Cell. Mol. Life Sci. (2018) 75:1205-1214
https://doi.org/10.1007/s00018-017-2706-7

Cellular and Molecular Life Sciences

REVIEW

@ CrossMark

The emerging roles for the chromatin structure regulators CTCF
and cohesin in neurodevelopment and behavior

Liron Davis! - Itay Onn? - Evan Elliott!

Received: 8 August 2017 / Revised: 9 October 2017 / Accepted: 31 October 2017 / Published online: 6 November 2017

© Springer International Publishing AG, part of Springer Nature 2017

Abstract Recent genetic and technological advances have
determined a role for chromatin structure in neurodevelop-
ment. In particular, compounding evidence has established
roles for CTCF and cohesin, two elements that are central
in the establishment of chromatin structure, in proper neu-
rodevelopment and in regulation of behavior. Genetic aber-
rations in CTCF, and in subunits of the cohesin complex,
have been associated with neurodevelopmental disorders in
human genetic studies, and subsequent animal studies have
established definitive, although sometime opposing roles,
for these factors in neurodevelopment and behavior. Con-
sidering the centrality of these factors in cellular processes
in general, the mechanisms through which dysregulation
of CTCF and cohesin leads specifically to neurological
phenotypes is intriguing, although poorly understood. The
connection between CTCF, cohesin, chromatin structure,
and behavior is likely to be one of the next frontiers in our
understanding of the development of behavior in general,
and neurodevelopmental disorders in particular.
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Chromosome organization in general
and in neurons

Chromatin organization in the nucleus of the eukaryotic cell
is highly complex, and is tightly associated with nuclear
functions including cell proliferation and differentiation.
Many studies have described local genomic structure at the
level of nucleosomes and histone modifications, and their
impact on genome stability, dynamics, and expression.
However, the importance of interactions between distant
genomic regions and the assembly of chromatin domains
to these properties is just beginning to be clarified, with the
help of new technological advances. Several proteins have
been identified as central players in the regulation chromatin
organization and chromatin domain organization. These fac-
tors include the CCCTC-binding factor (CTCF) and mem-
bers of the Structural Maintenance of Chromosome (SMC)
complexes cohesin and condensin. Understanding the inter-
play between these factors and chromatin organization is an
ongoing effort.

The chromosomes are not randomly organized in the
nuclei, rather each chromosome occupies a specific terri-
tory in the nucleus. Examination of the interphase nucleus
by microscopy reveals areas of highly condensed chromatin,
referred to as heterochromatin, and less condensed chroma-
tin, referred to as euchromatin. Modern molecular methods
allow for more detailed characterization of the chromatin
structure, including the existence of lamina-associated
domains (LADs), which are associated with transcriptional
inactivity, and topologically associated domains (TADs),
which are associated with transcriptional activity [1]. TADS
are formed by intra-chromosome interaction of remote
genomic regions that divide the chromatin into distinct
structural units and are located in the internal nuclear space.
Promoter—enhancer interactions typically occur within the
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same TAD, and enhancers typically will not bind promoters
found in a separate TAD. Therefore, the construction of a
TAD allows for concerted gene regulation within a defined
genomic region, and insulates that region from the influ-
ence of factors outside of that TAD. Chromosome structure
dramatically changes when cells enter mitosis. Chromosome
condensation and formation of distinct morphological bodies
is accompanied with the disappearance of TADs and gene
expression shutdown [2, 3].

Recent evidence suggests that neuronal differentiation
induces changes in genomic organization that may be rel-
evant to neuronal function and disease states. On a very
general level, it has been found that differentiation from
embryonic stem cells to post-mitotic neurons is accompa-
nied by migration of the euchromatin from the inner regions
of the nucleus to the periphery, and the opposite migration
of heterochromatin to the inner regions of the nucleus [4, 5].
Another study used Hi-C technology to uncover genomic
structure in the cortex of human fetuses, and discovered
unique brain-specific TADs, and enhancer—promoter
binding sites [6]. In addition, they found that schizophre-
nia-associated SNPs exist in several of the brain-specific
enhancer—promoter interactions. A recent study has also
added mechanistic insight, and determined that the meth-
yltransferase SETDB1 regulates the formation of neuron-
specific TADs [7]. Therefore, formation of specific TADS
and genomic interactions may be involved in proper neu-
rodevelopment and brain function.

Apart from the emerging studies suggesting neuron-
specific chromatin structure, there is growing evidence that
the proteins responsible for genomic organization, includ-
ing CTCF and complexes of the Structural maintenance of
chromosome (SMC), play important and specific roles in
neurodevelopment and behavior. Both genetic studies of
human neurodevelopmental conditions and animal models
studies have uncovered roles for CTCF and SMC complexes
in neurodevelopment and behavior. This review is focused
on reviewing the recent developments in this field.

Factors involved in chromatin organization

The CCCTC-binding factor (CTCF) is a sequence-specific
DNA binding protein with over 30,000 putative binding sites
in the human genome [8]. The center of the protein con-
tains eleven C2H2-type zinc fingers [9]. CTCF is involved
in diverse roles in gene regulation, including gene activation,
repression, genomic imprinting and V(D)J recombination
[10-12].

SMC is an evolutionary conserved family of ATPases that
regulates chromatin structure. The SMC complex cohesin
is composed of four core subunits [SMC1, SMC3, RAD21
(SAT1 or SA2)] and about 20 auxiliary proteins. These
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factors include the NIPBL/MAU?2 cohesin loader, the PDS5
unloader, the ESCO acetyltransferase, HDAC8 deacetylase
and the chromatin remodeler DDX11/Ch1R that are involved
in cohesion establishment during S phase of the cell cycle.
Cobhesin is best known for its role in mitotic sister chromatid
cohesion that allows proper segregation of the chromatids.
However, cohesin plays central roles in other mitotic and
non-mitotic processes that include DNA repair, recombi-
nation, chromosome condensation and regulation of gene
expression [10, 13].

Another member of the SMC family is condensin which
is involved in chromosome condensation. Mammalian cells
contain two related condensins, called condensin I and II.
These complexes share the core subunits SMC2 and SMC4
but differ in their regulatory subunits: NCAPH, NCAPG and
NCAPD2, and NCAPH2, NCAPG?2 and NCAPD3, respec-
tively. Condensin I and IT have distinct roles in the organiza-
tion of mitotic chromosomes. New evidence suggests that
condensin has a second role in transcription regulation dur-
ing interphase [14, 15].

CTCEF and Cohesin are intricately involved in TAD for-
mation. The TAD stem is defined by both factors, although
the exact mechanism through which TADs are formed is still
under debate. One recent theory of how loops are formed
in the DNA, called the “loop extrusion model”, states that
a DNA loop moves through the doughnut-like hole in the
cohesin complex, and only stops when it bumps into a pre-
viously bound CTCF. This will form a stable loop of DNA,
where cohesin and CTCF are interacting at the base of the
loop [16]. Other studies have recognized that cohesin and
CTCF may each have different, more specific, roles in the
formation of genomic structure. For example, downregula-
tion of cohesin leads to reduced inter-TAD interactions but
does not affect the structure of TADs. In contrast, depletion
of CTCF blurs the boundaries of the TAD, and results in
increased inter-domain interactions [17]. Similarly, conden-
sin Il is located at TAD boundaries, with the RNA polymer-
ase III regulatory factor TFIIC. However, its role in TAD
formation is less understood [18]. In addition, the effect of
CTCF and cohesin depletion on transcription is distinct.
While cohesin regulates expression by mediating interac-
tions between genes and remote enhancers, CTCF controls
expression by direct binding to promoters [17]. Knockdown
of the condensin II subunit NCAPH2 in mouse inhibited
the interaction between the two histone gene clusters, and
was associated with reduced expression of histone genes
[18]. Other studies implied that both CTCF and SMC com-
plexes affect protein levels through direct interaction with
components of the transcription and translation machiner-
ies. These factors include RNA polymerase II and III and
transcription factors, such as RUNX1, TFIDD, YY1, TFCII
[18-21]. Future studies are required to determine the mecha-
nisms by which these, and similar interactions contribute to
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chromatin structure and transcription in the context of nerve
cells growth and development.

Involvement of CTCF and SMC complexes
in the genetics of human neurodevelopmental
disorders

Several genetic studies have begun to reveal the importance
of CTCF in normal brain development and function. An
initial genetic study identified de novo mutations in CTCF
among four individuals who have intellectual disabilities
[22]. Of these individuals, two carried different frameshift
mutations, one carried a missense mutation, and one indi-
vidual displayed a whole gene deletion. Although the
genetic mutations were located on different position in the
gene encoding CTCF (N-terminal region/C-terminal region/
Zinc finger domain), the clinical features were similar. These
individuals displayed intellectual disability, microcephaly,
and growth retardation. In addition, two of the individu-
als displayed symptoms of autism. RNA-seq analysis of
lymphocytes from these individuals revealed 698 down-
regulated genes, including genes involved in processes that
are implicated in developmental and cognitive disorders,
and 118 upregulated genes, including ribosomal genes.
CTCEF binding sites, as determined by Chip-seq, were more
enriched in downregulated genes, compared to upregulated
genes. Moreover, Chromatin Interaction Analysis by Paired-
End Tag Sequencing (ChIA-PET) experimentation on the
chronic myelogenous leukemia cell line K562 further deter-
mined that chromatin loops occupied by CTCF and RNA
polymerase II are enriched for the genes that were down-
regulated in the cells of humans with mutations in CTCF.
These molecular analyses indicate that mutations in CTCF
may induce intellectual disabilities through destabilizing
promoter—enhancer loops that are necessary for gene tran-
scription. Recently, a second study has identified a genetic
aberration in CTCF in an individual with intellectual disabil-
ity, stunted growth, microcephaly, and developmental delay
[23]. The patient displayed a de novo frameshift mutation
that leads to a deletion in all 11 zinc-finger domains and
the C-terminal region. A separate genetic study determined
an association between Single Nucleotide Polymorphisms
(SNPs) in the genomic vicinity of CTCF and schizophrenia
[24]. The study detected strong association between SNPs
in the genes CTCF and CACNB2 and schizophrenia, using
a gene pathway-based approach. They found this association
in multiple cohorts, including separate cohorts of 5040 and
5082 individuals of European ancestry. Therefore, multiple
studies have implicated mutations in CTCF as causative fac-
tors in intellectual disabilities and there is some evidence to
associate CTCF to schizophrenia.

Mutations in several cohesin-encoding subunits and aux-
iliary factors are associated with multi-systematic develop-
mental disorders collectively called cohesinopathy. These
disorders are characterized by overlapping phenotypes
ranging from craniofacial abnormalities, cognitive impair-
ment and growth retardation, and include Cornelia de Lange
Syndrome (CdLS), Roberts syndrome (RBS), and Warsaw
Breakage Syndrome (WBS). CdLS is a rare, genetically het-
erogeneous disorder. Clinical features include characteristic
facial features and growth retardation. IQ mean is 53, rang-
ing from below 30-102. Many CdLS patients demonstrate
autistic and self-destructive tendencies. About 60% of all
clinical cases are associated with a mutation in the cohesin
loader NIPBL. Mutations in genes that encode the cohesin
core subunits SMC1A, SMC3 and RAD21 are associated
with 5%, 1-2% and < 1% of CdLS cases, respectively.
Mutations in the gene encoding for cohesin auxiliary factor
HDACS has been identified in about 4% of the clinical cases.
The severity of the clinical phenotype ranges from severe in
NIBPL-related cases to mild in SMC3-related cases [25].
The disorder is divided into five distinct subtypes based on
the molecular genetics and clinical features. Most cases of
CdLS are autosomal dominant while HDAC8 and SMC1A
are X-linked. Most of the deleterious mutations are de novo,
loss-of-function mutations that lead to haploinsufficiency.
Cells from CdLS patients reveal global changes in gene
expression [26].

Roberts syndrome (RBS) is an autosomal recessive dis-
order that is caused by a mutation in the ESCO2 acetyltrans-
ferase. Clinical features include severe pre- and postnatal
growth retardation and development, microbrachycephaly
and severe intellectual disability. In mammals, ESCO2 has
a paralog called ESCO1. Cohesion establishment is the pro-
cess in which ESCO2 and ESCO1 activates the chromatin
tethering activity of cohesin through the acetylation of the
SMC3 subunit of cohesin. Despite the mechanistic similarity
of their action, ESCO1 and ESCO2 regulate distinct func-
tions of cohesin. Mitotic cohesion establishment is mediated
by ESCO2 while ESCOL1 is involved in the formation of
chromosome loops that are associated with transcriptional
control [27]. Cells from RBS patients reveal premature sepa-
ration of centromeres, increased sensitivity to DNA damage
and reduced expression of rDNA genes, which in turn leads
to a defect in protein translation [28]. WBS is a very rare
disease with only a few cases reported. Similar to the other
cohesinopathies, clinical features of WBS include develop-
mental delays and severe intellectual disability. The molecu-
lar basis of the disorder is a mutation in the DNA helicase
DDX11/Chl1R, which is involved in cohesin loading onto the
chromosomes [29]. However, very little is known about this
extremely rare syndrome, and its molecular basis [30, 31].

Only recently, a human disorder of extreme micro-
cephaly and intellectual disability was identified in a
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cohort of patients, which is associated with mutations in
the genes encoding for the condensin I subunits NCAPH
and NCAPD?2, and condensin II subunit NCAPD3 [32].
Mitotic chromosomes from patients’ fibroblasts revealed
major defects in their structure, supporting the genotype
and the phenotypic pathogenicity. Certain phenotypic fea-
tures seem to be similar between individuals bearing muta-
tions in CTCF or members of the cohesin complex. These
features include growth retardation, microcephaly and cog-
nitive impairment, although there are often differences in
the severity of the phenotype. The molecular mechanism
behind the neurological symptoms remains to be elucidated
but could be due to changes in genome organization, de-
compaction of chromatin and alteration in gene expression.

Not only mutations in CTCF or the cohesin complex
themselves affect brain development and function, rather
modifications in their DNA binding site have also been
implicated in neurological diseases or disorders. Friedreich
ataxia (FRDA), in which there is progressive damage to the
nervous system, is caused by expansion of triplet-repeats
in the gene FXN [33, 34]. Several studies have shown that
these changes in the FXN gene in humans are associated
with a decrease in CTCF occupancy. A separate study found
an association between a C/T SNP in a CTCF binding site
in the gene HTR3A and schizophrenia in an Indian cohort
[35]. Further analysis found that methylation on the C allele
increases affinity for CTCF binding to the gene. Therefore,
a combination of differential genetics and epigenetics at
the CTCF binding site may influence the development of
schizophrenia. A separate study also identified differential
methylation in a CTCF binding site in the HTT gene, the

Fig. 1 Roles of CTCF or
cohesin in specific time

points in neuronal develop-
ment Independent studies have
determined roles for CTCF and
cohesin in genomic organiza-
tion and cellular function at
different time points in neuronal
differentiation. While there is
likely to be considerable overlap

Neuronal
Progenitor Cell

causative gene of Huntington’s Disease (HD), in individu-
als with HD. Finally, it has been shown that CTCF directly
binds to the promoter of FMR1, the causative gene in Frag-
ile X syndrome, and can regulate its transcription [36-38].
Therefore, dysregulation of CTCF binding at genes respon-
sible for neurodevelopmental phenotypes may also lead to
human disorders.

In addition, several proteins that complex with CTCF
and/or cohesin are known to be involved in neurodevel-
opmental disorders. MeCP2, which binds specifically to
methylated DNA, and can complex with both CTCF and
cohesin in neurons, is the causative gene in Rett’s Disorder,
a neurodevelopmental syndrome found mostly in girls [39].
MECP?2 has been found to be a regulator of CTCF binding
in neurons [40]. MECP2 and cohesin also form complex
with ATRX, an ATP-dependent helicase [41]. Mutations
in the gene ATRX cause X-linked mental retardation [42].
Another example is CHDS, an autism-associated gene [43]
that encodes another ATP-dependent helicase. CHDS binds
CTCF and can influence CTCF binding to the DNA [44].
Knockdown of CHD8 protein was associated with CpG
hypermethylation and histone hypoacetylation near CTCF
binding sites which lead to changes in CTCF insulator
and inhibitor activity [44]. These genetic studies point to
the existence of a chromatin-binding complex, containing
CTCEF, cohesin, MECP2, among many others, that play a
central role in proper neurodevelopment (Fig. 1).

In addition, dysregulation of condensin has also been
implicated in neurodevelopmental disorders. Mutations in
the gene MCPH1 are associated with autosomal recessive
primary microcephaly. In addition, there is some evidence
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that MCPH2 has a role in the evolution of human brain size
[45, 46]. Interestingly, a mutation in the gene leads to pre-
mature chromosome condensation in G2 phase and delayed
decondensation in G1 phase of the cell cycle. This cellular
outcome is mediated by untimely activation of condensin II,
and provides an additional link between chromosome organi-
zation and neurodevelopment.

Implication of CTCF and cohesin
in neurodevelopment and behavior from animal
studies

While in vitro studies and human genetics have implicated
that CTCEF, cohesin and condensin play a role in neurode-
velopment, animal studies are necessary to verify these roles
and to understand the mechanism through which CTCF
and cohesin specifically affect neurodevelopment. Since
knockout of CTCF leads to lethality in the early stage of
the embryo, several separate studies have developed condi-
tional knockout (¢cKO) mice to determine the role of CTCF
specifically in neurons and the brain [47-49]. One study
used a Nestin-driven Cre line to delete CTCF specifically in
neuronal precursor cells (NPCs) [50]. They determined that
CTCEF regulates the balance between NPC proliferation and
differentiation, as well as is necessary for the survival of the
NPCs. CTCF depletion in NPCs led to upregulation of the
TP53 effector PUMA, resulting in apoptosis. As a result, the
mice died approximately at the age of birth. A separate study
used a Nex-Cre line to delete CTCF specifically in post-
mitotic projection neurons [48]. Mice with a cKO of CTCF
in post-mitotic projection neurons had defects in dendritic
arborization and synapse formation which include a decrease
in dendritic intersection, length and filopodia spine density.
Moreover, they determined that CTCF regulates the stochas-
tic expression of clustered protocadherins (Pcdhs) genes,
which are essential for building functional neural networks
in the brain (21-23). Furthermore, in the same study, mice
displayed postnatal growth retardation and died approxi-
mately four weeks after the birth [48]. A recent study used
a Camkiia-cre to delete CTCF specifically in post-mitotic
excitatory forebrain neurons [51]. In contrast to the previous
studies, the mice survived several months, until approxi-
mately 4 months of age. These mice displayed specific
deficits in learning and memory, including spatial memory
and fear memory. These findings were in correlation with
impaired long-term potentiation and reduced spine density.
RNA sequencing (RNA-seq) verified that protocadherin
expression was also downregulated in the hippocampus of
these mice. However, in addition, experience-dependent
expression of key learning genes, BDNF, Arc, and Reln, was
also attenuated in this mouse model. 4C chromosome cap-
turing experiments determined dysregulation of chromatin

looping in the BDNF and Arc genes in neurons lacking
CTCF. Therefore, CTCF-dependent genomic structure
may be mandatory for experience-dependant increases in
learning-related genes. Therefore, several studies of CTCF
knockout in neurons show an important role of CTCF in
neurodevelopment and mature neuron function, which may
be partly related to its regulation of the protocadherin genes,
as well as regulation of cognition-related genes (Tables 1, 2).

Separate studies have recently highlighted how CTCF-
dependent chromatin organization may be directly modu-
lated by environmental events or pharmacological inter-
ventions. This opens up the interesting possibility that
CTCF-dependent chromatin organization is not a static
event, but rather may show plasticity, leading to down-
stream effects on behavior. In one such study, it was found
that Grin2B, gene encoding a subunit of a glutamate recep-
tor, contains a CTCF-dependent chromatin loop that can
be disturbed by neuronal activation, therefore inducing
gene expression [52]. In a separate study, it was found that
cocaine consumption can disrupt a CTCF-dependent chro-
matin loop at the AUTS2 gene through inhibiting CTCF
binding, and therefore inducing an increase in gene expres-
sion [53]. While previous studies have shown that genome
structure is plastic during development, or by internal cues,
such as circadian rhythms [54], these studies provide evi-
dence that CTCF-dependent chromatin structure in the adult
brain is a dynamic process that is regulated by external cues,
and affects downstream behavioral phenotypes.

These various studies have shed light into the roles that
CTCEF plays at specific time points during neuronal develop-
ment. Deletion of CTCF in neuronal precursor cells (NPCs)
leads directly to apoptosis, similar to the effect of CTCF
deletion in other dividing cell types [50]. In contrast, in one
study, deletion of CTCF in post-mitotic neurons was toler-
ated for up to 14 weeks before apoptosis [51]. Therefore,
CTCEF is particularly necessary for the inhibition of apop-
tosis in NPCs, although it apparently has additive effects in
post-mitotic neurons. An important note to consider is that
all of these models have determined the role of complete
CTCEF knockout in specific cell types, while the human con-
dition is caused by haploinsufficiency. Therefore, it is still
difficult to pinpoint the exact mechanisms involved in the
human condition, and is particularly not clear if haploinsuf-
ficiency would lead to any significant apoptotic processes.

RNA-seq of hippocampi from post-mitotic neuron-spe-
cific knockout in the Hirayama et al. study determined a
strong dysregulation of protocadherin gene expression at P7
[48]. Interestingly, the same dysregulation of protocadherin
gene expression was also determined in a separate model
at 8 weeks of age, although the changes were not as robust
[51]. Considering that protocadherins play an important role
in the establishment of neuronal connectivity during devel-
opment, it is notable that CTCF deletion has the strongest

@ Springer



1210

L. Davis et al.

72}
5]
2 —
on
% a
s|d
o~ =
=
o=}
2
o
-
&l
E
<
>
=
<
=
a,
Q
Q
o)
-
Q
2
g
gl 2
> =
2| =
2| =8
= <
5} (%)
= .-
=9 o
=1 =
<
£ 2
A
s | =
= o)
21 =
m L
]
<
5
=l
3
2
B
E ~E
o
S 3
= F
) S
2 S
= £
= 1S
= =
= [o}
E o
a g
] =
) o
s =
2 =
o) )
= | k=l
3 ﬁ —
= |ls| 8
= | 8] &
= 5] <
= = Q
el < o)
g O | =
2
Q
o)
172}
« 1
s g
S =
8 8
© =
° .8
on
5 £
e &
<
< 2
@ =
2 g
) c
o)
5| | &
(=9 =
g S
S 3
s}
§51.]¢
2|E|E
o | s S 9
9] a @]
ERER NS
S || O
=1
.8
72}
Q
<
o)
o
=3y
&
©E
- <
=
5] ° S 3
=2lg]0©
= o =
=101 0O

@ Springer

retardation

with intellectual disability; one case identified

in United Arab Emirates
60% of CdLS, autosomal dominant disorder

5% of CdLS, X-linked disorder

tions and transcriptional gene regulation

[66]

Craniofacial abnormalities, cognitive impairment

Cohesin loader into chromatin

NIPBL

and growth retardation

Structural components of the cohesin ring

SMCIA
SMC3

1%-2% of CdLS, autosomal dominant disorder
>1% of CdLS, autosomal dominant disorder

4% of CdLS, X-linked disorder

Structural components of the cohesin ring

Structural components of the cohesin ring

RAD21
HDACS

Deacetylation of the SMC3 to facilitate renewal

of the cohesin complex after its dissociation

from chromatin

[67]

Growth retardation, limb and facial abnormalities,

RBS, rare disorder with approximately 150

Acetyltransferase

ESCO2

and severe intellectual disability

affected individuals have been reported. autoso-

mal recessive disorder

[68, 69]

Developmental delays, distinctive facial features

WABS, rare condition with at least four cases have

DNA helicase, involved in cohesin loading onto

DDX11/Ch1R

and severe intellectual disability

been reported

the chromosomes

[32]

Extreme microcephaly and intellectual disability

Four cases identified

Condensin I subunits

NCAPH and NCAPD2

NCAPH2 and NCAPD3 Condensin II subunits

effects on protocadherin expression during the developmen-
tal time point. In contrast, gene ontology of RNA-seq results
in the 8-week-old mice determined enrichment of cognition-
related genes, which was not seen in the developing neurons.
Together with the studies determining a role for CTCF in
the expression of Grin2b and Auts2 in the adult brain, these
findings further establish a temporal-specific role for CTCF
in gene expression regulation.

The first study to determine a role for cohesin in neu-
rodevelopment was performed in drosophila. They found
that knockout of SMC1 induced a deficit of axonal prun-
ing, which resulted in multiple axons in adult neurons [55].
In addition, SMC1 knockout induced deficits in dendritic
targeting. Therefore, this initial study suggests that cohesin
is necessary for proper formation of axons and dendrites.
Similar to CTCF, knockout of most cohesin subunits leads
to embryonic lethality in mice [49, 56]. The characteriza-
tion of embryonic brain development in SA1 knockout mice
revealed that cohesin regulates the expression of important
genes in brain development including Myc and Protocad-
herins [57]. Alternatively, studies of conditional knockout
mice in specific cell types can illuminate the role of cohesin
in neurons. In a mouse study, deletion of SMC3 specifically
in neurons induced greater dendritic complexity and a larger
number of immature synapses in the cortex, which may be
due to defects in synaptic pruning. The mice also displayed
an increase in anxiety-like behavior. RNA-seq discovered
a dysregulation of many genes involved in neuronal differ-
entiation, morphogenesis, neurogenesis, and axon guidance
[58]. Therefore, SMC3 has been identified as a modulator
of synaptic maturation in multiple species.

Interestingly, deletion of the cohesin subunits in neurons
displays many phenotypes which are the opposite of what
is seen in deletion of CTCF in neurons. In particular, CTCF
deletion leads to decreased dendritic complexity [48, 58],
while SMC1 or SMC3 deletion leads to increased axons,
more dendritic complexity, and deficits in pruning. It is not
clear why such opposite phenotypes should be displayed.
However, both CTCF and cohesin are involved in regulating
the expression of protocadherins, proteins which are central
in establishing the identity and complexity of neurons [48,
59, 60]. Of interest [59], Monahan et al. found that while
there are many shared cohesin/CTCF binding sites within
the Pcdh cluster, they also find binding sites that are unique
to each of the two proteins, and conclude that cohesin and
CTCF may have some different roles in Pcdh gene expres-
sion [59]. Therefore, this may be one mechanism as to how
these two proteins have differential effects on neuronal
differentiation.

Furthermore, the cohesin loader NIPBL, which is asso-
ciated with most of the CdLS clinical cases, was recently
found to interact with the neural transcription factor
Zfp609 in brain development and to regulate cortical
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neuron migration. sShRNA-mediated knockout in the prena-
tal cortical neurons induced a defect in neuronal migration
[61]. In addition, another study found that mutated NDEI
induces DNA double-strand breaks in neuronal precur-
sors, leading to the activation of P53-dependant apoptosis,
and a decrease in the number of neurons in cortical layer
II/TIT [62]. The severe phenotype of NIPBL knockdown
and NDE1 mutation, which includes major deficits in the
organization of the cortex, compared to the more minor
phenotype of the SMC3 neuronal knockout, may help to
explain why CdLS patients with NIPBL mutations have
a more severe phenotype compared to those with SMC3
mutations. This further establishes that different members
of the cohesin complex have specific roles in neuronal
differentiation. Why these different subunits have such dif-
ferent roles is not yet clear.

Conclusions

Both human genetic evidence and animal model studies
determine that CTCF and cohesin have critical roles in
neurodevelopment and mammalian behavior. While it
has already been well accepted that epigenetic modifica-
tions, including both DNA methylation and histone modi-
fications, are crucial in driving neurodevelopment, these
studies suggest that proper management of the chromatin
structure is also critical. Considering the critical role for
chromatin structure in development and genomic function
in general, it is not yet clear why dysregulation of chro-
matin structure regulators would lead specifically to neu-
rodevelopmental phenotypes. Therefore, future studies are
needed to uncover specific roles for chromatin structure in
neurons, or other brain cells, compared to other tissues.
While it has historically been both difficult and expensive
to map chromatin structure at the whole-genome level,
there have been several recent technological advancements
that will allow researchers to map genome structure in
specific cell types, and possibly single neurons [63—-65].
These studies should greatly advance our knowledge of
the role of chromatin structure in neuronal function, and
how dysregulation of CTCF and cohesin leads to specific
behavioral phenotypes. In summary, connecting the dots
between the molecular basis of chromatin structure, and
neural system development and behavior will be a forth-
coming challenge.
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