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Abstract: During embryonic development stem cells undergo the differentiation process so that they can
specialise for different functions within the organism. Complex programs of gene transcription are crucial for
this process to happen. Epigenetic modifications and the architecture of chromatin in the nucleus, by the
formation of specific regions of active as well as inactive chromatin, allow the coordinated regulation of the
genes for each cell fate. In this mini-review, we discuss the current knowledge regarding the regulation of
three-dimensional chromatin structure during neuronal differentiation. We also focus on the role of the nuclear
lamina played in neurogenesis to ensure tethering of the chromatin to the nuclear envelope.
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1. Introduction

The DNA sequence of all cells in the body is the same even though the cells do not play the same
function. Each cell type is characterised by a precise orchestration of gene expression for the
production of all proteins necessary for specific cellular function. Hence, not all genes are active in
all cells at any given time and their expression is tightly regulated by the epigenome. The Greek
preposition “epi” means on or above, and "epigenome" takes into account all those chemical
modifications which occur “on” the DNA molecule, without affecting its sequence. The epigenome
acts as a film director, assigning different roles to each cell type by defining when and what genes
are accessible to transcription factors to regulate their expression. Also, the epigenome contributes to
gene expression by modification of the three-dimensional organization of the genetic material
(chromatin). Chromatin is organised in nuclear topological domains that differ depending on the cell
type and stage of differentiation. The nuclear spatial organization, or nuclear architecture, ensures
the correct performance of the transcriptional programs within cells, thus, giving it an important role
in cellular differentiation and development. Furthermore, nuclear architecture is dictated not only by
the epigenome but also by the nuclear lamina which both physically supports the nucleus and
anchors chromatin to the nuclear envelope [1]. This suggests that the nuclear lamina could also be
involved in the establishment of the cell transcriptional programs. In this review, we will focus on
the current knowledge about the role played by chromatin organization and nuclear lamina in
mammals’ neurodevelopment. We will first give an overview of the three-dimensional organization
of chromatin and the nuclear envelope structure. Afterwards, we will give a general introduction
about the developmental process of the nervous system. We will then discuss examples showing the
importance of chromatin organization and nuclear lamina in the development and differentiation of
neuronal cells.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202304.0790.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2023 doi:10.20944/preprints202304.0790.v1

2. Three-dimensional organization of chromatin within the nucleus

The three-dimensional organization of chromatin within the nucleus is critical for the regulation
of gene expression and cellular function. In eukaryotic cells, the DNA is organized with different
levels of compaction to fit within the micron-sized nuclear space. The DNA wraps around a complex
of eight histone proteins constituting the nucleosomes, resulting in the 10 nm fibre known as
chromatin that can reorganise into a 30 nm fibre at least in vitro; however, chromatin is mainly found
as a disorganized structure, heterogeneous and diverse in diameter and with a high bendability [2].
Indeed, chromatin can organize itself into loops due to the presence of cohesins and other
architectural proteins [3]. These chromatin loops are also able to interact with each other creating a
chromatin-based physical compartmentalization in megabase-scale genomic domains called
“Topologically Associating Domains” (TADs) [4,5]. Although genomic regions within the same TAD can
interact regardless of the distance separating them, there is usually no contact with regions outside
the domain [5]. The presence of TAD boundaries, constituted by architectural proteins that interact
with the TAD, restrains the interactions between regulatory sequences (i.e. enhancer, silencer) and
target genes of different TADs [6]. In this way, TADs greatly contribute to gene expression regulation.
In interphase nuclei, TADs belonging to the same chromosome occupy distinct regions known as
Chromosomal Territories [7,8] inside of which two types of compartments can be identified. The “A”
compartment is the more relaxed configuration of chromatin fibre called Euchromatin which is usually
actively transcribed and mostly found at the interior of the nucleus; whereas the “B” compartment is
the more compact chromatin called Heterochromatin which is mainly transcriptionally repressed and
found preferentially at the nuclear periphery and nucleolus [1,9,10] (details of eu- and
heterochromatin will be discussed below in this paragraph). In this regard, it has been observed that
some specific TADs are associated with the nuclear lamina (see the paragraph 3. Nuclear envelope:
LINC complex and nuclear lamins), an intermediate filament network lining the inner surface of the
nuclear envelope. This association forms the so-called “Lamina Associated Domains” (LADs) with a
repressive role in gene expression [11].

From the epigenetic point of view, chromatin compartmentalization and degree of compaction
are determined by specific modifications of both histones and DNA. The relaxed configuration of
euchromatin is accompanied by histone acetylation that neutralizes the positive charge of lysine
residues favouring chromatin opening [12]. Also, transcriptionally active genes are usually marked
by H3K4 methylation [13]. On the other hand, condensed chromatin is induced by the deacetylation
of histones, DNA methylation, and methylation of specific residues of histones. Characteristic
markers of heterochromatin are trimethylated H3K9, trimethylated H3K27, and trimethylated H4K20
[1,14].

3. Nuclear envelope: LINC complex and nuclear lamins

The nuclear envelope (NE) is made up of the outer nuclear membrane (ONM) and the inner
nuclear membrane (INM) and acts as a physical barrier that separates the cell nucleus harboring
chromatin from the cell cytoplasm [1]. Between the INM and the ONM lies the perinuclear space
(PNS), with a width of 30-50 nm [15], and juxtaposed to the nucleoplasmic side of the INM there is
the nuclear lamina.

The LINC complex (Linker of Nucleoskeleton and Cytoskeleton) spans the INM and ONM and
provides mechanical coupling between the actin cytoskeleton and the nucleus [16,17]. This is possible
thanks to both the ONM and the INM components of the LINC complex, the nesprins (nuclear
envelope spectrin repeat proteins), and the SUN proteins (Sadlp and UNC-84 homology),
respectively [18-20]. Specifically, nesprin proteins act as a bridge between the cell cytoskeleton and
the INM by binding actin on one side and SUN proteins on the other side; whereas, SUN proteins
interact on the nucleoplasmic side with either the nesprins in the PNS or the nuclear lamins
underneath the INM, thus, indirectly connecting cell cytoskeleton with the nuclear lamina [15].

In humans, three genes encode the components of the nuclear lamina, LMNA, LMNB1 and
LMNB2. The products of LMNA gene are lamins A and C, which are translated following an
alternative splicing event on exon 10. LMNBI and LMNB2 genes encode Lamin Bl and Lamin B2,
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respectively [15]. Lamin B1 is bound by LBR (Lamin B Receptor) which, in turn, interacts with MeCP2
(Methyl-CpG binding protein 2) and HP1a (Heterochromatin Protein 1) that are responsible for the
binding of 5-Methylcytosine and H3K9me3 on the DNA respectively, both epigenetic markers of
heterochromatin [1,21,22].

The elaborate organization of the nuclear envelope ensures that every mechanical cue perceived
by the cells is transmitted, via the cytoskeleton and the nuclear envelope, to the nuclear interior, thus
regulating chromatin dynamics and, as a consequence, gene transcriptional events [23-25].

4. Neurogenesis: an overview

During embryogenesis, at the beginning of gastrulation, human Embryonic Stem Cells (hESCs)
from the ectoderm start to give rise to human Neural Progenitor Cells (hNPCs) characterized by a
radial alignment and a bipolar morphology. These cells undergo symmetric divisions for self-renewal
to increase the size of the cell pool, which, by the end of gastrulation, forms the neuronal plate along
the rostral-caudal midline of the upper layer of the embryo. The ridges of the neural plate then fold
inward to create the neural tube [26]. At this point, the hNPCs, depending on their position, will
differentiate into either neurons or glia to construct the nervous system. The rostral region of the
neural tube will give rise to the brain meanwhile, the caudal region will give rise to the hindbrain
and spinal column [26]. In the process mentioned above, in addition to the members of the TGF-3
family (that have different roles, from maintaining the pluripotency of embryonic stem cells to the
mesenchymal differentiation) both chromatin organization and epigenome are crucial players. In this
review we have decided not to tackle the issue of epigenetic modifications characterizing neuronal
development that has been extensively reviewed recently [27,28]. Instead, we have focused on the
chromatin structure changes and their relationship with nuclear lamina during neuronal
development.

5. Chromatin structure involvement in neural development

Epigenetic modifications are usually associated with the regulation of the development and
differentiation processes. However, the different compartmentalization of chromatin also plays an
important role in these contexts. Studies on murine Embryonic Stem cells (mESCs) as well as on
hESCs revealed, by transmission electron microscopy, that undifferentiated ESCs have euchromatin-
rich nuclei with prominent nucleoli, whereas differentiating ESCs are characterized by increasingly
condensed heterochromatin distributed in a diffuse granular pattern and as a dense strip beneath the
nuclear edge [29]. These changes are accompanied by specific histone epigenetic modifications,
mainly acetylation and trimethylation of lysine 9 of histone H3 which are important to determine the
developmentally regulated genes as being active euchromatin or repressed heterochromatin. This is
a fundamental step towards cell fate commitment during development.

In this regard, the analysis of the three-dimensional (3D) organization of the genome during
neuronal murine development showed that mESCs are characterized by open chromatin with
epigenetic marks of active gene expression (i.e. high levels of H3/H4 acetylation and trimethyl H3K4,
or low levels of histone trimethylation on lysine 27), and few compacted chromatin domains. Instead,
murine Neural Progenitor Cells (mNPCs) have condensed chromatin with more heterochromatic
domains clustered in chromocenters, bright DAPI-positive domains of constitutive heterochromatin
[30-33]. Nakao’s group also showed that even mESCs are characterized by chromocenters that are
smaller in mNPCs and integrated into larger foci in post-mitotic neurons (mPMNs) [31]. The number
and shape of chromocenters also changes during the differentiation of the neural cell types [34-37].
Specifically, chromocenter numbers decrease in murine Purkinje cells from the day of birth till
postnatal day 6, and, then, increase till mice become adults [35]. Also, the deposition of epigenetic
markers is involved, such as the active histone mark trimethylated lysine 4 of histone H3 that
increases at chromocenters during neuronal differentiation in the neocortex. This was accompanied
by a parallel increase in the transcription of major satellites [38]. In accordance with changes in the
chromatin state (open/closed), the interior of the TADs changes, however, the boundaries of TADs
stay invariant during development [39]. Interestingly, by inducing mESCs to become Neuronal
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Committed Cells (mNCCs) with Retinoic Acid, Stachowiak’s group identified 3965 TADs in mESCs
and 3953 TADs in mNCCs, with relocation of TADs in mNCCs compared to the mESCs [40].
Specifically, mNCCs increase the expression of Nuclear Fibroblast Growth Factor Receptor 1
(nFGFR1) [40], which strongly correlates with neuronal differentiation by regulating pluripotency
genes [41]. In addition, nFGFR1 also works as a protein insulator leading to a reorganization of the
chromatin loops and TADs [40]. Finally, CTCF insulator was reduced in comparison to the mESC
[40]. From these studies, the reorganization of TADs has been found to be related to not only the loss
of stem potency but also to cell differentiation.

6. Implication of nuclear lamina in neuronal development

The redistribution of chromatin is needed during development to specify the cell type’s fate and
is essential to cell fitness and function. Alterations in key components of the chromatin 3D
reorganization such as the nuclear lamina induce aberrations during development that potentially
leads to organism death [42]. Indeed, a homozygous LMNA mutation leads to prenatal lethality in
humans, whereas in mice LMINA mutation is not lethal and results in different pathologies a few
weeks after birth [42]. Intriguingly, upon differentiation, some genes move towards or from the
nuclear lamina [43] according to their activation or repression state. For example, mNPCs, after
induction from mESC, showed relocation of the pluripotency genes towards the nuclear lamina, a
position that is maintained even after further differentiation. Van Steensel’s group analysed mNPCs
differentiation and discovered an increased interaction between the nuclear lamina and 633 genes.
Some of which are “stemness” genes, i.e. Nanog, Kif4, and Oct4 [44]. Since these genes move to the
nuclear periphery, they are usually associated with the LADs implying a heterochromatinization
during differentiation [45,46]. Williams’ group analysed the positioning of Mashl, a proneuronal
factor, and noticed that the Mash1 locus is mostly located at the nuclear periphery in ESCs that, upon
neuronal induction, relocates to the interior part of the nucleus. Moreover, this study demonstrates
that repositioning is directed in a cell-type specific manner. Indeed, other differentiated cell types
were characterized by Mash1 located at the nuclear periphery similar to the ESCs [47]. However, it is
important to mention that relocation is not necessarily equivalent to gene activation since
transcription of some neuronal genes is associated with further differentiation [43]. This is the case
for the brain Pcdh9 gene [44] and several neuronal genes that dissociate from the nuclear lamina even
if they are not actively transcribed in mNPCs.

Considering the strong interdependence between chromatin organization, heterochromatin and
nuclear lamina, as discussed above and in Carollo & Barra 2023 [1], it is not surprising that nuclear
lamina and its mechanics have been shown to be important for neuronal development, as
demonstrated by the elegant work conducted by the Young’s group. In 2011, they demonstrated that
the deficiency of Lamin B1 (Lmnb1A/A) causes problems in the development of the cerebral cortex in
mouse embryos, with impairments in neuronal migration as well [48]. This was accompanied by a
reduction in neuronal progenitor cells and an increase in apoptotic cell death. Moreover, Lamin B1
deficiency was the cause of misshapen cell nuclei of cortical neurons, which has been correlated with
the alteration of the heterochromatin:euchromatin ratio in other cell contexts [1]. In addition, KO of
either Lamin B1 or Lamin B2 via Cre recombinase in mouse embryos caused both reduced cranium
and cerebral cortex size. Cortex was also smaller and showed atrophy in double knockout Lamin B1
and Lamin B2 mice compared to the single KO condition. Moreover, adult mice lacking either Lamin
Bl or Lamin B2 exhibited problems in the layering of cortical neurons, as demonstrated by the
absence of Cuxl, a marker of layer II/IIl, in most of the neurons. Lamin B1 KO neurons displayed
nuclear blebs (one bleb/nucleus) with an asymmetric distribution of Lamin B2 [48]. Atypical nuclei
can also be formed when Lamin B1 does not correctly localize in the nuclear envelope, which is the
case of mouse mutants for Lamin B1 that cannot be farnesylated (Lmnb1CS/CS). The mutated Lamin
B1 mislocalizes in the nucleus in a honeycomb fashion which correlates with strong defects in cell
nucleus shape. Specifically, it has been observed that during in vitro migration, the NPCs of
Lmnb1CS/CS mice have dumbbell-shaped nuclei and blebs. In these cells, Lamin B1 was mainly at
the leading edge (towards the direction of the migration). Strikingly, the opposite side of the cell (the
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trailing edge) was occupied by the bulk of chromatin, called “naked chromatin” because
disconnected from the nuclear lamina [49]. The authors supposed that the dumbbell-shaped nuclei
form because of a weakened interaction between the nuclear lamina and the inner nuclear membrane
due to the mutant Lamin B1. In detail, during neuronal migration, the nuclear lamina follows the
nucleokinesis and is pulled forward by the microtubule's cytoskeleton, but it loses connection with
the trailing edge of the nucleus because of Lmnb1CS. Consequently, chromatin would not be trapped
in the nuclear lamina meshwork and would eventually escape through the honeycomb-like pores
remaining in the trailing edge, uncoupling it from the nuclear lamina. However, it is also possible
that other mechanisms are involved in this event. For example, the chromatin could not be affixed
anymore to the nuclear lamina due to mutant Lamin B1. We should keep in mind that Lamin B1
connects with chromatin and binds LBR which, in turn, tethers heterochromatin to the inner nuclear
membrane [50,51].

All this strongly suggests that Lamin B1 is essential in retaining chromatin bounding to the
nuclear lamina. Indeed, it has been shown that Lamin B1 is important for TAD-TAD interaction in a
mESC model of TKO for LMNA, LMNB1 and LMNB?2 and that, more specifically, Lamin B1 depletion
causes LAD detachment from nuclear lamina with following impact on chromatin redistribution and,
thus, chromatin dynamics in MDB-MB-231 breast cancer cells [52,53]. Intuitively, this can affect the
three-dimensional organisation of chromatin which strongly correlates with the gene expression
program as discussed above. This can be evidenced by the fact that Lmnb1CS/CS mice have severe
neurodevelopmental abnormalities with the formation of a flattened cranium and reduced size of the
brain [49]. In addition, the presence of a functional Lamin B1 is required to ensure genome integrity
and cell viability during neuronal migrations for the development of both the cerebral cortex and
retina [54,55].

7. Conclusions

Development is a complex event, with many aspects of cell regulation involved. For instance,
changes in cell microenvironment can result in modification of the cell's phenotype contributing to
the determination of cell fate. Nevertheless, the manual of cell differentiation is written on the DNA
and thus, the plasticity of cells depends on its regulation. DNA regulation is, in fact, an intricate and
intriguing event in a cell’s life. Epigenetic factors, cis-acting elements (insulators), non-coding RNAs,
and DNA compaction, are important aspects of DNA regulation. Not least, the 3D organisation of
chromatin and the positioning of the genes seem to be involved in the regulation as well (Figure 1).
During neuronal differentiation, loss of cell stemness is usually associated with the repositioning of
key pluripotency-related genes, to repressed chromatin. Differentiation genes are, instead,
characterized by loosened chromatin and are relocated to the active chromatin in the transcriptional
factories [56]. Finally, the existence of TADs and chromosomes’ territories, whose positions inside the
nucleus could change based on cell type, shows how the DNA 3D organisation would be a common
mechanism of DNA regulation that is not restricted to cell differentiation and development. In this
regard, the nuclear lamina plays a key role given its ability to bind heterochromatin, which allows it
to act as a regulator or stabilizer of DNA organisation inside the nucleus. As a result, the alteration
of lamins induces several neuronal defects, such as migration problems and nuclear aberrations that
lead to dysfunctions in the nervous system. Additional data is needed to confirm in other contexts of
cell differentiation and refine this scenario of chromatin architecture and nuclear lamina collaboration
in cell differentiation. This can provide insights into the process of cell differentiation and more
widely of DNA regulation.
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Figure 1. Schematics summarising the events that, by regulating chromatin three-dimensional
organisation, ensure a faithful neuronal differentiation.
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