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The genome is carried by the complete linear se-
quence of DNA nucleotides packaged into all the
chromosomes. During interphase, the chromosomes
are extended and much of their chromatin ex-
ist as long threads while also maintaining specific
three-dimensional architectures in the nuclear space.
These interphase chromosomes are organized into
multiscale three-dimensional structures, including
chromosome territories, A/B compartments, topo-
logically associating domains, and chromatin loops,
that extend over a wide range of genomic distances,
providing connections, for instance, between en-
hancers and promoters. This hierarchically organized
genomic architecture is crucial for the regulation of
gene transcription, which in turn is essential for the
development and maintenance of various biological
processes. This article reviews various aspects of
spatial genome organization and their functions in
gene expression and neural development. Further-
more, dysregulation of spatial genome organization
in disease states, and the growing interest in new
technologies to manipulate chromatin architecture

are also discussed.
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INTRODUCTION

The sequencing of the human genome in 2001 [I,
2] provided an overview of the genome at the lin-
ear sequence level. The human genome is encoded
by approximately 3.2 billion nucleotides of DNA,
and most human cells, which are diploid, contain
about 6 billion base pairs, divided into 46 chro-
mosomes. These 6 billion base pairs, equivalent to
about 2 m of linear DNA, are folded into three-di-
mensional (3D) structures and packaged into the
nuclei, which are about 5-10 um in diameter. His-
tone proteins compact DNA to form nucleosomes,
which allows this packaging of the DNA into the
microscopic nuclear space [3, 4]. Recent technical
advances such as chromosome conformation capture
(3C), which detect the interactions between genom-
ic loci that are close to in 3D space of nucleus,
led to new insights into the spatial organization of
chromatin. Interphase chromosomes are organized at
spatially hierarchical levels, from chromatin loops
that allow associations between promoters and other
regulatory elements such as enhancers over short-
and long-range linear genomic distances, to chro-
matin domains, topologically associating domains
(TADs), and A/B compartments; moreover, entire
chromosomes themselves occupy defined regions of
the nucleus, termed chromosome territories (Fig. 1).
These hierarchical structures are essential for normal
gene control, and disturbances in these structures
have been implicated as factors contributing to gene
dysregulation in disease. Here, we review the recent
studies on 3D genome organization during neural
development and on the disorganization of spatial

chromosome architectures in disease states. Finally,
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Figure 1. Hierarchical organization of the genome in the three-dimensional space of the nucleus

The genome is organized in a hierarchical manner, starting at a nuclear level containing all chromosomes down to
individual chromatin fibers. Chromosomes occupy distinct regions in the nucleus, called chromosome territories,
and generally avoid overlap. Each chromosome is separated into A and B compartments that include the transcrip-
tionally active or inactive genes, respectively. Both A and B compartments involve topologically associated do-
mains (TADs), whereby the genomic associations strongly occur within the domain. TADs are generally bordered
by CCCTC-binding factor (CTCF), which connects to linearly distant DNA sequences and puts them into close
three-dimensional proximity, leading to the formation of a chromatin loop.

we discuss how these new concepts stimulate our
understanding to help address underlying disease
mechanisms and lead to breakthroughs in the devel-
opment of novel therapeutic targets.

HIERARCHICAL CHROMATIN STRUC-
TURE

Chromosomes are organized into hierarchical struc-
tures that play important roles in transcriptional reg-
ulation. This hierarchy of chromosomal structure is
similar to aspects of protein structure, which starts
with the folding of the amino acid sequence (pri-
mary structure) into secondary structures, such as
alpha-helices and beta-sheets, and culminates in their
organization into functional protein conformations
[5].

In this section, we first provide a brief summary
of the multiple layers of chromosome structural or-
ganization (Fig. 1), including epigenetic modifica-
tions to the linear genome, chromatin loops, TADs,
A/B compartments, and 3D genomic locations in the
nucleus [6-45].

During interphase, chromosomes tend not to in-
termingle but instead occupy distinct regions within
the eukaryotic nuclear space. Microscopy-based ap-
proaches revealed that these chromosome territories
are maintained through cell division, although the
positions of chromosome territories can be flexible
[46].

3C and derivative technologies, such as circular-
ized chromosome conformation capture, chromosome
conformation capture carbon copy (5C), and Hi-C,
have helped reveal spatial chromatin architecture at
a higher, mega-base scale resolution. Based on these
techniques, chromatin organization can be classi-
fied into two major classes, A/B compartments and
TADs.

Hi-C, which allows the complete detection of
“all versus all” long-distance chromatin interactions
across the entire genome, confirmed the presence
of chromosome territories and also revealed in-
tra-chromosomal compartmentalization into regions
of open and closed chromatin, termed “A” and “B”
compartments, respectively [47]. “A” compartments
include genomic loci that are generally gene rich,
transcriptionally active, and DNase I hypersensitive;
conversely, loci found in “B” compartments are rel-
atively gene poor, transcriptionally silent, and harbor
heterochromatic sequences. The spatial segregation
of A/B compartments was confirmed by microsco-
py-based methods [48].

Another major type of chromatin organization in-
volves megabase-sized folding entities termed TADs.
These were initially identified by Hi-C and 5C
[49-51] and show a high frequency of interactions
with regions outside the TAD boundaries. These do-
mains were further characterized using Hi-C maps
at 40-kb resolution [22] and are markedly smaller

than A/B compartments—the median sequence size
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is 800 kb in TADs and 3 Mb in compartments. It
has been proposed that restricting the interactions
between genes and their regulatory sequences is one
of the major functions of TADs [52, 53].

TADs contain sub-Mb scale genome organizations,
such as sub-TADs and chromosomal loops [12,
54-56]. Generally, the loops between enhancers
and promoters involve local interactions and are
different from the long-range chromatin loops that
are mediated by CCCTC-binding factor (CTCF),
which originally identified as a transcription factor,
and can also act as insulator. CTCF-mediated loops
can facilitate enhancer—promoter interactions either
by bringing enhancers and promoters together or
by separating regions of active and silent chroma-

tin [57, 58], which allows restricting promoter-en-
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Studies that used chromatin contact mapping
technologies have provided high-resolution views of
DNA contacts associated with chromosome-struc-
turing proteins [12, 59-65].
boundaries are usually demarcated by zinc-finger

In mammals, TAD

binding proteins, CTCF, and the cohesin complex
[51, 66, 67]. The cohesin complex forms a ring-
like structure that is comprised of four core sub-
units: the evolutionarily conserved structural mainte-
nance of chromosomes (SMC) protein heterodimer,
made up of SMCla or SMCIB and SMC3; the dou-
ble-strand-break repair protein, RAD21; and a stro-
mal antigen homologue, SA1 or SA2 [68-70] (Fig.
2a, b). Cohesin cooperates with CTCF to form a
chromatin loop and functions with the general tran-
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Figure 2. The overview of cohesin and its role in brain development
a) Cohesin and its associated proteins. The cohesin complex consists of four core subunits, SMC1, SMC3,
RAD21, and SA1, 2. NIPBL and MAU2 complex loads cohesin on to chromatin, whereas WAPL and PDS5

release cohesin from chromatin.

b) Cohesin extrudes chromatin until it reaches TAD boundary by CTCF.
¢) Heterozygous deletion of the cohesin subunit SMC3 impairs neuronal circuit formation and induces anxi-

ety-like behaviors in mice.
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scriptional co-activator, the Mediator complex [71—
75]. Some studies proposed that CTCF and cohesin
promote “loop extrusion”, which contributes to TAD
formation [76—80]. In this model, cohesin is load-
ed on to chromatin by cohesin loaders, including
nipped-B-like protein (NIPBL) and MAU2, slides
along the chromatin, and extrudes it outwards until
it reaches the chromatin boundaries that are often
formed by CTCEF. Real-time visualization has recent-
ly confirmed that cohesin and its loaders induce ge-
nomic interphase DNA into loops by extrusion [81,
82]. Direct interaction of the N-terminal segment of
CTCF with cohesin contributes to loop stabilizing
activity [83, 84]. The study using cryo-electron mi-
croscopy provided insights into the probable mech-
anism of DNA entrapment by cohesin. NIPBL and
DNA promote the engagement of the ATPase head
domains of cohesin and ATP binding; thereafter, the
hinge domains of cohesin dock onto its STAG1 sub-
unit, creating a central tunnel to entrap DNA [85].

The deletion of the gene encoding for the co-
hesin-loading factor NIPBL or auxin-induced deg-
radation of RAD21, one of subunits of the cohesin
complex, results in the loss of CTCF-bound loops
and of TADs, although A/B compartment segrega-
tion remains preserved [86, 87]. Similarly, acute
depletion of CTCF by auxin-induced degradation
also eliminated CTCF-bound loops and TADs in
a dose-dependent fashion, while compartments re-
mained largely unaffected [79]. In contrast, deletion
of wings apart- like protein homologue (WAPL),
which releases cohesin from chromatin lead to the
extension of chromatin loops and strongly increased
interaction frequencies between nearby TADs [88].
These results suggest that CTCF and cohesin are
crucial for looping and TAD organization, whereas
compartmentalization of mammalian chromosomes is
regulated independently of local insulation by TADs.
Moreover, several studies show that the ablation of
CTCF or cohesin results in the loss of TADs but
only moderately affects gene expression and histone
modification [86, 87], suggesting that although
transcriptional changes did occur, the regulatory po-
tential remains preserved following the disruption of
TADs.

Finally, in most cell types, large clusters of het-

erochromatin are enriched at the nuclear periphery.

Lamina-associated domains (LADs), which are
genomic regions that are in close contact with the
nuclear lamina, are also thought to help organize
chromosomes inside the nucleus and have been as-
sociated with gene repression [89, 90].

It has become possible to analyze the 3D struc-
tures of entire mammalian genomes at the single-cell
level [91, 92]. This revealed that the structures of
individual TADs and loops vary substantially from
cell to cell, whereas A/B compartments, LADs, and
active enhancers and promoters are organized con-

sistently on a genome-wide basis in every cell.

3D GENOME ORGANIZATION IN THE
DEVELOPMENT OF THE CENTRAL
NERVOUS SYSTEM

Development is a complex process that involves
changes in the expression patterns of various genes.
Dynamic physiological changes in chromatin struc-
ture with epigenetic mechanism enable this strin-
gently controlled spatio-temporal regulation of gene
expression [93, 94]. Accumulating evidence has be-
gun to clarify the roles of 3D genome organization
in gametogenesis and early development [37, 95—
104]. In this section, we focus on 3D genome dy-
namics and state-dependent changes in 3D genome
organization during neuronal differentiation and de-
velopment. With regard to neuronal differentiation, it
seems that the “openness” of chromatin allows the
cells to retain “stemness,” whereas chromatin struc-
tures get denser as they differentiate.

Global nuclear structure undergoes dynamic
changes during sequential differentiation from em-
bryonic stem cells (ESCs) to neural progenitor cells
(NPCs) and then terminally differentiated neurons.

During the differentiation from NPCs to post-mi-
totic neurons, the number of chromocenters reduce,
and they converge into larger clusters localized in
the center of the nucleus [105-107]. These studies
provide convincing evidence that an “open” chroma-
tin structure is crucial for the pluripotency of these
cells.

During cell differentiation, A/B compartments
undergo dynamic switching as cells transition from
ESCs to NPCs and then neurons. High resolution

Hi-C analyses have revealed the progressive changes
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in differentiation stage-specific chromatin architecture
both in mouse and human neurons. The interactions
between active TADs become weak, whereas inter-
actions in inactive TADs become stronger as mouse
ESCs differentiate into NPCs and then neurons
[108]. The compaction of nuclear chromatin do-
mains seems to be a general feature of differentiat-
ing neurons and to contribute to the stable silencing
of genes unnecessary for differentiated neurons.

Compared with A/B compartments, TADs appear
to be relatively more stable during cell differentia-
tion. TAD boundaries are stable during cell divisions
and conserved among various cell types or lineages,
although inter-TAD interactions and chromatin inter-
actions within TADs can occur during cell differen-
tiation [22, 33, 50, 51, 109-111].

Within TADs, chromatin structures seem to be
more extensively reorganized locally thorough chro-
matin looping [112], for instance, those involved in
promoter-enhancer interactions, which often occur in
a developmental stage specific and cell-type specific
manner [13].

Chromatin interaction analysis with paired-end
tag sequencing has revealed the local chromosomal
structures linked to the control of cell identity in
ESCs [60]. During the course of neuronal differen-
tiation, dynamic alterations of CTCF-mediated loops
occur in both mouse and human developing brains
[108, 113]. During the NPC to neuron transition,
loops associated with cell proliferation, morphogen-
esis, and neurogenesis were lost, which is consistent
with the commitment to a lineage change from the
precursor stage towards a postmitotic neuronal iden-
tity. Similarly, during NPC to glia transition, loops
associated with neuron-specific functions were lost,
which is consistent with a non-neuronal lincage
commitment. In addition, the loss of many short-
er-range contacts and loops during the differentiation
from NPCs to neurons was associated with con-
comitant increases in longer range (>100-200 kb)
contacts in both humans and mice. These results
provide insights into the relationship between tran-
scriptional control of cell identity and local chromo-
some structure mediated by chromatin looping.

Gene expression is often associated with lami-
na-genome interactions—generally, genes that move

away from the lamina are concomitantly activated,

while genes that are located within LADs are tran-
scriptionally inactive [89]. At least in four cell
types, ESCs, NPCs, terminally differentiated astro-
cytes sequentially derived from ESCs, and mouse
3T3 embryonic fibroblasts, LADs are repressive
chromatin features [114]. In contrast, other studies
over the last decade have demonstrated that some
chromatin at/in proximity to the lamina, especially
those portions in proximity to nuclear pores, are eu-
chromatic, with some highly expressed genes [115—
117].

Thus, many studies have provided definitive ev-
idence that links 3D genome organization and its
function to gene expression, which can control de-
velopmental progression. However, the mechanisms
underlying transcriptional regulation by chromatin

architecture remain unclear.

CONTEXT-DEPENDENT CHANGES IN
3D GENOME ORGANIZATION

Similar to the dynamic changes in chromatin struc-
ture during cellular differentiation, the role of 3D
genome organization has been examined in the con-
text of cell type and functions in retinal sensory
neurons [118, 119]. Though heterochromatin nor-
mally resides at the nuclear periphery, whereas eu-
chromatin situates toward the nuclear interior, it was
found that this organization is inverted in rod pho-
toreceptor neurons of nocturnal retinas [120-122].
The dense heterochromatin localized in the nuclear
center may serve as collecting lenses to enhance
light transduction efficiency in this case, which pro-
vides an example of how nuclear architecture is im-
plicated in neuron function.

Spatial chromatin reorganization is also observed
in the context of olfactory sensory neurons [123—
129]. It has been reported that olfactory sensory
neuron-specific and differentiation-dependent nuclear
organization regulates the expression of the olfacto-
ry receptor [126]. During differentiation, olfactory
sensory neurons select one out of the approximately
2,800 olfactory receptor alleles and execute the cor-
responding transcriptional program [130, 131]. The
olfactory receptor genes converge into approximately
five heterochromatin clusters located pericentrally

in the nucleus of olfactory sensory neurons. This
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aggregation of olfactory receptor genes depends on
the developmental decrease in levels of the lamin B
receptor.

Collectively, these studies provide convincing ev-
idence for the link between chromatin organization

and neuronal function.

ACTIVITY-DEPENDENT CHANGES IN
3D GENOME ORGANIZATION

The central nervous system is a dynamic synaptic
network that is highly influenced by the extrinsic
environment. Extrinsic cues and the resulting synap-
tic activities drive transcriptional programs involving
genes critical for proper neuronal maturation and
neural plasticity. In this section, we focus on the
activity dependent changes in 3D genome organiza-
tion that regulate gene expression.

Early evidence reported by Billia et al. showed
that the induction of long-term potentiation in rat
hippocampal slice cultures causes the rearrangement
of centromeric satellites [132]. Treating hippocam-
pal neurons with N-methyl-D-aspartic acid (NMDA)
increases centromere clustering, resulting in a de-
crease in the total number of centromere signals.
Moreover, cultured rat hippocampal neurons change
their nuclear structure in response to neuronal activ-
ity [133]. Wittmann et al. (2009) used 3D image
reconstruction to find that many hippocampal neuron
nuclei are highly infolded, with nuclear membranes
that tuck inward and separate the nucleus into small
and large compartments. The number of infolded
nuclei are increased by NMDA receptor-induced
calcium signaling, and nuclear calcium signals are
stronger in smaller nuclear compartments than in
the larger compartments of the same nucleus. Fur-
thermore, activity-induced changes in the nuclear
geometry are paralleled by increases in the phos-
phorylation of histone H3 on the serine 10 residue,
suggesting a functional relationship between nuclear
structure and transcriptional regulation. Three-di-
mensional tandem motion of chromocenters, called
karyoplasmic streaming, is observed in the inter-
phase nuclei of dorsal root ganglion neurons [134].
This motion occurs independently of concurrent
motions in the cytoplasmic structure, and the speed

of the motion is facilitated by neural stimulation

with the nerve growth factor, gamma-aminobutyr-
ic acid, calcium ionophores, or calcium chelators
[135], which represents activity-dependent dynamic
changes in the global nuclear structure. Neuronal
activation regulates synaptic structure and functions
through the upregulation of some immediate early
genes (IEGs), which are defined as genes that are
rapidly and transiently induced (within 5 to 10 min
of stimulation) by extracellular stimuli without the
requirement for de novo protein synthesis [136—
138]. Since IEGs often encode transcription fac-
tors, they can regulate a set of secondary response
genes (SRGs), which are expressed in the order
of hours in response to signaling and require new
protein synthesis [139]. While there are probably
several hundred IEGs, SRGs are far more numerous
and are involved in various and cell-type specific
functions in neurons. Given the rapid expression of
IEGs without de novo protein synthesis, it has been
extremely challenging to understand how they are
transcriptionally regulated and whether specific 3D
genome organization exists to control their expres-
sion, distinct from that of other genes that are ex-
pressed later and require de novo protein synthesis.

It has been reported that c-fos expression is tight-
ly controlled by enhancer RNA (eRNA), which
is non-coding RNA transcribed at active enhancer
elements [140]; the authors showed that stimu-
li-induced promoter-enhancer loops mediate the
transcriptional process. Further, the activity-induced
Are gene, which regulates synaptic plasticity, is also
regulated by promoter-enhancer interactions. Imme-
diate early genes, including Arc, are poised by RNA
polymerase Il at the downstream transcription start
site. The loop-bound eRNA recruits the negative
elongation factor complex, which inhibits transcrip-
tion and liberates the target promoter, leading to the
rapid induction of neuronal IEGs.

Recent studies have been revealed the links chro-
matin loop to activity dependent gene expression.
Proximity ligation-assisted ChIP-seq (PLAC-seq)
identified long-distance interactions between activ-
ity-dependent gene promoter with enhancer upon
neural stimulation [141]. The core cohesin subunit
Rad21 is required for activity dependent transcrip-
tion, and the occupancy of Rad21 at enhancers and
promoters correlated with changes in H3K27ac upon



Chromatin structure in the CNS 83

neural stimulation. Conditional CRISPR knockout of
Rad21 in adult mouse granule neurons significantly
reduced enhancer—promoter interactions undergoing
delay motor learning. These results suggest the re-
lation of activity dependent changes in chromatin
loops and transcription to drive brain function.

A study used high-resolution 5C, which allows
the detection of chromatin interactions between all
selected fragments within a given region (typically
on the megabase-scale), and Hi-C to reveal how
activity-dependent enhancers are temporally connect-
ed via long-range chromatin loops to regulate gene
expression during a wide range of neuronal activity
paradigms. IEGs, including Fos and Arc, connect to
activity-dependent enhancers via singular short-range
loops that form within 20 min after neuronal stim-
ulation, whereas the SRG Bdnf engages with both
pre-existing and activity-inducible loops that form
within 1-6 h [142]. Moreover, activity-dependent
loops form prior to the peaking of mRNA levels
of IEGs [142]. Neural activity has been known to
regulate gene expression, but the causative mecha-
nism is still unclear. These observations provide the
possibility that activity-dependent nuclear remodeling
contributes to activity-dependent changes in gene
expression in neurons. Flexibility of the 3D genome
structure might allow the rapid control of neuronal
activity-induced gene expression, resulting in the

corresponding cellular function.

DYSREGULATION OF SPATIAL CHRO-
MATIN ARCHITECTURE IN DISEASE

In addition to evidence supporting the crucial role
of spatial chromatin architecture in gene expression,
findings from numerous studies have noted its as-
sociation with mutations that occur outside protein
coding region, suggesting the importance of regula-
tory elements such as promoters and enhancers in
normal development [143]. In other words, dysreg-
ulation of chromatin architecture is frequently linked
to diseases. Indeed, as mentioned above, deleterious
mutations in the genes that encode chromatin archi-
tectural proteins such as CTCF and cohesin cause
various developmental abnormalities.

Deleterious mutations in cohesin core subunit- or

cohesin-related genes cause the multisystem de-

velopmental disorder Cornelia de Lange syndrome
(CdLS) [144-146]. Mutations in the gene for co-
hesin loader, NIPBL were first identified in CdLS,
followed by mutations in the genes for the cohesin
subunits SMC1A, SMC3, and RAD21 [147-150].
Mutations in regulatory factors, HDACS, which
regulates SMC3 acetylation and cohesion cycling,
BRD4, and ANKRDI1 were also detected [151,
152]. Individuals with CdLS show diverse symp-
toms, including intellectual disabilities, anxiety, at-
tention deficit hyperactivity disorder, and autism-like
characteristics [153, 154]. Smc3 heterozygous
deficient mice show increased dendritic complexi-
ty and decreased spine density in cortical neurons
[155, 156]. Neuron-specific Smc3 deletion mice
exhibit the same phenotype as the global heterozy-
gous knockout mice, indicating that cohesin func-
tion in postmitotic neurons is required for proper
neuronal network formation (Fig. 2c). These mice
also demonstrate increased anxiety-related behaviors
that are consistent with the symptoms of CdLS. A
gene-ontology analysis following RNA sequencing
revealed altered gene expression in the cortices of
Smc3 heterozygous deficient mice compared to that
in wild-type mice. Loss of cohesin function causes
disruptions in chromatin loops, with subsequent ef-
fects on transcriptional regulation [66, 157-159].
Conditional CRISPR knockout of Rad21 in granule
neurons disrupts enhancer-promoter interactions and
the tactile startle response, which suggests that spe-
cific loops mediated by cohesin may be required for
motor-learning [141]. These observations link 3D
genome architecture to brain functions.

Studies on in vivo ablation of CTCF have also
suggested important roles for chromatin architecture
in brain functions. De novo mutations in CTCF
cause intellectual disability [160], and neuron-spe-
cific CTCF knockout mice exhibit decreased den-
dritic arborization and spine density. These mice
also show postnatal growth retardation and abnormal
behaviors. Furthermore, ablation of CTCF disturbs
gene transcription, including that of the protocadher-
in genes [161].

Kilobase-resolution of Hi-C analysis allows to de-
tect specific chromatin loops between cis-regulatory
elements [51, 55]. Hi-C mapping in induced plurip-
otent stem cell-derived NPCs revealed cell type-spe-
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cific chromatin interactions in the schizophrenia
(SZ) risk locus [113]. Compared with those in
glia and other non-neuronal cells, larger numbers of
cell-type-specific chromosomal contacts anchored in
the risk locus were detected in neurons and NPCs.
Since the authors also showed loss of short-range
loops and the overall contraction of the spatial ge-
nome space during the NPC to neuron differentia-
tion, chromatin interactions associated with SZ risk
may increase as neurons differentiate. In addition,
the SZ risk-related chromosomal connectome spe-
cific to NPCs or neurons showed coordinated gene
expression and proteomic interactions. Thus, devel-
opmental chromatin interactions at the SZ risk-relat-
ed locus, which occur more frequently in neurons
than in other cell types, reflect the cell type—specific
vulnerabilities in spatial genome organization.
However, Kilobase-resolution of Hi-C analysis is
often challenging, since it requires sufficient number
of cells (1-10 million) and high sequencing depth
at billion-scale. A new low input (50-100k cells)
“easy Hi-C" overcomes the limitations of Hi-C by
using a biotin-free strategy to enrich ligation prod-
ucts [162]. Combined with a rigorous Hi-C bi-
as-correction pipeline (HiCorr), that substantially
improved the mapping of sub-TAD chromatin loops
at fragment resolution, reveals cell-type specific
chromatin loops or enhancer aggregates during neu-
ral differentiation (Fig. 3). Chromatin loops, but
not compartments can be hallmarks of neural dif-

ferentiation and neural functions. In addition, these
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new toolsets concluded that Hi-C loop outperforms
expression quantitative trait locus (eQTL) in de-
fining neurological genome-wide association study
(GWAS) target genes. Some known brain GWAS
loci lose pre-formed chromatin loops during neural
differentiation. For instance, CTCF loop connecting
the GWAS locus in the third intron of CACNAIC,
which is strongly associated with SZ and bipolar
disorder [163], to the CACNAIC promoter is spe-
cifically detected in human induced pluripotent stem
cells (hiPSC). The loop weakens towards neurogen-
esis (i.e. in hNPC and hNeuron) when the gene is
upregulated. Transcription elongation possibly cause
this loop disruption [164]. These findings provide
the working model that the GWAS locus gains a
gene regulatory potential when it connects to gene
promoter mediated by CTCF loop, and genetic vari-
ants in the risk locus may affect gene expression.
Thus, high-resolution 3D genome analysis is effi-
cient approach to elucidate the disease etiology.
Dysregulation of activity-dependent signaling con-
tributes to the pathogenesis of neurodevelopmen-
tal and neuropsychiatric diseases [165]. Recently,
risk-associated single-nucleotide variants (SNVs)
associated with diseases, such as autism spectrum
disorders (ASDs) and SZ, have been shown to
colocalize with distinct classes of activity-depen-
dent looped enhancers [142]; different features of
schizophrenia-associated SNVs, which are connected
to downregulated genes after synaptic activity, and

ASD-associated SNVs, which connect activity-induc-

hiPSC

hNPC

hNeuron

Figure 3. The CACNAIC GWAS locus lose chromatin loop towards neural differentiation

The distal GWAS locus related to schizophrenia and bipolar disorder is recruited to the CACNAIC promoter by
CTCF-mediated loop only in hiPSCs when its expression level is low but detectable. The loop gets weaker in hN-
PCs and hNeurons when CACNAIC expression is upregulated.
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ible enhancers to activity-upregulated target genes,
were observed. These results suggest the possible
existence of disease-specific alterations of activi-
ty-dependent looping, which lead to disease-specific
neuronal phenotypes.

CONCLUSION AND FUTURE PERSPEC-
TIVES

Although we have focused on the 3D organization
of chromatin structure during neural differentiation
in this review, it is a crucial phenomenon important
across the entire lifespan [166, 167]. Our under-
standing of the role and regulatory mechanisms of
spatial chromatin structure and its effects on gene
expression and biological and physiological func-
tions has progressed significantly. However, as new
findings emerge, they raise further questions regard-
ing the mechanism and function of the 3D genome
organization in gene expression and physiological
functioning. One prominent question is discerning
cause and consequence of the spatial alteration of
chromatin architecture. As discussed above, ablation
of CTCF or cohesin has limited effects on gene
expression and histone modification even though it
causes TAD loss [86, 87], suggesting that transcrip-
tional regulation might be preserved even if TADs
are almost completely disrupted. On the other hand,
deletion of the genes encoding for CTCF or cohesin
causes severe deficits in neural circuit formation and
behavior. Taken together, it is intriguing to hypoth-
esize that the disorganization of chromatin domain
interactions, and not of transcriptional regulation,
could be a causal effect of neurodevelopmental dis-
orders. Furthermore, in a single cell ATAC-seq study
in the developing human forebrain, cell type-specific
changes in chromatin accessibility during cortico-
genesis were detected, and cell type distinctions
beyond transcriptional definitions could be resolved
[168]. Recent technical advance by developing
Simultaneous High-throughput ATAC and RNA Ex-
pression with sequencing (SHARE-seq) enables to
assess combination measures of chromatin accessi-
bility and gene expression within the same single
cell. SHARE-seq identified cis-regulatory chromatin
interactions and showed chromatin accessibility at

domains of regulatory chromatin precedes gene ex-

pression during lineage commitment [169]. These
findings suggest the causal changes in chromatin
accessibility may induce transcriptional changes. The
causes of chromatin folding and its consequences
for chromatin function in gene expression and bio-
logical functions should be discussed more in light
of future studies and technical advances.

Aberrant 3D genome organization has been de-
tected in neurological diseases such as SZ and ASD.
In addition, mutations in the chromosomal architec-
tural proteins, such as CTCF and cohesin impairs
neural development and brain functions. Therefore,
techniques for the manipulation of 3D genome or-
ganization, such as forced chromatin looping, could
be novel therapeutic targets for neurodevelopmental
diseases. Such technical improvements promise to
help in unveiling the principles of 3D genome orga-
nization and its functions and in the development of
novel approaches to repair the 3D genome disorga-

nization in disease states.

Conflict of interest
The author declares there are no conflicts of inter-

est.

REFERENCES

1) Lander ES, Linton LM, Birren B, et al.
Initial sequencing and analysis of the hu-
man genome. Nature 2001;409:860-921. doi:
10.1038/35057062.

2) Venter JC, Adams MD, Myers EW, et al.
The sequence of the human genome. Sci-
ence 2001;291:1304-1351. doi: 10.1126/
science.1058040.

3) van Holde KE. Chromatin. New York: Springer;
1989.

4) Wolffe A. Chromatin: Structure and Function.
3rd ed. Elsevier Science; 1998.

5) Sexton T, Cavalli G. The role of chromo-
some domains in shaping the functional ge-
nome. Cell 2015;160:1049-1059. doi: 10.1016/
j.cell.2015.02.040.

6) Cremer T, Cremer M, Dietzel S, Muller S,
Solovei I, Fakan S. Chromosome territories--a
functional nuclear landscape. Curr Opin Cell Biol
2006;18:307-316. doi: 10.1016/j.ceb.2006.04.007.



86 FUIITA

7) Lanctot C, Cheutin T, Cremer M, Cavalli G,
Cremer T. Dynamic genome architecture in the
nuclear space: regulation of gene expression in
three dimensions. Nat Rev Genet 2007;8:104-115.
doi: 10.1038/nrg2041.

8) Bickmore WA, van Steensel B. Genome architec-
ture: domain organization of interphase chromo-
somes. Cell 2013;152:1270-1284. doi: 10.1016/
j.cell.2013.02.001.

9) Cavalli G, Misteli T. Functional implica-
tions of genome topology. Nat Struct Mol Biol
2013;20:290-299. doi: 10.1038/nsmb.2474.

10) de Laat W, Duboule D. Topology of mamma-
lian developmental enhancers and their regula-
tory landscapes. Nature 2013;502:499-506. doi:
10.1038/nature12753.

11) Gibcus JH, Dekker J. The hierarchy of the
3D genome. Mol Cell 2013;49:773-782. doi:
10.1016/j.molcel.2013.02.011.

12) Phillips-Cremins JE, Corces VG. Chromatin
insulators: linking genome organization to cel-
lular function. Mol Cell 2013;50:461-474. doi:
10.1016/j.molcel.2013.04.018.

13) Gorkin DU, Leung D, Ren B. The 3D genome
in transcriptional regulation and pluripotency.
Cell Stem Cell 2014;14:762-775. doi: 10.1016/
j-stem.2014.05.017.

14) Ong CT, Corces VG. CTCF: an architectural
protein bridging genome topology and function.
Nat Rev Genet 2014;15:234-246. doi: 10.1038/
nrg3663.

15) Phillips-Cremins JE. Unraveling architecture
of the pluripotent genome. Curr Opin Cell Biol
2014;28:96-104. doi: 10.1016/j.ceb.2014.04.006.

16) Dekker J, Heard E. Structural and functional
diversity of Topologically Associating Domains.
FEBS Lett 2015;589:2877-2884. doi: 10.1016/
j-febslet.2015.08.044.

17) Lupianez DG, Kraft K, Heinrich V, et al. Dis-
ruptions of topological chromatin domains cause
pathogenic rewiring of gene-enhancer interac-
tions. Cell 2015;161:1012-1025. doi: 10.1016/
j-cell.2015.04.004.

18) Vernimmen D, Bickmore WA. The Hierarchy
of Transcriptional Activation: From Enhancer to
Promoter. Trends Genet 2015:31:696-708. doi:
10.1016/j.tig.2015.10.004.

19) Bonev B, Cavalli G. Organization and function
of the 3D genome. Nat Rev Genet 2016;17:772.
doi: 10.1038/nrg.2016.147.

20) Corces MR, Corces VG. The three-dimensional
cancer genome. Curr Opin Genet Dev 2016;36:1-
7. doi: 10.1016/j.2de.2016.01.002.

21) Dekker J, Mirny L. The 3D Genome as
Moderator of Chromosomal Communication.
Cell 2016;164:1110-1121. doi: 10.1016/j.
cell.2016.02.007.

22) Dixon JR, Gorkin DU, Ren B. Chromatin
Domains: The Unit of Chromosome Organiza-
tion. Mol Cell 2016;62:668-680. doi: 10.1016/
j-molcel.2016.05.018.

23) Hnisz D, Day DS, Young RA. Insulated Neigh-
borhoods: Structural and Functional Units of
Mammalian Gene Control. Cell 2016;167:1188-
1200. doi: 10.1016/j.cell.2016.10.024.

24) Krijger PH, de Laat W. Regulation of dis-
case-associated gene expression in the 3D ge-
nome. Nat Rev Mol Cell Biol 2016;17:771-782.
doi: 10.1038/nrm.2016.138.

25) Long HK, Prescott SL, Wysocka J. Ever-Chang-
ing Landscapes: Transcriptional Enhancers in
Development and Evolution. Cell 2016;167:1170-
1187. doi: 10.1016/j.cell.2016.09.018.

26) Merkenschlager M, Nora EP. CTCF and
Cohesin in Genome Folding and Transcrip-
tional Gene Regulation. Annu Rev Genomics
Hum Genet 2016;17:17-43. doi: 10.1146/an-
nurev-genom-083115-022339.

27) Rajarajan P, Gil SE, Brennand KJ, Akbarian S.
Spatial genome organization and cognition. Nat
Rev Neurosci 2016;17:681-691. doi: 10.1038/
nrn.2016.124.

28) Schmitt AD, Hu M, Ren B. Genome-wide
mapping and analysis of chromosome architecture.
Nat Rev Mol Cell Biol 2016;17:743-755. doi:
10.1038/nrm.2016.104.

29) Spitz F. Gene regulation at a distance: From
remote enhancers to 3D regulatory ensembles. Se-
min Cell Dev Biol 2016;57:57-67. doi: 10.1016/
j.semcdb.2016.06.017.

30) Valton AL, Dekker J. TAD disruption as onco-
genic driver. Curr Opin Genet Dev 2016;36:34-
40. doi: 10.1016/j.gde.2016.03.008.

31) Yu M, Ren B. The Three-Dimensional Or-



Chromatin structure in the CNS 87

ganization of Mammalian Genomes. Annu Rev
Cell Dev Biol 2017;33:265-289. doi: 10.1146/
annurev-cellbio-100616-060531.

32) Furlong EEM, Levine M. Developmental en-
hancers and chromosome topology. Science
2018;361:1341-1345. doi: 10.1126/science.
aau0320.

33) Hansen AS, Cattoglio C, Darzacq X, Tjian R.
Recent evidence that TADs and chromatin loops
are dynamic structures. Nucleus 2018;9:20-32.
doi: 10.1080/19491034.2017.1389365.

34) Kishi Y, Gotoh Y. Regulation of Chroma-
tin Structure During Neural Development.
Front Neurosci 2018;12:874. doi: 10.3389/
fnins.2018.00874.

35) Rowley MJ, Corces VG. Organizational prin-
ciples of 3D genome architecture. Nat Rev Genet
2018;19:789-800. doi: 10.1038/s41576-018-0060-
8.

36) Spielmann M, Lupianez DG, Mundlos S. Struc-
tural variation in the 3D genome. Nat Rev Genet
2018;19:453-467. doi: 10.1038/s41576-018-0007-
0.

37) Jansz N, Torres-Padilla ME. Genome activation
and architecture in the early mammalian em-
bryo. Curr Opin Genet Dev 2019;55:52-58. doi:
10.1016/j.gde.2019.04.011.

38) Mirny LA, Imakaev M, Abdennur N. Two ma-
jor mechanisms of chromosome organization. Curr
Opin Cell Biol 2019;58:142-152. doi: 10.1016/
j.ceb.2019.05.001.

39) Rajarajan P, Borrman T, Liao W, et al. Spa-
tial genome exploration in the context of cog-
nitive and neurological disease. Curr Opin
Neurobiol 2019;59:112-119. doi: 10.1016/
j.conb.2019.05.007.

40) Robson MI, Ringel AR, Mundlos S. Regulatory
Landscaping: How Enhancer-Promoter Communi-
cation Is Sculpted in 3D. Mol Cell 2019;74:1110-
1122. doi: 10.1016/j.molcel.2019.05.032.

41) Schoenfelder S, Fraser P. Long-range en-
hancer-promoter contacts in gene expression
control. Nat Rev Genet 2019;20:437-455. doi:
10.1038/s41576-019-0128-0.

42) Szabo Q, Bantignies F, Cavalli G. Principles of
genome folding into topologically associating do-
mains. Sci Adv 2019;5:eaaw1668. doi: 10.1126/

sciadv.aaw1668.

43) van Steensel B, Furlong EEM. The role of
transcription in shaping the spatial organization of
the genome. Nat Rev Mol Cell Biol 2019;20:327-
337. doi: 10.1038/s41580-019-0114-6.

44) Zheng H, Xie W. The role of 3D genome or-
ganization in development and cell differentiation.
Nat Rev Mol Cell Biol 2019;20:535-550. doi:
10.1038/s41580-019-0132-4.

45) Kempfer R, Pombo A. Methods for mapping
3D chromosome architecture. Nat Rev Genet
2020;21:207-226. doi: 10.1038/s41576-019-0195-
2.

46) Cremer T, Cremer M. Chromosome territories.
Cold Spring Harb Perspect Biol 2010;2:a003889.
doi: 10.1101/cshperspect.a003889.

47) Lieberman-Aiden E, van Berkum NL, Wil-
liams L, et al. Comprehensive mapping of long-
range interactions reveals folding principles of the
human genome. Science 2009;326:289-293. doi:
10.1126/science.1181369.

48) Wang S, Su JH, Beliveau BIJ, et al. Spa-
tial organization of chromatin domains and
compartments in single chromosomes. Science
2016;353:598-602. doi: 10.1126/science.aaf8084.

49) Dixon JR, Selvaraj S, Yue F, et al. Topolog-
ical domains in mammalian genomes identified
by analysis of chromatin interactions. Nature
2012;485:376-380. doi: 10.1038/nature11082.

50) Nora EP, Lajoie BR, Schulz EG, ef al. Spatial
partitioning of the regulatory landscape of the
X-inactivation centre. Nature 2012;485:381-385.
doi: 10.1038/mature11049.

51) Rao SS, Huntley MH, Durand NC, et al.
A 3D map of the human genome at kilobase
resolution reveals principles of chromatin loop-
ing. Cell 2014;159:1665-1680. doi: 10.1016/
j-cell.2014.11.021.

52) Symmons O, Uslu VV, Tsujimura T, et al.
Functional and topological characteristics of
mammalian regulatory domains. Genome Res
2014;24:390-400. doi: 10.1101/gr.163519.113.

53) Shen Y, Yue F, McCleary DF, ef al. A map
of the cis-regulatory sequences in the mouse ge-
nome. Nature 2012;488:116-120. doi: 10.1038/
naturel1243.

54) Sanyal A, Lajoie BR, Jain G, Dekker, J. The



88 FUIITA

long-range interaction landscape of gene promot-
ers. Nature 2012;489:109-113. doi: 10.1038/
naturel11279.

55) Jin F, Li Y, Dixon JR, et al. A high-resolution
map of the three-dimensional chromatin interac-
tome in human cells. Nature 2013;503:290-294.
doi: 10.1038/nature12644.

56) Zhang Y, Wong CH, Birnbaum RY, et al.
Chromatin connectivity maps reveal dynamic pro-
moter-enhancer long-range associations. Nature
2013;504:306-310. doi: 10.1038/naturel12716.

57) Holwerda SJ, de Laat W. CTCF: the pro-
tein, the binding partners, the binding sites and
their chromatin loops. Philos Trans R Soc Lond
B Biol Sci 2013;368:20120369. doi: 10.1098/
rsth.2012.0369.

58) Phillips JE, Corces VG. CTCF: master weaver
of the genome. Cell 2009;137:1194-1211. doi:
10.1016/j.cell.2009.06.001.

59) DeMare LE, Leng J, Cotney J, et al. The ge-
nomic landscape of cohesin-associated chromatin
interactions. Genome Res 2013;23:1224-1234.
doi: 10.1101/gr.156570.113.

60) Dowen JM, Fan ZP, Hnisz D, et al. Con-
trol of cell identity genes occurs in insulat-
ed neighborhoods in mammalian chromo-
somes. Cell 2014;159:374-387. doi: 10.1016/
j.cell.2014.09.030.

61) Handoko L, Xu H, Li G, et al. CTCF-mediat-
ed functional chromatin interactome in pluripotent
cells. Nat Genet 2011;43:630-638. doi: 10.1038/
ng.857.

62) Ji X, Dadon DB, Powell BE, et al. 3D Chro-
mosome Regulatory Landscape of Human Plurip-
otent Cells. Cell Stem Cell 2016;18:262-275. doi:
10.1016/j.stem.2015.11.007.

63) Splinter E, Heath H, Kooren J, et al. CTCF
mediates long-range chromatin looping and lo-
cal histone modification in the beta-globin locus.
Genes Dev 2006;20:2349-2354. doi: 10.1101/
gad.399506.

64) Tang WW, Dietmann S, Irie N, er al. A
Unique Gene Regulatory Network Resets the
Human Germline Epigenome for Develop-
ment. Cell 2015;161:1453-1467. doi: 10.1016/
j-cell.2015.04.053.

65) Tolhuis B, Palstra RJ, Splinter E, Grosveld

F, de Laat W. Looping and interaction between
hypersensitive sites in the active beta-globin lo-
cus. Mol Cell 2002;10:1453-1465. doi: 10.1016/
$s1097-2765(02)00781-5.

66) Zuin J, Dixon JR, van der Reijden MI, et al.
Cohesin and CTCF differentially affect chromatin
architecture and gene expression in human cells.
Proc Natl Acad Sci U S A 2014;111:996-1001.
doi: 10.1073/pnas.1317788111.

67) Vietri Rudan M, Barrington C, Henderson S, et
al. Comparative Hi-C reveals that CTCF under-
lies evolution of chromosomal domain architec-
ture. Cell Rep 2015;10:1297-1309. doi: 10.1016/
j.celrep.2015.02.004.

68) Jeppsson K, Kanno T, Shirahige K, Sjogren
C. The maintenance of chromosome structure:
positioning and functioning of SMC complexes.
Nat Rev Mol Cell Biol 2014;15:601-614. doi:
10.1038/nrm3857.

69) Nasmyth K. Cohesin: a catenase with separate
entry and exit gates? Nat Cell Biol 2011;13:1170-
1177. doi: 10.1038/ncb2349.

70) Uhlmann F. SMC complexes: from DNA
to chromosomes. Nat Rev Mol Cell Biol
2016;17:399-412. doi: 10.1038/nrm.2016.30.

71) Kagey MH, Newman JJ, Bilodeau S, ef al.
Mediator and cohesin connect gene expression
and chromatin architecture. Nature 2010;467:
430-435. doi: 10.1038/nature09380.

72) Parelho V, Hadjur S, Spivakov M, et al. Co-
hesins functionally associate with CTCF on mam-
malian chromosome arms. Cell 2008;132:422-
433. doi: 10.1016/j.cell.2008.01.011.

73) Rubio ED, Reiss DJ, Welcsh PL, er al. CTCF
physically links cohesin to chromatin. Proc Natl
Acad Sci U S A 2008;105:8309-8314. doi:
10.1073/pnas.0801273105.

74) Stedman W, Kang H, Lin S, Kissil JL, Bartolo-
mei MS, Lieberman PM. Cohesins localize with
CTCF at the KSHV latency control region and at
cellular c-myc and H19/Igf2 insulators. EMBO J
2008;27:654-666. doi: 10.1038/emboj.2008.1.

75) Wendt KS, Yoshida K, Itoh T, et al. Co-
hesin mediates transcriptional insulation by
CCCTC-binding factor. Nature 2008;451:796-801.
doi: 10.1038/nature06634.

76) Fudenberg G, Imakaev M, Lu C, Golob-



Chromatin structure in the CNS 89

orodko A, Abdennur N, Mirny LA. Formation
of Chromosomal Domains by Loop Extrusion.
Cell Rep 2016;15:2038-2049. doi: 10.1016/
j.celrep.2016.04.085.

77) Sanborn AL, Rao SS, Huang SC, ef al.
Chromatin extrusion explains key features of
loop and domain formation in wild-type and
engineered genomes. Proc Natl Acad Sci U
S A4 2015;112:E6456-6465. doi: 10.1073/
pnas.1518552112.

78) Hansen AS, Pustova I, Cattoglio C, Tjian R,
Darzacq X. CTCF and cohesin regulate chroma-
tin loop stability with distinct dynamics. Elife
2017;6:€25776. doi: 10.7554/eLife.25776.

79) Nora EP, Goloborodko A, Valton AL, et al.
Targeted Degradation of CTCF Decouples Local
Insulation of Chromosome Domains from Genom-
ic Compartmentalization. Cell 2017;169:930-944
€922. doi: 10.1016/j.cell.2017.05.004.

80) Ganji M, Shaltiel IA, Bisht S, et al. Real-time
imaging of DNA loop extrusion by condensin.
Science 2018;360:102-105. doi: 10.1126/science.
aar7831.

81) Kim Y, Shi Z, Zhang H, Finkelstein 1J, Yu H.
Human cohesin compacts DNA by loop extru-
sion. Science 2019;366:1345-1349. doi: 10.1126/
science.aaz4475.

82) Davidson IF, Bauer B, Goetz D, Tang W,
Wutz G, Peters JM. DNA loop extrusion by hu-
man cohesin. Science 2019;366:1338-1345. doi:
10.1126/science.aaz3418.

83) Li Y, Haarhuis JHI, Sedefio Cacciatore A, et
al. The structural basis for cohesin-CTCF-an-
chored loops. Nature 2020;578:472-476. doi:
10.1038/s41586-019-1910-z.

84) Pugacheva EM, Kubo N, Loukinov D, ef al.
CTCF mediates chromatin looping via N-termi-
nal domain-dependent cohesin retention. Proc
Natl Acad Sci U S 4 2020;117:2020-2031. doi:
10.1073/pnas.1911708117.

85) Shi Z, Gao H, Bai XC, Yu H. Cryo-EM struc-
ture of the human cohesin-NIPBL-DNA complex.
Science 2020;368:1454-1459. doi: 10.1126/
science.abb0981.

86) Schwarzer W, Abdennur N, Goloborodko A,
et al. Two independent modes of chromatin or-

ganization revealed by cohesin removal. Nature

2017;551:51-56. doi: 10.1038/nature24281.

87) Rao SS, Huang SC, St Hilaire BG, et al.
Cohesin Loss Eliminates All Loop Domains.
Cell 2017;171:305-320.¢24. doi: 10.1016/j.
cell.2017.09.026.

88) Haarhuis JHI, van der Weide RH, Blomen VA,
et al. The Cohesin Release Factor WAPL Restricts
Chromatin Loop Extension. Cell 2017;169:693-
707.e614. doi: 10.1016/j.cell.2017.04.013.

89) van Steensel B, Belmont AS. Lamina-Asso-
ciated Domains: Links with Chromosome Ar-
chitecture, Heterochromatin, and Gene Repres-
sion. Cell 2017;169:780-791. doi: 10.1016/
j.cell.2017.04.022.

90) Guerreiro I, Kind J. Spatial chromatin orga-
nization and gene regulation at the nuclear lam-
ina. Curr Opin Genet Dev 2019;55:19-25. doi:
10.1016/j.gde.2019.04.008.

91) Nagano T, Lubling Y, Stevens TJ, et al. Sin-
gle-cell Hi-C reveals cell-to-cell variability in
chromosome structure. Nature 2013;502:59-64.
doi: 10.1038/nature12593.

92) Stevens TJ, Lando D, Basu S, et al. 3D struc-
tures of individual mammalian genomes studied
by single-cell Hi-C. Nature 2017;544:59-64. doi:
10.1038/nature21429.

93) Yao B, Christian KM, He C, Jin P, Ming GL,
Song H. Epigenetic mechanisms in neurogen-
esis. Nat Rev Neurosci 2016;17:537-549. doi:
10.1038/nrn.2016.70.

94) Yoon KJ, Vissers C, Ming GL, Song H. Epi-
genetics and epitranscriptomics in temporal pat-
terning of cortical neural progenitor competence.
J Cell Biol 2018;217:1901-1914. doi: 10.1083/
jcb.201802117.

95) Borsos M, Perricone SM, Schauer T, et al. Ge-
nome-lamina interactions are established de novo
in the early mouse embryo. Nature 2019;569:729-
733. doi: 10.1038/s41586-019-1233-0.

96) Flyamer IM, Gassler J, Imakaev M, et al. Sin-
gle-nucleus Hi-C reveals unique chromatin reor-
ganization at oocyte-to-zygote transition. Nature
2017;544:110-114. doi: 10.1038/nature21711.

97) Battulin N, Fishman VS, Mazur AM, et al.
Comparison of the three-dimensional organization
of sperm and fibroblast genomes using the Hi-C
approach. Genome Biol 2015;16:77. doi: 10.1186/



90 FUIITA

s13059-015-0642-0.

98) Du Z, Zheng H, Huang B, et al. Allelic re-
programming of 3D chromatin architecture
during early mammalian development. Nature
2017;547:232-235. doi: 10.1038/nature23263.

99) Jung YH, Sauria MEG, Lyu X, ef al. Chro-
matin States in Mouse Sperm Correlate with
Embryonic and Adult Regulatory Landscapes.
Cell Rep 2017;18:1366-1382. doi: 10.1016/
j-celrep.2017.01.034.

100) Ke Y, Xu Y, Chen X, et al. 3D Chroma-
tin Structures of Mature Gametes and Structural
Reprogramming during Mammalian Embryogen-
esis. Cell 2017;170:367-381.€¢20. doi: 10.1016/
j-cell.2017.06.029.

101) Wang Y, Wang H, Zhang Y, ef al. Reprogram-
ming of Meiotic Chromatin Architecture during
Spermatogenesis. Mol Cell 2019;73:547-561.¢6.
doi: 10.1016/j.molcel.2018.11.019.

102) Alavattam KG, Maezawa S, Sakashita A, et
al. Attenuated chromatin compartmentalization
in meiosis and its maturation in sperm develop-
ment. Nat Struct Mol Biol 2019;26:175-184. doi:
10.1038/s41594-019-0189-y.

103) Hug CB, Grimaldi AG, Kruse K, Vaquer-
izas JM. Chromatin Architecture Emerges during
Zygotic Genome Activation Independent of
Transcription. Cell 2017;169:216-228 ¢l9. doi:
10.1016/j.cell.2017.03.024.

104) Gassler J, Branddio HB, Imakaev M, et al.
A mechanism of cohesin-dependent loop ex-
trusion organizes zygotic genome architecture.
EMBO J 2017;36:3600-3618. doi: 10.15252/
embj.201798083.

105) Aoto T, Saitoh N, Ichimura T, Niwa H,
Nakao M. Nuclear and chromatin reorganiza-
tion in the MHC-Oct3/4 locus at developmental
phases of embryonic stem cell differentiation.
Dev Biol 2006;298:354-367. doi: 10.1016/
J-ydbio.2006.04.450.

106) Meshorer E, Yellajoshula D, George E, Scam-
bler PJ, Brown DT, Misteli T. Hyperdynamic
plasticity of chromatin proteins in pluripotent em-
bryonic stem cells. Dev Cell 2006;10:105-116.
doi: 10.1016/j.devcel.2005.10.017.

107) Williams RR, Azuara V, Perry P, et al. Neu-

ral induction promotes large-scale chromatin

reorganisation of the Mashl locus. J Cell Sci
2006;119:132-140. doi: 10.1242/jcs.02727.

108) Bonev B, Mendelson Cohen N, Szabo Q,
et al. Multiscale 3D Genome Rewiring during
Mouse Neural Development. Cell 2017;171:557-
572.e24. doi: 10.1016/j.cell.2017.09.043.

109) Dixon JR, Jung I, Selvaraj S, et al. Chroma-
tin architecture reorganization during stem cell
differentiation. Nature 2015;518:331-336. doi:
10.1038/nature14222.

110) Schmitt AD, Hu M, Jung I, et al. A Com-
pendium of Chromatin Contact Maps Reveals
Spatially Active Regions in the Human Genome.
Cell Rep 2016;17:2042-2059. doi: 10.1016/
j-celrep.2016.10.061.

111) Fraser J, Ferrai C, Chiariello AM, et al. Hi-
erarchical folding and reorganization of chromo-
somes are linked to transcriptional changes in cel-
lular differentiation. Mol Syst Biol 2015;11:852.
doi: 10.15252/msb.20156492.

112) Visel A, Rubin EM, Pennacchio LA. Ge-
nomic views of distant-acting enhancers. Nature
2009;461:199-205. doi: 10.1038/nature08451.

113) Rajarajan P, Borrman T, Liao W, et al. Neu-
ron-specific signatures in the chromosomal con-
nectome associated with schizophrenia risk. Sci-
ence 2018;362:caatd4311. doi: 10.1126/science.
aat4311.

114) Peric-Hupkes D, Meuleman W, Pagie L, et
al. Molecular maps of the reorganization of ge-
nome-nuclear lamina interactions during differen-
tiation. Mol Cell 2010;38:603-613. doi: 10.1016/
j.molcel.2010.03.016.

115) Ahanger SH, Delgado RN, Gil E, ef al. Dis-
tinct nuclear compartment-associated genome
architecture in the developing mammalian brain.
Nat Neurosci 2021;24:1235-1242. doi: 10.1038/
$41593-021-00879-5.

116) Fiserova I, Efenberkova M, Sieger T, Mani-
nova M, Uhlirova J, Hozak P. Chromatin orga-
nization at the nuclear periphery as revealed by
image analysis of structured illumination micros-
copy data. J Cell Sci 2017;130:2066-2077. doi:
10.1242/jcs.198424.

117) Krull S, Dérries J, Boysen B, et al. Protein
Tpr is required for establishing nuclear pore-as-

sociated zones of heterochromatin exclusion.



Chromatin structure in the CNS 91

EMBO J 2010;29:1659-1673. doi: 10.1038/
emboj.2010.54.

118) Feodorova Y, Falk M, Mirny LA, Solovei
I. Viewing Nuclear Architecture through the
Eyes of Nocturnal Mammals. Trends Cell Biol
2020;30:276-289. doi: 10.1016/j.tcb.2019.12.008.

119) Tan L, Xing D, Daley N, Xie XS. Three-di-
mensional genome structures of single sensory
neurons in mouse visual and olfactory systems.
Nat Struct Mol Biol 2019;26:297-307. doi:
10.1038/s41594-019-0205-2.

120) Solovei I, Kreysing M, Lanctét C, et
al. Nuclear architecture of rod photorecep-
tor cells adapts to vision in mammalian evo-
lution. Cell 2009;137:356-368. doi: 10.1016/
j.cell.2009.01.052.

121) Solovei I, Wang AS, Thanisch K, et al. LBR
and lamin A/C sequentially tether peripheral
heterochromatin and inversely regulate differen-
tiation. Cell 2013;152:584-598. doi: 10.1016/
j.cell.2013.01.009.

122) Falk M, Feodorova Y, Naumova N, et al.
Heterochromatin drives compartmentalization
of inverted and conventional nuclei. Nature
2019;570:395-399. doi: 10.1038/s41586-019-
1275-3.

123) Monahan K, Horta A, Lomvardas S. LHX2-
and LDB1-mediated trans interactions regulate
olfactory receptor choice. Nature 2019;565:448-
453. doi: 10.1038/s41586-018-0845-0.

124) Le Gros MA, Clowney EJ, Magklara A, et
al. Soft X-Ray Tomography Reveals Gradual
Chromatin Compaction and Reorganization during
Neurogenesis In Vivo. Cell Rep 2016;17:2125-
2136. doi: 10.1016/j.celrep.2016.10.060.

125) Magklara A, Yen A, Colquitt BM, et al. An
epigenetic signature for monoallelic olfactory re-
ceptor expression. Cell 2011;145:555-570. doi:
10.1016/j.cell.2011.03.040.

126) Clowney EJ, LeGros MA, Mosley CP, et
al. Nuclear aggregation of olfactory recep-
tor genes governs their monogenic expres-
sion. Cell 2012;151:724-737. doi: 10.1016/
j-cell.2012.09.043.

127) Markenscoff-Papadimitriou E, Allen WE,
Colquitt BM, et al. Enhancer interaction networks

as a means for singular olfactory receptor ex-

pression. Cell 2014;159:543-557. doi: 10.1016/
j-cell.2014.09.033.

128) Armelin-Correa LM, Gutiyama LM, Brandt
DY, Malnic B. Nuclear compartmentalization
of odorant receptor genes. Proc Natl Acad Sci
US A42014;111:2782-2787. doi: 10.1073/
pnas.1317036111.

129) Yoon KH, Ragoczy T, Lu Z, et al. Olfactory
receptor genes expressed in distinct lineages are
sequestered in different nuclear compartments.
Proc Natl Acad Sci U S A 2015;112:E2403-
2409. doi: 10.1073/pnas.1506058112.

130) Buck L, Axel R. A novel multigene family
may encode odorant receptors: a molecular basis
for odor recognition. Cell 1991;65:175-187. doi:
10.1016/0092-8674(91)90418-x.

131) Imai T, Sakano H, Vosshall LB. Topographic
mapping--the olfactory system. Cold Spring Harb
Perspect Biol 2010;2:a001776. doi: 10.1101/
cshperspect.a001776.

132) Billia F, Baskys A, Carlen PL, De Boni U.
Rearrangement of centromeric satellite DNA in
hippocampal neurons exhibiting long-term poten-
tiation. Brain Res Mol Brain Res 1992;14:101-
108. doi: 10.1016/0169-328x(92)90016-5.

133) Wittmann M, Queisser G, Eder A, et al.
Synaptic activity induces dramatic changes in
the geometry of the cell nucleus: interplay be-
tween nuclear structure, histone H3 phosphor-
ylation, and nuclear calcium signaling. J Neu-
rosci 2009;29:14687-14700. doi: 10.1523/
JNEUROSCI.1160-09.20009.

134) De Boni U, Mintz AH. Curvilinear, three-di-
mensional motion of chromatin domains and
nucleoli in neuronal interphase nuclei. Science
1986;234:863-866. doi: 10.1126/science.3775367.

135) Fung LC, De Boni U. Modulation of nuclear
rotation in neuronal interphase nuclei by nerve
growth factor, by gamma-aminobutyric acid, and
by changes in intracellular calcium. Cell Motil
Cytoskeleton 1988;10:363-373. doi: 10.1002/
cm.970100303.

136) Herschman HR. Primary response genes
induced by growth factors and tumor promot-
ers. Annu Rev Biochem 1991;60:281-319. doi:
10.1146/annurev.bi.60.070191.001433.

137) Fowler T, Sen R, Roy AL. Regulation of pri-



92 FUIITA

mary response genes. Mol Cell 2011;44:348-360.
doi: 10.1016/j.molcel.2011.09.014.

138) Yap EL, Greenberg ME. Activity-Regulated
Transcription: Bridging the Gap between Neural
Activity and Behavior. Neuron 2018;100:330-348.
doi: 10.1016/j.neuron.2018.10.013.

139) Yamamoto KR, Alberts BM. Steroid receptors:
elements for modulation of eukaryotic transcrip-
tion. Annu Rev Biochem 1976;45:721-746. doi:
10.1146/annurev.bi.45.070176.003445.

140) Joo JY, Schaukowitch K, Farbiak L, Kilaru G,
Kim TK. Stimulus-specific combinatorial function-
ality of neuronal c-fos enhancers. Nat Neurosci
2016;19:75-83. doi: 10.1038/nn.4170.

141) Yamada T, Yang Y, Valnegri P, et al. Sen-
sory experience remodels genome architecture
in neural circuit to drive motor learning. Nature
2019;569:708-713. doi: 10.1038/s41586-019-
1190-7.

142) Beagan JA, Pastuzyn ED, Fernandez LR, et
al. Three-dimensional genome restructuring across
timescales of activity-induced neuronal gene ex-
pression. Nat Neurosci 2020;23:707-717. doi:
10.1038/s41593-020-0634-6.

143) Khurana E, Fu Y, Chakravarty D, Demiche-
lis F, Rubin MA, Gerstein M. Role of non-cod-
ing sequence variants in cancer. Nat Rev Genet
2016;17:93-108. doi: 10.1038/nrg.2015.17.

144) de Lange C. Sur un type nouveau de
dégénératio. Arch Méd Enfants 1933;36:713-719.

145) Ireland M, Donnai D, Burn J. Brachmann-de
Lange syndrome. Delineation of the clinical phe-
notype. Am J Med Genet 1993;47:959-964. doi:
10.1002/ajmg.1320470705.

146) Jackson L, Kline AD, Barr MA, Koch S. de
Lange syndrome: a clinical review of 310 indi-
viduals. A4m J Med Genet 1993;47:940-946. doi:
10.1002/ajmg.1320470703.

147) Deardorff MA, Kaur M, Yaeger D, et al.
Mutations in cohesin complex members SMC3
and SMCI1A cause a mild variant of cornelia de
Lange syndrome with predominant mental retar-
dation. Am J Hum Genet 2007;80:485-494. doi:
10.1086/511888.

148) Deardorff MA, Wilde JJ, Albrecht M, et al.
RAD21 mutations cause a human cohesinopa-
thy. Am J Hum Genet 2012;90:1014-1027. doi:

10.1016/j.ajhg.2012.04.019.

149) Krantz ID, McCallum J, DeScipio C, et
al. Cornelia de Lange syndrome is caused by
mutations in NIPBL, the human homolog of
Drosophila melanogaster Nipped-B. Nat Genet
2004;36:631-635. doi: 10.1038/ngl1364.

150) Tonkin ET, Wang TJ, Lisgo S, Bamshad MJ,
Strachan T. NIPBL, encoding a homolog of fun-
gal Scc2-type sister chromatid cohesion proteins
and fly Nipped-B, is mutated in Cornelia de
Lange syndrome. Nat Genet 2004;36:636-641.
doi: 10.1038/ngl1363.

151) Deardorff MA, Bando M, Nakato R, et al.
HDACS mutations in Cornelia de Lange syn-
drome affect the cohesin acetylation cycle. Nature
2012;489:313-317. doi: 10.1038/naturel1316.

152) Yuan B, Pehlivan D, Karaca E, ef al. Global
transcriptional disturbances underlie Cornelia de
Lange syndrome and related phenotypes. J Clin
Invest 2015;125:636-651. doi: 10.1172/JC177435.

153) Kline AD, Krantz ID, Deardorff MA, et al.
Cornelia de Lange syndrome and molecular im-
plications of the cohesin complex: Abstracts from
the 7th biennial scientific and educational sympo-
sium 2016. Am J Med Genet A 2017;173:1172-
1185. doi: 10.1002/ajmg.a.38161.

154) Kline AD, Moss JF, Selicorni A, et al. Di-
agnosis and management of Cornelia de Lange
syndrome: first international consensus statement.
Nat Rev Genet 2018;19:649-666. doi: 10.1038/
s41576-018-0031-0.

155) Fujita Y, Masuda K, Bando M, ef al. De-
creased cohesin in the brain leads to defective
synapse development and anxiety-related behavior.
J Exp Med 2017;214:1431-1452. doi: 10.1084/
jem.20161517.

156) Fujita Y, Yamashita T. Spatial organization
of genome architecture in neuronal development
and disease. Neurochem Int 2018;119:49-56. doi:
10.1016/j.neuint.2017.06.014.

157) Hadjur S, Williams LM, Ryan NK, et al. Co-
hesins form chromosomal cis-interactions at the
developmentally regulated IFNG locus. Nature
2009;460:410-413. doi: 10.1038/nature08079.

158) Seitan VC, Faure AJ, Zhan Y, et al. Cohes-
in-based chromatin interactions enable regulated

gene expression within preexisting architectural



Chromatin structure in the CNS 93

compartments. Genome Res 2013;23:2066-2077.
doi: 10.1101/gr.161620.113.

159) Sofueva S, Yaffe E, Chan WC, et al. Cohes-
in-mediated interactions organize chromosomal do-
main architecture. EMBO J 2013;32:3119-3129.
doi: 10.1038/emboj.2013.237.

160) Gregor A, Oti M, Kouwenhoven EN, ef
al. De novo mutations in the genome orga-
nizer CTCF cause intellectual disability. Am J
Hum Genet 2013;93:124-131. doi: 10.1016/
j-ajhg.2013.05.007.

161) Hirayama T, Tarusawa E, Yoshimura Y, Galjart
N, Yagi T. CTCF is required for neural develop-
ment and stochastic expression of clustered Pcdh
genes in neurons. Cell Rep 2012;2:345-357. doi:
10.1016/j.celrep.2012.06.014.

162) Lu L, Liu X, Huang WK, ef al. Robust Hi-C
Maps of Enhancer-Promoter Interactions Reveal
the Function of Non-coding Genome in Neural
Development and Diseases. Mol Cell 2020;79:521-
534.e15. doi: 10.1016/j.molcel.2020.06.007.

163) Moon AL, Haan N, Wilkinson LS, Thomas
KL, Hall J. CACNAI1C: Association With Psy-
chiatric Disorders, Behavior, and Neurogenesis.
Schizophr Bull 2018;44:958-965. doi: 10.1093/
schbul/sby096.

164) Heinz S, Texari L, Hayes MGB, et al. Tran-
scription Elongation Can Affect Genome 3D
Structure. Cell 2018;174:1522-1536.e22. doi:
10.1016/j.cell.2018.07.047.

165) Ebert DH, Greenberg ME. Activity-dependent
neuronal signalling and autism spectrum disor-
der. Nature 2013;493:327-337. doi: 10.1038/
naturel1860.

166) Martinez-Zamudio RI, Roux PF, de Freitas
JANLF, et al. AP-1 imprints a reversible tran-
scriptional programme of senescent cells. Nat Cell
Biol 2020;22:842-855. doi: 10.1038/s41556-020-
0529-5.

167) Sati S, Bonev B, Szabo Q, et al. 4D Genome
Rewiring during Oncogene-Induced and Replica-
tive Senescence. Mol Cell 2020;78:522-538.¢€9.
doi: 10.1016/j.molcel.2020.03.007.

168) Ziffra RS, Kim CN, Wilfert A, et al. Sin-
gle cell epigenomic atlas of the developing hu-
man brain and organoids. bioRxiv 2020. doi:
10.1101/2019.12.30.891549.

169) Ma S, Zhang B, LaFave LM, et al. Chromatin
Potential Identified by Shared Single-Cell Profil-
ing of RNA and Chromatin. Cel/ 2020;183:1103-
1116.€20. doi: 10.1016/j.cell.2020.09.056.






