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ABSTRACT
An immortalized neural cell line derived from the human ventral mesencephalon, called ReNCell, 
and its MeCP2 knock out were used. With it, we characterized the chromatin compositional 
transitions undergone during differentiation, with special emphasis on linker histones. While the 
WT cells displayed the development of dendrites and axons the KO cells did not, despite under-
going differentiation as monitored by NeuN. ReNCell expressed minimal amounts of histone H1.0 
and their linker histone complement consisted mainly of histone H1.2, H1.4 and H1.5. The overall 
level of histone H1 exhibited a trend to increase during the differentiation of MeCP2 KO cells. The 
phosphorylation levels of histone H1 proteins decreased dramatically during ReNCell’s cell differ-
entiation independently of the presence of MeCP2. Immunofluorescence analysis showed that 
MeCP2 exhibits an extensive co-localization with linker histones. Interestingly, the average size of 
the nucleus decreased during differentiation but in the MeCP2 KO cells, the smaller size of the 
nuclei at the start of differentiation increased by almost 40% after differentiation by 8 days (8 DIV). 
In summary, our data provide a compelling perspective on the dynamic changes of H1 histones 
during neural differentiation, coupled with the intricate interplay between H1 variants and MeCP2.

Abbreviations: ACN, acetonitrile; A230, absorbance at 230 nm; bFGF, basic fibroblast growth factor; CM, 
chicken erythrocyte histone marker; CNS, central nervous system; CRISPR, clustered regulated inter-
spaced short palindromic repeatsDAPI, 4,’6-diaminidino-2-phenylindole; DIV, days in vitro (days after 
differentiation is induced); DMEM, Dulbecco’s modified Eagle medium; EGF, epidermal growth factor; 
ESC, embryonic stem cell; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFAP, glial fibrillary 
acidic proteinHPLC, high-performance liquid chromatography; IF, immunofluorescence; iPSCs, induced 
pluripotent stem cells; MAP2, microtubule-associated protein 2; MBD, methyl-binding domain; MeCP2, 
methyl-CpG binding protein 2; MS, mass spectrometry; NCP, nucleosome core particle; NeuN, neuron 
nuclear antigen; NPC, neural progenitor cellPAGE, polyacrylamide gel electrophoresis; PBS, phosphate 
buffered saline; PFA, paraformaldehyde; PTM, posttranslational modification; RP-HPLC, reversed phase 
HPLC; ReNCells, ReNCells VM; RPLP0, ribosomal protein lateral stalk subunit P0; RT-qPCR, reverse 
transcription quantitative polymerase-chain reaction; RTT, Rett Syndrome; SDS, sodium dodecyl sul-
phate; TAD, topologically associating domain; Triple KO, triple knockout.
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Introduction

MeCP2, methyl-CpG binding protein 2, is an 
important epigenetic reader of DNA methylation, 
especially in the brain where the protein repre-
sents a highly abundant component of chromatin 

[1]. Mutations of this protein result in Rett syn-
drome (RTT) [2], a rare neurodevelopmental dis-
ease [3,4] predominantly affecting young girls as 
a result of the X-chromosome location of its 
encoding gene.
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Chromatin is the name given to the eukaryote 
nucleoprotein complex resulting from the associa-
tion between DNA and chromosomal proteins [5]. 
Histones are the predominant proteins of the com-
plex and they consist of core histones and linker 
histones (histones of the H1 family). The former 
organizes DNA into a globular nucleosome core 
particle (NCP). Upon binding to the NCP linker 
histones interact with the linker DNA (and hence 
their name) to form the nucleosome which repre-
sents the fundamental subunit of chromatin. The 
chromatin fibre consists of a nucleo-filament of 
nucleosomes connected through the linker DNA.

The putative relation between linker histone 
subtypes (histones of the micro-heterogeneous 
H1 family [6–8]), that bind to the linker DNA 
connecting adjacent nucleosomes in the chromatin 
fibre, and MeCP2, that binds to methylated 
nucleosomes and methylated free DNA regions 
of the genome [9,10], has been quite extensively 
analysed [11,12]. From the early in vitro studies 
that indicated that MeCP2 is able to displace his-
tone H1 in a way that is dependent on DNA 
methylation [13] to the most recent genome-wide 
analyses that tried to address this topic [12] and all 
the studies in between, the chromatin relation 
between these two proteins remains controversial.

Several in vivo murine models are currently 
available that mimic to different extent the RTT 
phenotype [14]. Importantly, and in addition to 
their clinical relevance, mouse models are very use-
ful for the study of the multifaceted functional roles 
of MeCP2 [15] as it pertains to chromatin [16]. 
A few such models include the MeCP2 knock out 
mouse model developed in Adrian Bird’s lab [17] 
and a mouse strain lacking a substantial part of 
MBD developed in Rudolf Jaenisch’s lab [18]. As 
well, a few knock in mice strains expressing MeCP2 
consisting of individual Rett syndrome relevant 
mutations, such as T158M [19,20] and R306C 
[19,21], and a mouse model containing C-terminal 
MeCP2 truncation, R294X [22] are being used.

Although not much is used in chromatin stu-
dies, in vitro models also exist. Several of them 
combine gene-editing technologies such as clus-
tered regulated interspaced short palindromic 
repeats (CRISPR) with induced pluripotent stem 
cells (iPSCs) [23]. A similar strategy was followed 
using a LUHMES (Lund human mesencephalic) 

differentiation-inducible cell line, in which in 
addition to several RTT mutants a MeCP2 KO 
was also developed [23]. Similarly, a MeCP2 KO 
cell line has been more recently created using 
ReNCell VM [24]. The ReNCell VM cell line was 
initially generated by ReNeuron, a UK-based 
Proprietary Stem Cell Exosome Technologies com-
pany. The cells were derived from the ventral 
mesencephalon of a 10-week gestational human 
male foetal brain obtained from Kings College 
Hospital of London (UK) and immortalized with 
v-myc transfection [25]. The system can be 
induced to differentiate in vitro to produce dopa-
minergic and other neuronal subtypes. To date, 
the system has been proven to be very useful for 
the study of neurodegenerative (Alzheimer’s) 
[26,27] and neurodevelopmental (RTT) disorders 
[24] but only a limited biochemical characteriza-
tion involving a proteomic survey [28] has been 
carried out.

In the present article, we have characterized the 
ReNCell VM neural cell line from a chromatin 
perspective focusing mainly on MeCP2 and his-
tone H1 and analysed its usefulness in shedding 
any light on the potential interplay between these 
two chromosomal proteins.

Materials and methods

Cell culture

Immortalized human neural progenitors (ReNCell 
VM, SCC008) were purchased from Merck 
Millipore (Burlington, MA, USA). CRISPR-Cas9 
technology was used for engineering MeCP2 KO 
in human ReNCell VM, for more details see [24]. 
Both WT and KO ReNCells were maintained in 
complete media: DMEM/F-12 (Sigma-Aldrich, 
St. Louis, MO), B27 (Gibco, Waltham, MA, USA) 
(1X), antibiotic/antimycotic (Sigma-Aldrich, 
St. Louis, MO, USA) and heparin with EGF and 
bFGF (Stemcell technologies, Vancouver, BC, 
Canada). Before ReNCell was plated, the culture 
vessel was coated with laminin (Sigma Aldrich, 
St. Louis, MO, USA) by incubating the plate sur-
face in 20 µg/mL in PBS for 2 h at 37°C. To thaw 
ReNCell, the frozen stock was diluted in incom-
plete media and spun down at 1,000 × g for 3 min 
and the supernatant was removed. The cell pellet 
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was diluted in complete media and plated on the 
laminin-coated culture vessel. For the induction of 
differentiation, the cells were briefly washed with 
DMEM/F-12 and given incomplete media: com-
plete media without growth factors (EGF and 
bFGF). Days in vitro (DIV) notes the number of 
days after differentiation is induced. Media was 
changed the day after sub culturing and every 
other day afterwards.

HeLa cells (S3 strain) were grown in spinner 
culture at 37°C in the presence or absence of 
sodium butyrate as described elsewhere [29].

Nuclear preparation for tissues

Adult mice (CD-1) brains and livers were col-
lected at P60 as described in [30]. Tissues were 
homogenized in four volumes of lysis buffer, 
‘Buffer A’ (0.25 M Sucrose, 60 mM KCl, 15 mM 
NaCl, 10 mM MES (pH 6.5), 5 mM MgCl2, 1  
mM CaCl2, 0.5% triton X-100) with 1:100 pro-
tease inhibitor (Protease inhibitor Roche 
Molecular Biochemicals, Laval, QC, Canada). 
The homogenate was incubated on ice for 10 
min and centrifuged at 600 × g for 5 min at 
4°C. The pellet was resuspended in eight 
volumes of Buffer A and centrifuged at 600 × 
g for 5 min at 4°C. The pellet was resuspended 
next in four volumes of nuclei wash buffer 
‘Buffer B’ (50 mM NaCl, 10 mM Pipes (pH 6.8), 
5 mM MgCl2, 1 mM CaCl2) and centrifuged. The 
pellet thus obtained resuspended in two volumes 
of Buffer B. For measuring the concentration of 
DNA, 5 µL of sample in buffer B was added to 
975 µL of distiled water to lyse the nuclei, vor-
texed, then 20 µL of 10% SDS (final concentra-
tion of 0.2% SDS) was added and the absorbance 
at 260 nm was measured using CARY 1 BIO 
UV-Vis Spectrophotometer. An extinction coef-
ficient A260 of DNA = 20 cm2mg−1 was used [31].

Nuclear preparation for ReNCell for subsequent 
HCl extraction

To harvest the cells, Accutase (Sigma-Aldrich, 
St. Louis, MO, USA) was added to ReNCell 
and incubated at 37°C for 5 min. The detached 
cells suspended in Accutase solution were trans-
ferred to a centrifuge tube and centrifuged at 

1,000 × g for 3 min at 4°C. The pellet thus 
obtained was resuspended in two volumes of 
buffer A. Then the suspension was centrifuged 
at 600 × g for 5 min at 4°C. The supernatant was 
removed, and the pellet was frozen at −80°C for 
2 h. The frozen pellet was subsequently used for 
HCl extraction.

HCl extraction of histones

Nuclei suspended in buffer A or B was mixed 
with six volumes of 0.8 N HCl and homoge-
nized. Homogenate was centrifuged at 13,000 × 
g for 10 min at 4°C and 6 volumes of acetone 
were added to the HCl supernatant. The mixture 
was incubated overnight at −20°C to precipitate 
the histones. The next day, the mixture was 
centrifuged at 13,000 × g for 10 min 4°C. The 
acetone supernatant was removed, and the pellet 
was washed in fresh acetone.

Due to poor resuspension of the pellet in acetone, 
dispersion of the pellet was facilitated using a thin 
spatula within the newly added acetone at room 
temperature. Then, the mixture was centrifuged 
again as per the previous conditions. The final acet-
one supernatant was removed, and the pellet was 
vacuum centrifuged on Jouan RC 1010 concentrator 
centrifuge for 10 min at room temperature. The dry 
pellet was dissolved in distiled water and mixed with 
2X SDS for running in a gel or had its absorbance 
measured at 230 nm using Nanodrop™ (NanoDrop 
Technologies Inc, Wilmington, DE, USA).

SDS-PAGE

Cell or nuclear lysates were mixed with 2X 
Laemmli buffer (2% SDS, 10% glycerol, 0.002% 
bromophenol blue and 62.5 mM Tris-HCl pH 
6.8) and run on an SDS gel (15% separating, 4% 
stacking). SDS-PAGE was performed as previously 
described [32]. The gel was run in buffer (0.38 M 
glycine, 0.05 M tris-base, 0.1% SDS). For staining, 
the gel was incubated in Coomassie staining solu-
tion (10% acetic acid, 0.27% Coomassie Brilliant 
Blue G-250, 25% isopropanol) for 1 h at room 
temperature on shaking. The gel was then placed 
in de-stain solution (10% isopropanol, 10% acetic 
acid) for 1 h at room temperature on shaking.
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Western blot (for western section)

The proteins were transferred using sodium phos-
phate transfer buffer (20 mM NaPO4, 15% ethanol 
and 10 mL of 10% SDS added directly to transfer 
container after blotting set up is complete) to nitro-
cellulose membrane for 2 h at 400 mA at 4°C. The 
membrane was blocked in 3% blocking buffer (3% 
skim milk powder in PBST; 0.1% tween-20 in 1X PBS) 
for 1 h. The membrane was incubated with primary 
antibody overnight at 4°C while shaking. The mem-
brane was then washed three times with PBST then 
incubated with secondary antibody for 1 h at room 
temperature in dark. Membranes were imaged, and 
protein bands were analysed using Li-Cor Odyssey 
Clx (LI-COR Biosciences, Lincoln, NE, USA). The 
following antibodies were used: rabbit H1.0 1:500 
(SC-56695, Santa Cruz, Dallas, TX, USA); rabbit 
H1.2 1:5,000 (PA532009, Invitrogen, Waltham, MA, 
USA); rabbit H1.4 1:1,000 (41328S, Cell Signalling 
Technologies); rabbit H1.5 1:2,000 (gift from 
A. Jordan, Molecular Biology Institute of Barcelona); 
rabbit H4 1:50,000 (in house made); rabbit MeCP2 
1:5,000 (M9317, Sigma-Aldrich); mouse monoclonal 
NeuN 1:500 (MAB377, Sigma-Aldrich); mouse 
PSD95 1:1,000 (MA1–046, ThermoFisher); rabbit 
Synapsin-1 1:1,000 (#5297, Cell Signalling 
Technologies); rabbit Synaptophysin 1:1,000 (PA1– 
1043, ThermoFisher); mouse Bassoon 1;1,000 
(Ab82958, Abcam); HRP-conjugated Vinculin 
1:2,000 (#18799, Cell Signalling Technologies); HRP- 
conjugated β-actin (a3854, Sigma Aldrich); mouse 
IRDye M680 1:10,000 (Licor, Lincoln, NE, 
USA.926–68070); rabbit IRDye800 1:10,000 (Licor, 
Lincoln, NE, USA.611-132-122).

RP-HPLC

The HCL-extracts from ReNCell were reconstituted 
in 1 mL of distiled water at an approximate OD230 of 
0.34 and filtered using a 0.45 µm Nanosep centrifu-
gal filter. Filtrate was injected onto a C18 column 
(Vydac, Hesperia, CA, USA.) (4.6 × 250 mm, particle 
size: 5 µm, pore size: 300 Å) and eluted at 1 mL/min 
using mobile phase A (0.1% trifluoroacetic acid in 
ddH2O) and mobile phase B (100% acetonitrile). The 
program used a gradient of 0–60% (1%/1 mL/min-
ute) of solvent B over 60 min. HPLC-separation of 
proteins was performed on Beckman Coulter 

SYSTEM GOLD® 126 Solvent Module equipped 
with SYSTEM GOLD® 168 Detector. The eluate 
from the HPLC column was monitored at 230 nm, 
and the elution peaks were recorded. Peak areas were 
determined with the 32 Karat software peak integra-
tor program (Beckman Coulter Inc., Brea, CA, 
USA). HPLC fractions (1 mL) were collected and 
lyophilized overnight. The lyophilizate was than 
mixed with a small volume (~20 µL) of 1X SDS on 
SDS-PAGE gel and analysed after Coomassie stain-
ing or western blotting.

RNA extraction, cDNA synthesis, qPCR

Total RNA was extracted using Trizol. Cells were 
harvested from the plate using Trizol (Invitrogen, 
Waltham, MA, USA). RNA extraction was carried 
out according to the manufacturer’s instructions. 
One microgram of extracted RNA was reverse- 
transcribed with High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Waltham, 
MA, USA) according to the manufacturer’s 
instructions. qPCR was done using Stratagene 
MX3005P qPCR system (Santa Clara, CA, USA) 
and MXPro software. Each qPCR reaction con-
sisted of 1X SYBR Select Master Mix (Applied 
Biosystems, Waltham, MA, USA), 0.5 µM forward 
primer, 0.5 µM reverse primer, nuclease-free water 
and 1 µL of appropriately diluted cDNA. Each 
sample was run in triplicate. Data were analysed 
using the Pfaffl method. Neither the no template 
control (NTC) nor the no reverse transcriptase 
control (NRT) showed amplification which is an 
indication that there was no contaminant in any of 
the reactions and there was no gDNA contamina-
tion. Primer pairs used for qPCR are shown below.

Gene – forward/reverse Primer sequence (5’ → 3’)

GAPDH - forward ATGACCACAGTCCATGCCATC
GAPDH - reverse CCAGTGAGCTTCCCGTTCA
Histone H1.0 - forward CTCGCAGATCAAGTTGTCCA
Histone H1.0 - reverse GAAGGCCACTGACTTCTTGG
Histone H1.2 - forward ACACCGAAGAAAGCGAAGAA
Histone H1.2 - reverse GCTTGACAACCTTGGGCTTA
Histone H1.4 - forward GTCGGGTTCCTTCAAACTCA
Histone H1.4 - reverse GCCTTCTTTGGGGTCTTCTT
RPLP0 - forward TGTGGGAGCAGACAATGTGG
RPLP0 - reverse CCGGATATGAGGCAGCAGT

Human histone H1 transcript primers obtained from [33]; RPLP0 primer 
sequences obtained from [34]; RPLP0 = ribosomal protein lateral stalk 
subunit P0; GAPDH = glyceraldehyde-3-phosphate dehydrogenase 
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Mass spectrometry

The lyophilized histone samples were prepared 
for LC-MS as previously described [35]. Briefly, 
0.2 µg of protein was pressure-loaded onto 
a PLRP-S pre-column containing vasoactive 
intestinal peptide and angiotensin I internal 
standards. The pre-column was connected to 
a PLRP-S analytical column and rinsed with 
Solvent A for 25 min at a flow rate of ~130 nL/ 
min. The proteins were eluted using a gradient 
of 0-20-25-40-100% Solvent B in 0-5-15-25-40  
min at a flow rate of ~160 nL/min and analysed 
by ESI-LC-MS using a Thermo Scientific 
Orbitrap Fusion Tribrid Mass Spectrometer. 
Full MS1 scans were acquired using the 
Orbitrap (120k resolution) and ion trap mass 
analysers. Using a three-second cycle, multiply- 
charged ions (z ≥ 4) were selected from the 
Orbitrap MS1 for fragmentation and MS2 ana-
lysis. Precursor ions were isolated by the quad-
rupole with a 3 m/z width and fragmented in 
an m/z-dependent manner. Ions with 400— 
800 m/z were fragmented by stepped HCD at 
21-24-27% normalized collision energy and 
ETD using calibrated reaction times, ions with 
500—800 m/z were fragmented by CAD at 35% 
normalized collision energy and ETD, and ions 
with 800—1,500 m/z were fragmented by EThcD 
with 20% supplemental activation energy and 
HCD. All MS2 scans were acquired using the 
Orbitrap at 60k—120k resolution. Ions detected 
twice in 20 s were placed onto an exclusion list.

Targeted MS2 for histone H1 phosphorylation 
site assignment

Approximately 0.1 µg of protein was loaded, 
rinsed, and eluted as described above. 
Phosphorylated H1 subtypes identified by the 
screening experiments were targeted using an 
MS/MS ETD-based method with set reaction 
times. The phosphorylated H1 ions (z = 39 and 
40) were isolated by the quadrupole with a 1 m/z 
width, ion target AGC of 5e5, and maximum 
inject time of 200 ms. Phosphorylated histones 
H1.2 and H1.4 were fragmented by 2 ms and 10  
ms ETD reactions, and phosphorylated histone 
H1.5 was fragmented by 3 ms and 13 ms ETD 

reactions. The ETD reagent ion target AGC was 
set to 4e5. All MS2 scans were acquired using 
the Orbitrap mass analyser at a resolution of 
120k and a 100—2,000 m/z range.

MS data analysis

Unprocessed MS1 and MS2 spectra were manu-
ally inspected using Qual Browser 4.0.27.10 
(Thermo Scientific). Canonical human histone 
H1 sequences were obtained from Uniprot [36]. 
Histone H1 subtypes were identified from the 
MS1 spectra using predicted intact H1 isotopic 
distribution patterns (Predator Manual 
Validation Helper v2.8, National High Magnetic 
Field Laboratory) and manually validated from 
the MS2 spectra with the aid of an in-house 
fragment ion calculator. The targeted MS2 spec-
tra were deconvolved using the Xtract algorithm 
(Thermo Scientific) [37] and manually anno-
tated. Modification site assignments were cross- 
referenced with TopFD [38] annotations gener-
ated by MASH Native [39].

Double immunofluorescence
ReNCell was cultured on 12 mm coverslips 
(Bellco Glass Inc., Vineland, NJ, USA) pre- 
coated at 37°C with laminin (20 µg/mL) at least 
2 h before plating. At defined DIV times, media 
was removed, and the cells were fixed on ice for 
15 min using ice-cold 4% PFA (Electron 
Microscopy Sciences (EMS) Hatfield, PA, USA) 
diluted in modified-PBS (containing 1 mM 
CaCl2 and 1 mM MgCl2). Then, PFA was 
removed and coverslips were washed 3 times 
for 5 min each with modified-PBS. Cells were 
blocked for 1 h in blocking solution (5% BSA 
with 0.3% TRITONTM X-100 in modified-PBS). 
Next, the primary antibodies were diluted in 
blocking solution and incubated overnight at 
4°C in a humidified chamber. The antibodies 
used were: anti-rabbit MAP2 (1:200, #8707, 
Cell Signalling), anti-mouse GFAP (1:500, 
G3893, Thermo Fisher), anti-rabbit Synapsin-1 
(1:200, #5293, Cell Signalling) and anti-rabbit 
Synaptophysin (1:200, PA1–1043, Thermo 
Fisher). The following day, the antibody was 
removed, and coverslips were washed with mod-
ified-PBS 3 times for 5 min each. Secondary 
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antibodies were diluted in blocking solution and 
incubated for 1 h at room temperature in a dark 
chamber (Alexa Flour anti-rabbit (488, 
ab150077) anti-mouse (647, ab150115) both 
from Abcam). After removal of the secondary 
antibody, the coverslips were incubated with 
DAPI for 5–10 min in the dark. Finally, the 
coverslips were washed with water 2 times for 
5 min each. Coverslips were mounted face-down 
on a glass slide using Immumount as mounting 
medium and imaged using the Nikon C2 con-
focal microscope (Nikon, Tokyo, Japan) with 
a numerical aperture of 1.3. Images were pro-
cessed using the ImageJ software. SGC5 
(Biotium, Fremont, CA, USA) was used to 
stain the cytoplasmic membrane. NeuroStudio 
analysis and 3D neuronal reconstruction were 
performed as explained in [24].

MAP2 and GFAP area determination

The images were acquired as Z-stacks with 
a thickness of 1 micron per stack using a Confocal 
Zeiss LSM 710 microscope. The size of the Z-stacks 
varied depending on the specific region or sample, 
and the number of stacks was adjusted to encompass 
the entire depth of the sample, typically ranging from 
15 to 20 stacks. To quantify the area covered by 
MAP2 and GFAP markers, we employed the 
IMAGE J software (version 1.53t). Firstly, we recon-
structed the Z-stacks, and then we applied the pro-
cess tool to remove any noise present in the images. 
Subsequently, the images were converted into binary 
pictures, and a threshold value of 255 was set to 
distinguish the marker-positive regions from the 
background. Using the measurement tool in 
IMAGE J, we calculated the area of coverage for 
each marker, providing quantitative data for the 
extent of MAP2 and GFAP expression in each 
image (n = 10 per sample).

MECP2 and histone double immunofluorescence

The analysis of the co-distribution of MeCP2 and 
histone proteins (H1.2, H1.4, and H1.5) presented 
challenges and necessitated thorough optimization. 
This involved the utilization of antibodies from 
diverse sources and careful consideration of various 
handling conditions. The following antibodies were 

used: anti-rabbit histone H1.2 (ab17677, 1:200) from 
Abcam, anti-rabbit histone H1.4 (#41328S, 1:200) 
from Cell Signalling Technology, anti-rabbit histone 
H1.5 (#711912, 1:100) from ThermoFisher and anti- 
mouse MeCP2 (sc -137,070, 1:50) from Santa Cruz 
Biotechnology. Cells were plated on laminin pre- 
coated coverslips (25 mm diameter) placed on 12- 
well plates and allowed to grow until the moment of 
the experiment. The optimized protocol consisted of 
fixing the cells for 10 min with 2% formalin (added 
directly to the medium) and incubate the cells at 
room temperature gently shaking (<30 rpm). Slides 
were washed 3 times for 3 min each with modified- 
PBS (containing 5 mM CaCl2 and 5 mM MgCl2). 
Permeabilization was carried out using 0.25% 
Triton X-100 in modified-PBS for 10 min in a low- 
speed shaker, followed by a single wash step with 
modified-PBS for 3 min. Cells were blocked for 1 
h using a mixture of 5% goat serum, 5% donkey 
serum and 5% BSA with 0.1% Triton X-100 diluted 
in the modified-PBS. This was followed by overnight 
incubation with the primary antibodies mentioned 
above, diluted in 3% BSA with 0.1% Triton X-100 in 
modified-PBS, coverslips were placed on 
a humidified chamber at 4°C. The following morn-
ing cells were let to warm at the bench for 30 min, 
next they were washed 3 times with modified-PBS 
followed by 1h30 incubation with secondary antibo-
dies (protected from the light): Alexa Fluor donkey 
anti-mouse 555 and Alexa Flour goat anti-rabbit 647 
(both at 1:1,000, from Thermo Fisher) diluted in 1% 
BSA with 0.1% Triton X-100 in modified-PBS. After 
three washes with modified-PBS (3 min each), nuclei 
were stained with DAPI (1:10,000) for 5 min. Finally, 
the coverslips were washed twice with distiled water 
(for 5 min each), slightly dried, and mounted on 
glass slides using FluorSave GOLD® (Millipore). 
The slides were allowed to dry overnight on the 
bench protected from the light and were visualized 
the next day. Images were captured on a Confocal 
Zeiss LSM 710 microscope and analysed using 
ImageJ software (version 1.53t).

Co-localization analysis

Co-localization analysis was performed using Image 
J software and JACoP plugin, developed by Bolte 
and Cordelières (2006). To measure the overlapping 
pixels on the dual-channel images (MeCP2+ and 
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Histone+) the threshold was set between 50 and 100 
depending on the selected image (n = 6 per condi-
tions); the co-localization was quantified by 
Pearson’s coefficient, as it considers the average 
intensity values on a linear correlation ranging 
from 0 to 1 (for more details refer to [40]).

Statistical analysis

All experiments were performed at least in tripli-
cates. Graphs and statistical analyses were 
obtained with GraphPad Prism 9.2.0 and Excel 
software. Unless otherwise stated, RT-qPCR data 
are expressed as the mean with SD. Comparative 
analyses of differences between experimental 
groups were performed using Mann-Whitney’s 
U test or unpaired samples t-test, and one-way 
ANOVA with Bonferroni post hoc test or two 
tailed Fisher’s exact test for intergroup compari-
sons. Results were considered significant for values 
of * p < 0.05, ** p < 0.01 or *** p < 0.001.

Results

The analysis of MeCP2 during cellular 
differentiation of ReNcell

MeCP2 has been shown to increase during cell 
differentiation in brain and in cultured cells sti-
mulated to differentiate in vitro into neuron-like 
post-mitotic cells [41]. Therefore, we analysed the 
level of MeCP2 in WT ReNCell at multiple time 
points after differentiation. An increase of MeCP2 
was observed along the process until 8–12 days 
in vitro (DIV 8 to 12). However, beyond this 
point, MeCP2 started to decrease (Figure 1a). 
The decrease beyond this point was more pro-
nounced when actin (Figure 1a) was used as 
a control compared to histone H4 (Figure 1b). 
Such discrepancy is not surprising as actin might 
decrease during differentiation as a result of 
synaptogenesis and also as MecP2 might control 
the expression of nuclear architectural proteins 
(see Discussion section). The decrease preceded 
by a small inflection beyond 8/11 DIV observed 
using histone H4 resembles that which is observed 
in mouse brain during the transition from P4/P15 
to P30 (see supplementary Fig. S1A in [40] and 
Figure 1a in [41]). Because of the primary chro-
matin focus of this paper and the potential 

interplay between MeCP2 and histone H1 it was 
important to find a time point where the level of 
MeCP2 is at its highest point of expression. As 
shown in Figure 1b, this occurs at around 8 DIV 
at which point a 5–6-fold increase compared to 0 
DIV is observed, similar to what had been pre-
viously described in other in vitro differentiation 
inducible neuronal cell lines [41]. An earlier study 
carried out at the time when ReNCell was first 
generated showed that while the ReNCell pro-
teome changes from the proliferating stage to 4 
DIV were vast, these changes became smaller from 
4 DIV to 7 DIV [42]. Therefore, for all subsequent 
studies, it was decided to set 8 DIV as the end 
point of the differentiation studies.

Despite the fivefold increase in MeCP2 observed 
in WT ReNCell, it is important to note here that 
such an increase, as well as those similarly found 
in other differentiation-inducible systems, is 
approximately tenfold lower than that observed 
in whole mouse (P30) brain (Figure 1b.) and 
about 15–20-fold of that which is present in cor-
tical neurons [16].

Changes in cell morphology and composition 
during ReNCell cell differentiation

An early concern with the use of MeCP2 KO 
ReNCell was that the absence of MeCP2 in these 
cells could compromise their neuronal differentia-
tion. It has been reported that MeCP2 is a protein 
involved in maintaining the differentiated state of 
neurons and that in its absence they are under- 
developed and exhibit a less complex arborization 
[43]. Therefore, it was imperative to check the 
MeCP2 KO cells’ ability to differentiate into neu-
rons. To confirm this, a western analysis was per-
formed using NeuN, a marker found in neuronal 
nuclei that is often used for this purpose [44]. 
Interestingly, the comparative NeuN western 
results for the WT and KO cells (Figure 2a) 
showed that the latter expressed more NeuN dur-
ing the stimulation to differentiate as DIV 
increased (Figure 2a right panel).

A combination of the plasma membrane dye 
SGC5 with the DNA-binding dye (DAPI) for the 
nucleus was used to visualize the cell morphol-
ogy using fluorescence microscopy (Figure 2c), 
As shown in this figure, ReNCell exhibits 
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significant morphological differences between 
the WT and MeCP2 KO cells. Interestingly, 
while WT 0 DIV cells seem to have a fibroblast- 
like morphology, KO 0 DIV cell membrane does 
not extend much from the nucleus. Striking dif-
ferences were observed for 8 DIV cells between 
WT and MeCP2 KO cells (see Suppl Figure 3 for 
a quantification). For ReNCell WT cells, SGC5 
staining showed the elongated projections from 
the cell body corresponding to the dendrites and 
axons. These projections are thin and elongated 
as it is to be expected from properly differentiat-
ing neurons. The projections are also webbed, 
showing that the cells are in the process of 
establishing complex networks as it is observed 
in in vivo neuronal networks. Of note, at this 
DIV, the cell bodies of WT cells are much 

smaller than those observed in the KO cells 
(Figure 2c right panels). For MeCP2 KO cells, 
there is almost no elongation of the membrane. 
In fact, the membrane shows characteristics of 
preliminary differentiation as indicated by the 
stretching of the membrane into structures that 
resemble lamellipodia. The KO cells also seem to 
start initiating or establishing some connections 
amongst themselves. An important difference 
between ReNCell WT and KO cells was the ten-
dency of the latter to aggregate at this DIV 
(Figure 2c).

It was observed that ReNCell neural progenitors 
have the ability to differentiate into a mixed cell 
population consisting of neuron and glial cells 
(Figure 2b–d). The result is in agreement with 
previous data showing that MeCP2 suppresses 

Figure 1. Changes in MeCP2 during ReNCell differentiation. Western blot analysis of MeCP2 at different DIVs normalized to ß-actin 
(a) and histone H4 (b). Graph shows mean ± standard error of three independent experiments. DIV: days in vitro, P30 L and P30 B: 
mouse liver and brain respectively at 30 days after birth.
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Figure 2. Characterization of WT and KO ReNCell during induced cell differentiation. (a) evolution of NeuN protein expression after 
several days of induced differentiation (DIV). Histone 4 was used as endogenous control. (b) western blot analyses of MAP2 and 
GFAP in WT and KO in DIV 0 and 8. Histone H4 was used as endogenous control and the graphs correspond to average of three 
technical replicates. Error bars represent standard error. (c) changes in cell morphology between WT and KO as progenitors (DIV 0) 
and after 8 days of differentiation (DIV 8). Cells were stained by SGC5 membrane dye (green); and nuclei by DAPI (blue). Scale bar: 
50 µm. (d-e) morphological differences between neurons (MAP2+) in astrocyte (GFAP+) between WT and KO cells as progenitors 
(DIV 0) and 7-day differentiated cells (DIV 7). MAP2+ cells are represented in cyan and GFAP+ in magenta. Nuclei was stained with 
DAPI (blue). Scale bars: 50 µm. Percentage of covered area of MAP2+ and GFAP+ in WT and KO (n = 10 per sample) in DIV 7. Error 
bars represent standard error.
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astrocytic differentiation while promoting neuro-
nal differentiation and its absence stimulates 
neural progenitor cells to differentiate into non- 
neuronal cells [46]. Therefore, we decided to ana-
lyse the cell composition during its differentiation 
from the progenitor stage (0 DIV) to 7–8 DIV 

using both western blot analysis (Figure 2b) and 
immunocytochemistry (Figure 2d) using MAP2 
and GFAP as markers for neurons and astrocytes, 
respectively. Western blot analysis indicated that 
neurons were the prevalent cells at 0 DIV in the 
WT (~80%) but represented about 35% of the 

Figure 3. Linker histone composition of ReNCell at 0 and 8 DIV. (a-1) RP-HPLC chromatograms of KO RenCell 8 DIV. Elution fractions 
(38 to 41) were visualized using Coomassie blue stained SDS-PAGE and western blotting using H1.2, H1.4 and H1.5. The asterisks 
point to contaminating non-histone proteins arising from the whole-cell nature of the HCl extracts used in the HPLC analyses. (a-2) 
SDS-PAGE of HCl-extracts from different tissues and ReNCell. CM: chicken erythrocyte marker. The red rectangles highlight the 
histone H1 region. (b-1-2) Linker histone/core histone ratio calculated by quantifying signals from HPLC chromatograms and 
Coomassie-stained bands respectively (see Fig.S1 and fig S2). Data represent mean of 3–5 independent experiments ± standard 
error. Unpaired two-tailed t-tests were used to generate the P-values (HPLC p-values are 0.8369 for DIV 0 and 0.0031 for DIV 8. 
Coomassie p-values are 0.4506 for DIV 0 and 0.0011 for DIV 8). (c) molar ratio linker histone/core histone ratio estimated from (b). 
The average experimental value of 0.298 obtained for CM, using both approaches, was assigned to a previously determined 
molecular ratio of 1.3 [45] (shown in red) and this was used as a normalizer for the other tissue and ReNCell samples. The approach 
provided a 0.76 molar ratio for mouse liver [45] (shown in orange) in good agreement with previously published experimental value. 
mAU = mili-absorbance units, ACN = acetonitrile.
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neural cells in the KO at this DIV. Upon differ-
entiation, the relative proportion of neurons 
decreased to ~60% at 8 DIV for the WT but 
remained to ~40% in the KO, a value that is also 
corroborated by the immunocytochemistry results 
(Figures. 2 d-e). No significant signal could be 
obtained for oligodendrocytes in our western blot 
and IF analyses.

Linker histone content in WT and KO ReNcell

MeCP2 KO ReNCell is a good neural differentia-
tion system to analyse the effect(s) of MeCP2 on 
linker histones. A MeCP2 KO mouse system has 
been used for this type of analysis using neurons 
isolated from whole brain [16] and ESCs differen-
tiated into neurons [47]. The ability to compare 
WT and MeCP2 KO cells at the same stage of 
differentiation in the ReNCell system is 
advantageous.

Histones were first fractionated using reversed 
phase HPLC (Figure 3a) from total cell HCl 
extracts (Figure 3a). Whole-cell extracts instead 
of nuclear extracts were used in order to maximize 
the amount of material obtained. The peaks corre-
sponding to histone H1 were analysed using mass 
spectrometry (MS) and SDS-PAGE and allowed us 
to identify three main histone H1 subtypes in 
ReNCell: H1.2, H1.4, and H1.5. The area under 
the peaks (elution fractions 38–41) corresponding 
to these three main subtypes, highlighted by the 
red rectangle in the HPLC chromatogram was 
used to quantify the overall linker histone/core 
histone ratio for the WT and MeCP2 KO counter-
part at both 0 DIV and 8 DIV (Figure 3b and 
legend to Figure 3). An integration software avail-
able from the HPLC system was used to this pur-
pose (see Fig S1). A similar analysis was carried 
out using the densitometrically scanned images of 
the SDS-PAGE shown in Figure 3a (Fig. S2). The 
results thus obtained (Figure 3c) show similar 
results as those of Figure 3b for the HPLC. The 
linker histone/core histone ratios obtained from 
the two approaches were averaged and used to 
produce the estimated linker histone/core histone 
molar ratios shown in Figure 3c. The results thus 
obtained show that, with the exception of KO 8 
DIV, these molar ratios (0.85 ± 0.01) are very simi-
lar to that observed in HeLa cells (0.87) 

(Figure 3c). Interestingly, the molar ratio was 
observed to increase to 1.18 for KO at 8 DIV 
which is reminiscent of the value of 1.07 observed 
in ox glia [45].

ReNCell exhibits negligible levels of H1.0 and 
an exceptionally elevated abundance of the histone 
H1.5 subtype, both prior to and following induc-
tion of differentiation RP-HPLC fractionation of 
the HCl extracts (Figure 3a1) was optimized using 
mouse liver and HeLa cell HCl extracts. In the pro-
cess, we found that the ReNCell HPLC chromato-
grams did not show any signal for H1.0 which, with 
the liver and HeLa samples, corresponded to an early 
eluting peak (HPLC fraction 37). This prompted us 
to analyse the expression of this subtype, using 
Western blot analysis of whole-cell extracts 
(Figure 4a), beyond the DIV at which MeCP2 is 
maximally expressed during differentiation 
(Figure 1a). The results indicate a very low abun-
dance of this linker histone subtype. This result is 
somewhat unexpected considering that H1.0 is 
highly expressed in some other neural cells such as 
cortical neurons [48].

As it has been mentioned earlier, a preliminary 
MS analysis alerted us to the presence of H1.5 in 
addition to the H1.2 and H1.4 subtypes in ReNCell. 
The levels of H1.4 and H1.5 in WT and KO ReNCell 
at 0 DIV were similar and slightly higher than that of 
H1.2 (Figure 4b). Histone H1.4 is usually the most 
abundant linker histone in neurons [48].

In order to determine the expression of the 
linker histone H1.0, H1.2, H1.4 and H1.5 subtypes 
in ReNCell, the transcript levels were analysed by 
RT-qPCR using RNA extracted from WT and 
MeCP2 KO ReNCell (Figure 4c). While at 0 DIV 
the expression of H1.5 was similar in the WT and 
KO cells, at 8 DIV it remained relatively 
unchanged in the KO while it decreased by almost 
half in the WT. A decrease of 50% for this subtype 
was observed in neurons upon differentiation [48] 
as it is expected from the decrease observed in this 
subtype during cell differentiation [49]. The over-
all increase observed in the H1.2, H1.4 and H1.5 at 
8 DIV in MeCP2 KO ReNCell is in good agree-
ment with overall increase in histone H1 observed 
at this time point (Figure 3b).

In addition to the expression of H1.2, H1.4 and 
H1.5, we also determined the expression of H1.0 
which, in agreement with the protein levels 
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Figure 4. Levels of expression histone H1 subtypes (H1.0, H1.2, H1.4 and H1.5) and RT-qPCR analysis of their transcripts in ReNcell. 
(a) western blot analysis of histone H1.0 at different DIV for ReNCell WT and KO in comparison to mouse liver and brain. (b) histone 
H1/histone H4 ratio for H1.2, H1.4 and H1.5 isoforms for ReNCell WT and KO at 0 DIV; data represent mean of three biological 
replicates ± standard error. (c) RT-qPCR data for ReNCell 0 DIV and 8 DIV. Histone subtype (H1.2, H1.4 and H1.5) transcripts were 
quantified via RT-qPCR. RT-qPCR data were analysed using the geomean pfaffl method. Data represent mean of three biological 
replicates ± standard error. (d) expression of histone H1 gene subtypes H1.2, H1.4 and H1.5 relative to H1.0 expression in WT and KO 
ReNCell at 0 and 8 DIV.

12 E. SIQUEIRA ET AL.



shown in Figure 4a, turned out to be exceedingly 
low as it is emphasized by plotting the expression 
of the first three subtypes relative to the expres-
sion of H1.0 (Figure 4d). The relative patterns of 
expression of H1.2, H1.4 and H1.5 at 8 DIV are 
reminiscent of those found in differentiated neu-
rons [48]. They also highlight once more the 
unusually high abundance of H1.5 and slightly 
higher abundance of H1.4 in the MeCP2 KO 
ReNCell at 8 DIV compared to the WT 
counterpart.

Histone H1 phosphorylation decreases during 
ReNCell cell differentiation in a way that is 
independent of MeCP2

Linker histones of ReNCell consistently eluted 
between fractions 38 and 41 in our HPLC sys-
tem and western blot detection of linker histone 
proteins using these fractions and subtype- 
specific antibodies indicated differences in their 
respective patterns of elution which varied with 
DIV and the WT and KO nature of the cell 
(results not shown). Such variability suggested 
a potential transition in their PTMs during the 
differentiation process. To investigate this, the 
WT and KO fractions at 0 DIV and 8 DIV 
were analysed using LC-MS (Figure 5).

All the fractions analysed using this approach 
showed that, as expected from previous MS 
work [50–52], all the histone H1 subtypes 
exhibited constitutive Methionine-1 cleavage 
and Serine-2 acetylation. In addition, in the 
early proliferating stages at 0 DIV, H1.2 was 
mono-phosphorylated whereas H1.4 and H1.5 
were di- and tri-phosphorylated, respectively 
(see Figure 5a). Interestingly, though, the levels 
of phosphorylation decreased dramatically for 
both H1.2 and H1.4 at 8 DIV during the differ-
entiation process in both WT and KO cells 
while H1.5 retained a reduced amount of 
mono-phosphorylation (~10%) (Figure 5a).

In our MS analysis, we used targeted MS2 for 
histone H1 phosphorylation site assignment to 
further determine the sites corresponding to the 
mono- di- and tri-phosphorylated forms of the 
histone H1.2, H1.4 and H1.5 subtypes 
(Figure 5b).

Nuclear distribution of MeCP2 and histone H1 
subtypes

We next explored the nuclear distribution of 
MeCP2 and the linker histones in the ReNCell 
model. Figure 6a-d show immunofluorescence 
images of WT and MeCP2 KO ReNCell at 7 DIV 
using H1.2, H1.4, H1.5 and MeCP2 antibodies. Of 
interest was the punctate pattern of histones H1.4 
and H1.5 distributions in chromatin (Figures 6c-d, 
7b-c). Such peculiar organization was visualized 
both in the WT and the KO although in the latter 
there is a more diffuse distribution of the puncta. 
Histone H1.2 displays a differential association 
with enrichment in the nuclear periphery 
(Figures 6 c-d and 7a). Regardless of their nuclear 
distribution the three histone H1 isoforms exhibit 
a significant extent of overlap with MeCP2 as seen 
in the magnified overlays in Figure 7.

Change in the nuclear size during ReNCell 
differentiation

Though the differentiated ReNCell culture was 
a mixed cell population expressing different neural 
cell markers (Figure 2), the overall nuclear size of 
ReNCell remained quite homogeneous for each 
DIV in a way that depended on the WT or KO 
nature of the system (Figure 8a-b). The homoge-
neity of the nuclear sizes under different condi-
tions can be assessed from the small standard error 
(Figure 8b). At 0 DIV, the nuclear size average 
(assuming a spherical conformation) was about 
40% smaller in the KO compared to the WT. In 
the transition from 0 to 8 DIV, the size of the 
nuclei in WT cells decreased while that of the 
KO cells increased by 40% (Figure 8b).

Discussion

A MeCP2 knock-out in vitro cell system for the 
study of neural differentiation

Mutation-modified iPSCs and currently available 
neural progenitors that can be stimulated to dif-
ferentiate into neuron-like cells have their own 
complexities. The former can display chromoso-
mal instability and lead to the accumulation of 
chromosomal abnormalities during somatic repro-
gramming [53], aberrant insertions, and loss of 
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heterozygosity [54] during prolonged in vitro cul-
ture. Cultured neural progenitor cell lines that can 
be simulated to differentiate in vitro such as the 
neuroblastoma-glioma NG108–15, neuroblastoma 
SH-SY5Y and pheochromocytoma PC12 have 
been used to analyse the change in MeCP2 during 
the neuronal differentiation process [41]. This 
approach partially circumvents the intrinsic com-
plexity of the in vivo models [55] and it provides 
important tools in the study of neurogenesis and 
its alterations in neurodevelopmental and neuro-
degenerative disorders as well as in the 

development of therapeutic strategies. However, 
as with iPSCs, some of these cell lines also display 
genetic anomalies [23]. To partly circumvent this, 
more recently an alternative LUHMES (Lund 
human mesencephalic) cell line has been success-
fully used to generate an in vitro inducible differ-
entiation cell system containing several RTT 
relevant mutations [23] including a MeCP2 knock- 
out. For this study, ReNCell VM cell line that can 
be differentiated in vitro to different types of 
neural cells was used to generate a MeCP2 knock- 
out counterpart [24].

Figure 5. MS analysis of histone H1 phosphorylation. (a) relative amounts of histone H1 phosphorylation for histone H1.2, H1.4 and 
H1.5 for the HPLC fractions 38 to 41 shown in fig. 3A.1 for WT and KO ReNCell at 0 and 8 DIV. (b) phosphorylation sites determined 
by targeted MS2 (see materials and methods).
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The initial results of the present study show that 
our differentiation strategy brings ReNCell to 
a differentiated state similar to that observed with 
other inducible systems [41], as measured by the 
level of MeCP2 (Figure 1b). Nevertheless, as 
pointed out in the results section, the extent of 
differentiation for the in vitro ReNCell culture 
system is limited and by far lower than what is 
observed in fully differentiated in vivo neurons 
[16,56]. Therefore, ReNCell might be comparable 
to an early stage of differentiation rather than to 
a stage reached under in vivo conditions in the 
mature brain. Fully differentiated neurons and 
astrocytes exhibit an almost fivefold difference in 
their MeCP2 abundance [57]. However, under the 

limited differentiation achieved, the increase in 
MeCP2 (Figure 1b) that results from the mixed 
cell population (neurons and astrocytes) found in 
ReNCell culture (Figure 2c–e) is assumed to be 
contributed similarly by both cell types.

Deletion of MeCP2 increases the level of NeuN 
and influences the relative neuron-astrocyte 
ratio during the differentiation of ReNcell

Monitoring of differentiation as it pertains to neu-
rons produced an unexpected result in the MeCP2 
KO cells in which the level of NeuN was almost 
doubled (Figure 2a). Such an increase in the neu-
ronal differentiation marker NeuN (Fox-3, Rbfox3, 

Figure 6. Immunofluorescence imaging of ReNCell WT and KO at 7 DIV. (A) ReNCell WT cells imaged with bright field, DAPI (blue), 
MeCP2 antibody (red) and histone H1.2, H1.4 and H1.5 antibodies (green). (B) same as in (A) for ReNCell KO. (C) magnified images of 
the histone isoform staining corresponding to the white rectangles shown in (A) for WT. (D) same as in (C) for KO. Scale bar: 20 µm.
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Figure 7. Histone H1 isoform/MeCP2 co-localization. (a) histone H1.2; (b) histone H1.4; (c) histone H1.5. Magnified images for the 
insets shown in the white rectangles are also provided. (d) quantification of the histone H1 isoform/MeCP2 co-localization using the 
Pearson’s correlation coefficient (n = 6). Scale bar: 10 µm.

Figure 8. Area of nuclei of WT and MeCP2 KO ReNCell at 0 DIV and 8 DIV. (A) DAPI images and a magnified image of representative 
sample in (a); (b) measurement of the nuclear areas as those shown in (a) (n = 570 for WT 0; n = 59 for KO 0; n = 285 for WT 8; n =  
105 for KO 8. Two sample t-test assuming unequal variances, p < 0.0001 for all comparisons). (c) the change in nuclear diameter 
(size) during cortical neuron differentiation in WT and MeCP2 KO mouse are shown [92] (purple lines). Also shown are the changes 
MeCP2 levels (blue) [30,95].
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or hexaribonucleotide Binding Protein-3) in the 
MeCP2 KO when compared to WT (Figure 2a) is 
surprising. Unfortunately, the understanding of 
the functionality of this predominantly nuclear 
protein is not yet properly understood. As with 
MeCP2, the contribution to the abundance of this 
marker might be shared between the neurons and 
astrocytes (or cells expressing the GFAP marker). 
Evidence has been provided that NeuN is detected 
not only in neurons but also in cells expressing 
GFAP [44]. Nevertheless, it has been reported that 
an altered level of NeuN can be an indicator of 
immature and/or suffering neurons [58]. In this 
regard, the increase of NeuN in MeCP2 KO 
ReNCell at 8 DIV along with the lamellipodia 
structures observed (Figure 2b) indicate that 
these cells may be immature and/or stressed.

Regardless of the potential significance of the 
NeuN results, the data presented here with the 
MeCP2 KO ReNCell provide support to the notion 
that MeCP2 plays a very important role in facil-
itating cell differentiation as visualized by the cel-
lular changes observed under the microscope 
(Figure 2b, d) in agreement with previous observa-
tions [46]. Moreover, the cell compositional 
changes in the ReNCell culture during differentia-
tion provide evidence for the role of the protein in 
specifying the cell fate during neural differentia-
tion [59].

ReNcell shows a unique histone H1 subtype 
composition and a decrease in H1 
phosphorylation during cell differentiation

While the linker histone/core histone ratios 
remain constant from 0 DIV to 8 DIV in the WT 
ReNCell and similar to that of HeLa cells 
(Figure 3c), the apparent increase observed in the 
KO cells at 8 DIV (Figure 3b) is interesting. HeLa 
and other non-neuronal human cell lines contain 
low levels of MeCP2 compared to neuronal cell 
lines. Therefore, it is hard to attribute such an 
increase to a compensatory increase of histone 
H1 in the absence of MeCP2 seen in MeCP2 KO 
mouse [16] especially since no decrease in the 
levels of H1 were observed in the WT ReNCell 
during the transition from 0 DIV to 8 DIV. Any 
alternative explanation would have to involve 

a potential functional regulation of histone H1 or 
its subtypes [i.e. H1.4 and/or H1.5 (Figure 4c)] by 
MeCP2, something that might warrant further 
exploration. In this regard, the increase observed 
in the level of histone H1.5 at 8 DIV in the MeCP2 
KO cells compared to the WT cells is unusual 
(Figure 4c-d). Histones H1.2 and H1.4 behave as 
expected as the decrease in the expression of the 
other subtypes (i.e. H1.2) leads to an approximate 
70% predominance of histone H1.4, which has 
a slow turnover rate [48]. In good agreement, 
a 78% and a 68% increase of histone H1.4 were 
observed for the WT and KO cells at 8 DIV, 
respectively (Figure 4d). However, while H1.2 
and H1.4 exhibit the highest mRNA levels in 
human cell lines and exhibit a positive transcrip-
tional co-regulation, histone H1.5 does not [60]. It 
is thus tempting to speculate a potential involve-
ment of MeCP2 in the regulation of histone H1.5 
(see below).

Histone H1.0 is a replication-independent lin-
ker histone. It is the product of an orphan gene 
which is evolutionarily related to several inver-
tebrate sperm histone H1s [61,62]. In verte-
brates, histone H1.0 has often been associated 
with terminal differentiation [63,64] as for 
instance in mammalian cortical neurons [65]. 
Thus, while the almost absence of H1.0 in 
ReNCell is surprising, this may be explained by 
previous results showing that not every neuronal 
cell type expresses histone H1.0 [66]. The lack of 
histone H1.0 cannot be attributed to the dual 
cellular composition of the ReNCell culture as 
histone H1.0 is expressed in astrocytes [67,68] 
where proliferation and differentiation are not 
directly related to the accumulation of this his-
tone H1 subtype [67]. Whether the low levels of 
H1.0 are due to the mesencephalic origin of the 
cell line or to the artificial immortalization used 
to generate the cell line remains to be 
elucidated.

While it has been described that pluripotent 
cell differentiation affects the phosphorylation of 
histone H1 [69], the drastic decrease of this 
PTM in ReNCell (Figure 5) is interesting and 
not unprecedented. It has also been described 
that histone H1 phosphorylation is regulated in 
a site-specific fashion during pluripotent cell 
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differentiation [69]. As seen in Figure 5, the 
higher levels of H1 phosphorylation in ReNCell 
were observed with H1.5, in agreement with the 
results previously obtained with pluripotent NT2 
cells [69]. Histone H1.5 also had a larger num-
ber of phosphorylated sites (pS18, pS173, and 
S189) with pS18 present in the mono- 
phosphorylated, di-phosphorylated (pS18- 
pS173) and tri-phosphorylated (pS18, pS173- 
pS189) combinations. They correspond to the 
growth-associated sites previously reported for 
the histone H1.5 subtype that appear to sequen-
tially accumulate along the progression of the 
cell cycle [70]. Histones H1.2 and H1.4 had 
a less complex phosphorylation composition, 
and the sites were in agreement with earlier 
data [69–71] with H1.2 consisting only of 
a mono-phosphorylated pS173 [71]. The drastic 
decrease of this PTM in ReNCell (Figure 5) is 
interesting and not unprecedented as depho-
sphorylation of linker histone H1 has been 
involved in the modulation of the chromatin 
dynamics which is necessary for erythroid dif-
ferentiation [72].

Histone H1 predominantly co-localizes with 
MeCP2 in WT ReNcell

Histones H1.4 and H1.2 are the ancestral histone 
H1s responsible for the primordial organization 
of chromatin into heterochromatin and euchro-
matin domains [64] and hence they can be con-
sidered to be good markers for these chromatin 
domains.

Relative affinity and chromatin compaction 
analyses using biophysical approaches indicate 
that histone H1.4 strongly binds to and compacts 
chromatin, which deem this subtype one of the 
ideal candidates for facilitating heterochromatini-
zation [64]. In this regard, an interesting observa-
tion regarding histones H1.4 and H1.5 has to do 
with their punctate distribution (Figure 6c-d). The 
similar distribution of these two isoforms in 
ReNCell is not surprising as H1.5 has also been 
localized to gene inactivation regions in differen-
tiating cells [49,64] and both isoforms have 
a similar chromatin binding affinity [73,74]. The 
average diameter of the puncta observed in 
Figure 6c is about 300 nm. Assuming these puncta 

correspond to spherical chromatin domains each 
one of them would contain approximately 20,000 
nucleosomes (average diameter 11 nm) which cor-
responds to about 4,000 kb. Every cell has TADs 
[75], and each TAD can range in size from 100 kb 
to 5 Mb [76]. The average number of genes per 
TAD in neurons is approximately 2.6 [77]. Hence, 
it appears that H1.4 and H1.5 in the ReNCell at 7 
DIV are homogeneously distributed across the 
nucleus and accumulate in large TADs, which is 
indicative of a remarkable organization of chro-
matin. The punctate organization of H1.4 has also 
been observed in proliferating T47D cancer cells 
[78]. Regardless of such unique organization, both 
histones H1.4 and H1.5 display a substantial over-
lap with MeCP2 (Figure 7d).

In contrast to H1.4 and H1.5, histone H1.2 
showed a preferential enrichment towards the 
nuclear periphery (Figure 7c-d), in agreement 
with [78]. However, considering that chromatin 
regions containing only H1.2 have an open chro-
matin conformation [64] and that the chromatin 
regions at such location LADs (nuclear lamina 
associated domains) generally correspond to 
repressive environments of the genome [79], such 
an enrichment at that location remains 
unexplained.

From the immunofluorescence analyses, it 
seems that MeCP2 and histone H1 substantially 
overlap in ReNCell (Figure 7) with histone H1.2 
displaying the lowest overlap as determined by 
the Pearson’s correlation coefficient (PCC) 
(Figure 7d). Thus, within the limits of resolution 
with this technique, a segregated compartmenta-
lization between global histone and MeCP2 [80] 
is not observed.

The lack of MeCP2 changes cell morphology and 
nuclear size during differentiation

MeCP2 KO ReNCell appears to struggle during 
the differentiation process as evidenced by 
a cellular shape that significantly differs from that 
of the WT counterpart (Figure 2b-d) more clearly 
visualized at 8 DIV. At this stage, the KO cells are 
less differentiated and/or attempting to differenti-
ate with incipient axon-dendrite like cytoplasmic 
projections. Importantly, the cells seem to 
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aggregate with each other (Figure 2b, ‘KO 8 DIV’). 
A possible explanation for this behaviour is pro-
vided by the early observations of Armstrong et al. 
where neurons from MeCP2 KO mice showed 
a decrease in the number and length of dendrites 
as well as more dense packing of neurons [81]. 
Assuming that MeCP2 KO ReNCell mimics the 
phenotype of the in vivo MeCP2 KO mouse neu-
rons, the changes caused by the lack of MeCP2 
may cause ReNCell to stay close together as 
opposed to the WT where cells have proper neur-
ite outgrowths and are spaced out. Chen et al. had 
similar observations where the deletion of the 
MBD of MeCP2 led to neurons being more den-
sely packed [18]. A recent study using cerebrosp-
inal fluid proteomes and metabolic convergent 
ontologies in humans and animal models of RTT 
has shown that loss of function of MeCP2 (as in 
RTT-associated mutations) results in synaptic, 
metabolic, and mitochondrial dysfunction [82]. 
The critical involvement of MeCP2 for synapse 
formation had been previously documented [83] 
and MeCP2 deficiency impairs ciliogenesis [84]. 
Hence, the impaired changes in cell morphology 
we observe in the MeCP2 KO ReNCell are not 
surprising.

An important finding in this paper is the 
changes observed in the nuclear size of the 
ReNCell in the absence of MeCP2 (Figure 8). 
Decrease in the size of the nucleus of cortical 
neurons from the mouse MeCP2 KO has been 
attributed to the increase in histone H1 
observed in these neurons [16,47]. Such claim 
was based on the observations made in an ear-
lier work from the Gorovsky lab using 
Tetrahymena where the size of the nucleus 
decreased with the increase of linker histones 
[85]. However, as mentioned throughout the 
text, ReNCell experiences a moderate increase 
in MeCP2 during differentiation (Figure 1) 
compared to what is observed in brain [56,57] 
or in cortical neurons [16]. If nothing else, the 
slight increase in histone H1 observed in 
MeCP2 KO ReNCell at 8 DIV (Figure 3b) 
counterintuitively exhibits the opposite trend. 
Moreover, a mouse RTT model expressing low 
amounts of a truncated version of MeCP2 with 
a partially deleted MBD with an unaffected H1 

composition [86] exhibits a nuclear decrease 
similar to that observed in [47].

Factors affecting the nuclear size appear to be 
complex. In addition to DNA compaction (and 
hence histone H1), nuclear size can be regulated 
by the nuclear membrane and nuclear lamina 
composition [87]. For instance, a correlation has 
been demonstrated to exist between chromatin 
mobility and nuclear size recently [88]. Lamin B1 
expression is downregulated in ReNCell [42]. 
MeCP2 further alters the expression of lamins 
[89] and it interacts with inner nuclear membrane 
lamin B receptor [90,91]. In the case of the 
ReNCell system, it appears that MeCP2 rather 
than histone H1 is the primary cause of the 
nuclear changes observed in the MeCP2 KO cells 
(Figure 8). Of interest, the nuclear size changes 
observed by us (Figure 8a-b) agree well with 
those observed in the in vivo MeCP2 KO mouse 
model (Figure 8c) during differentiation [92].

An important consideration in all the above is the 
low standard error for the nuclear size at the differ-
ent DIVs despite the mixed cell population in the 
ReNCell culture consisting of two main cell types 
expressing a neuron (NeuN) and an astrocyte 
(GFAP) marker (Figure 2c). This is despite the fact 
that astrocytes have been reported to contain 
approximately 1/6–1/7 the amount of MeCP2 as in 
neurons [57]. A speculative explanation for that is 
that the immortalization process of the ReNCell 
itself, which involves v-myc transfection could affect 
the nuclear lamin composition. Both v-myc and 
c-myc encoded proteins associate with matrix- 
lamin and their alteration can affect the nuclear 
structure organization [93]. However, the effect on 
the nuclear size from the v-myc transfection is most 
likely overridden by the effect from the lack of 
MeCP2 in the MeCP2 KO cells. If this is indeed the 
case, it would imply that the involvement of the lack 
of MeCP2 in the nuclear size is not of a structural but 
of a regulatory nature. In addition to altering the 
expression of lamins, MeCP2 may regulate other 
genes involved in membrane formation such as his-
tone H1.5, which showed a higher expression in the 
MeCP2 KO at 8 DIV compared to 0 DIV (Figure 4c- 
d). Indeed, in differentiated cells, H1.5 has been 
shown to preferentially bind to genes encoding for 
membrane and membrane – related proteins [94].
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Concluding remarks

This study represents a preamble to the use of this 
powerful MeCP2 knockout cell line for the study 
of functional implications of MeCP2 related to 
chromatin. It shows that despite the cell line’s 
potential for functional studies, such an approach 
has certain limitations that need to be considered 
when using such systems.

The limited increase in MeCP2 observed with 
the ReNCell during differentiation, which is 
almost identical to that achieved with other cul-
tured cell lines that can also be differentiated 
in vitro into neuron-like post-mitotic cells [41], 
limits their efficacy for the study of the effects of 
MeCP2 on chromatin. However, as shown here, 
ReNCell provides a venue to study the regulatory 
effects of MeCP2 on other chromosomal proteins 
and on nuclear organization.
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