and
chromatin reconstitution studies [6,9]. MeCP2 reduces DNA target site accessibility and
traps the nucleosomes in a compact form, in a way that is strikingly comparable to H1 [32].
This might indicate a functional similarity in chromatin architecture. The developmental
increase in both H1 and MeCP2 seen here may reflect a dynamic equilibrium, wherein
these two proteins collectively help to organize the chromatin architecture during neural
maturation, since mature neurons maintain low H1 levels that are enough to bind only
about half of neuronal nucleosomes, compared to the nearly one-to-one ratio of other
cell types [9].

Given the significant reconfiguration of neuronal and glial populations that happens
during this developmental window, the coordinated upregulation of MeCP2 and H1 in
the cerebellum in particular suggests that this brain region may experience significant
chromatin remodeling, postnatally. The establishment of an appropriate balance between
inactive and active chromatin states supports prolonged developmental maturation. This
process may depend on the increased levels of H1 and MeCP2 proteins in the cerebellum.

Complementary data on the relationship between H1 and MeCP2 were obtained by
analyzing them in the hemizygous male Mecp2™'°M mice. The mutated MeCP2 T158M
has decreased protein stability, which have the most prevalent missense mutation linked
to RTT [33]. We observed that H1 protein levels are significantly increased in the Purkinje
layer of the cerebellum in mutant mice compared to WT mice, associated with a significant
decrease in the MeCP2 protein levels, which we previously reported [22]. A compensatory
mechanism is possible, in which MeCP2 loss-of-function may lead to increased H1 occu-
pancy at the chromatin. This interpretation is supported by earlier research showing that
H1 protein levels are increased by two-fold in the brain of Mecp2-deficient mice, where
MeCP2 protein is absent [9]. Given that Purkinje cells are large, metabolically demanding
neurons with extensive dendritic branches, they are among the most vulnerable neuronal
populations in RTT pathophysiology [34]. The specific increase in H1 protein in the Purk-
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inje layer in the cerebellum is very interesting. In these cells, compensatory H1 elevation
may be a cellular attempt to preserve the chromatin organization in the face of impaired
MeCP2 function.

It is interesting to note that in comparison to WT controls, our quantitative RT-PCR
result showed a compensatory and significant increase in Mecp2 transcripts in the mutant
mice. The T158M mutation reduces the stability of the MeCP2 protein, leading to its
degradation via the proteasomal pathway [33,35]. It is possible that increased Mecp2
transcripts in the mutant mice reflect compensatory transcriptional mechanisms to restore
the proper protein levels, involving feedback regulatory loops. In this mouse model, the
consistently low MeCP2 protein levels observed in particular parts of the brain in both
sexes [22], indicate that a possible increase in the Mecp?2 transcripts may not be sufficient to
compensate for decreased MeCP2 protein levels. Our results may have some therapeutic
implications towards strategies to further induce Mecp2 transcripts, or a targeted approach
for increased MeCP2 protein stability.

Our findings did not show any significant impact on H3 protein levels in either strain
between P21 and P56. We observed an increasing trend in H3 levels in the cerebellum of
CD1 mice using a polyclonal H3 antibody; however, this trend did not reach statistical sig-
nificance. But this was not observed when we used a monoclonal H3 antibody. Different H3
antibodies frequently show differing sensitivity to H3 variants, epitopes, and PTMs, even
though core histones, especially H3, are highly conserved and identical or nearly identical
across their canonical sequences [36,37]. In contrast to the dynamic expression of H1 and
MeCP2, the strong stability of H3 levels throughout our study of two different ages reflects
the essential structural role of core histones as essential nucleosomal components. Core
histone proteins must stay essentially constant to preserve nucleosomal integrity, in contrast
to linker histones like H1, which can actively exhibit varying nucleosome occupancy.
2T158M mice at 8 weeks
of age, which may represent a limitation. This experimental design was mainly based on the

In our experiments, we focused on the hemizygous male Mecp

X-linked nature of the Mecp2 gene. As females undergo X chromosome inactivation, there
will be a mosaic expression pattern of the mutant and wild-type alleles across different
tissues and cells [38]. Accordingly, correlating certain molecular traits with genotype in
heterozygous females will become challenging due to cellular heterogeneity, when it comes
to the MeCP2 mutation. On the other hand, all somatic cells in the hemizygous mutant
male mice only express the mutant allele from their single X chromosome, resulting in
a consistent expression of the mutant allele. Therefore, male mice may present a clearer
impact of MeCP2 mutations on the chromatin structure. Nonetheless, the fact is that
MeCP2 mutation affects both males and females, with distinct phenotypic trajectories;
males exhibit more severe and early-onset symptoms, whereas heterozygous females show
later-onset regression and variable penetrance, depending on the X-inactivation patterns.
This indicates that future research on the epigenetic landscape should examine how MeCP2-
deficiency affects females to fully understand the molecular pathogenesis of RTT. Such
research would necessitate close examination of X-inactivation patterns.

5. Conclusions

Current knowledge of how H1 and MeCP2 function to establish an appropriate chro-
matin architecture during crucial windows of neuronal maturation is expanded by the
coordinated developmental regulation of H1 and MeCP2, as well as their apparent compen-

satory dynamics in hemizygous male Mecp2T1°5M

mice. MeCP2 is a crucial global regulator
of the neuronal chromatin structure. MeCP2 loss-of-function causes general increases in
histone H3 acetylation and changes in chromatin accessibility that go beyond the direct

transcriptional regulation of specific target genes. Given the increased susceptibility of
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cerebellar circuitry to MeCP2 function in RTT, increases in both H1 and MeCP2 in specific
regions of the brain are particularly noteworthy. The observed increases in H1 and MeCP2
between P21 and P56 seem to correspond with the postnatal development of cerebellar
circuits from early granule cell proliferation through the formation of mature synaptic
connections, extending into early adulthood, indicating coordinated epigenetic control of
neuronal maturation. The strain-dependent variations in hepatic H1 dynamics highlight
the importance of studying developmental processes across genetically different mouse
models, since characteristics observed in one strain might not apply to other strains. Given
that postnatal liver development entails epigenetic changes that influence the activation of
metabolic genes during a transition from maternal to independent nutrition, the biological
significance of strain-specific H1 dynamics in the liver may relate to variations in metabolic
maturation. The functional implications of developmental dynamics and possible com-
pensatory mechanisms identified in this study could be further investigated by using the
regional chromatin accessibility assays and epitranscriptomic analysis, in combination with
the protein quantification, reported here.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/biom16020337/s1, Figure S1. Schematic overview of the quan-
titative Western blot data analysis pipeline; Figure S2. Uncropped Western blot signals shown in
Figure 1A; Figure S3. Uncropped Western blot signals shown in Figure 1B; Figure S4. Quantification
of Western blot data shown in Figure 1A,B, separated by sex; Figure S5. Uncropped Western blot
signals shown in Figure 2A; Figure S6. Uncropped Western blot signals shown in Figure 2B; Figure S7.
Quantification of Western blot data shown in Figure 2A,B, separated by sex; Figure S8. Uncropped
Western blot signals shown in Figure 3A; Figure S9. Uncropped Western blot signals shown in
Figure 3B; Figure S10. Quantification of Western blot data shown in Figure 3A,B, separated by sex;
Figure S11. Uncropped Western blot signals shown in Figure 4A; Figure S12. Uncropped Western blot
signals shown in Figure 4B; Figure S13. Quantification of Western blot data shown in Figure 4A,B,
separated by sex; Figure S14. Enlarged cortical sections from Figures 5A, 6A and 7A; Table S1. List of
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The following abbreviations are used in this manuscript (in alphabetical order):

BSA Bovine Serum Albumin

EHSO Environmental Health and Safety Office
H3K27ac  Acetylation of H3 at lysine 27
H3K4me3 Tri-methylation of H3 at lysine 4
H3K9me3 Tri-methylation of H3 at lysine 9

IHC Immunohistochemistry

kHz Kilo hertz

MeCP2 Methyl-CpG binding protein 2

P21/P56  Postnatal day 21/56

PBS Phosphate Buffered Saline

PFA Paraformaldehyde

PL Purkinje layer

PTMs Post-translational Modifications

RIPA Radioimmunoprecipitation Assay

RT Room Temperature

RT-PCR Real-Time Polymerase Chain Reaction
RIT Rett Syndrome

SEM Standard Error of Mean

WT Wild-type
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