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CNV biology in neurodevelopmental disorders

Toru Takumi and Kota Tamada

Copy number variants (CNVs), characterized in recent years by
cutting-edge technology, add complexity to our knowledge of
the human genome. CNVs contribute not only to human
diversity but also to different kinds of diseases including
neurodevelopmental delay, autism spectrum disorder and
neuropsychiatric diseases. Interestingly, many pathogenic
CNVs are shared among these diseases. Studies suggest that
pathophysiology of disease may not be simply attributed to a
single driver gene within a CNV but also that multifactorial
effects may be important. Gene expression and the resulting
phenotypes may also be affected by epigenetic alteration and
chromosomal structural changes. Combined with human
genetics and systems biology, integrative research by multi-
dimensional approaches using animal and cell models of CNVs
are expected to further understanding of pathophysiological
mechanisms of neurodevelopmental disorders and
neuropsychiatric disorders.
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Introduction

A copy number variant or copy number variation (CNV) is
a genomic deletion, duplication or inversion [1,2]. Their
size can range from Kb to Mb and recently even smaller
CNVs have been detected. Before cutting-edge human
genetics technologies, such as comparative genomic
hybridization (CGH) and next generation sequencers
were available, CNVs were called chromosomal aberra-
tions or cytogenetic abnormalities that could be detected
by microscopy. Not only do CNVs contribute to human
diversity, similar to single nucleotide polymorphism or
variation (SNP or SNV), but they have also been impli-
cated in various diseases such as cancer, autoimmune
diseases, lifestyle diseases and neuropsychiatric disorders,
including autism spectrum disorder (ASD) and schizo-
phrenia (SZ). A recent study that examined a large
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number of cases revealed that many critical target regions
of CNVs seem to overlap among neuropsychiatric dis-
orders such as ASD, SZ, and bipolar disorder
[3°°,4,5°,6,7]. Although the incidence of CNVs in diseases
is very rare (e.g. less than 1% in ASD), the penetrance is
high.

CNVs arise through non-allelic homologous recombina-
tion (NAHR) between low-copy repeat (LCR) sequences
[1,8]. Single-cell sequencing analysis has shown that
mosaic CNVs are abundant in the human brain [9] and
large CNVs including a 2.9 Mb gain at chromosome
15q13.2-13.3 may arise in progenitor cells during brain
development [10].

It was first reported among neuropsychiatric disorders
that de novo CNV is strongly associated with ASD [11].
ASD is a childhood psychiatric disorder and a neurode-
velopmental disorder. The major symptoms are impaired
social interaction and communication, and restricted and
repetitive behavior, interests and activity. The preva-
lence of ASD has surprisingly been increasing in many
countries and a recent report from the United States
claims that ASD affects 1 in every 68 children [12].
ASD is more often seen in males than females, with
estimates of 1 in 42 boys versus 1 and 189 girls. Monozy-
gotic twins have higher concordance rates for ASD, rang-
ing from 60% to 90%, than dizygotic twins have [13] and
the genetic contribution to the pathogenesis of ASD is
higher compared to other psychiatric disorders. This fact
has made ASD research a leading field of the neuropsy-
chiatric disorder research. Many genetic and genomic
CNVs have been revealed in patients with ASD [14-
16], although most of the cases are still idiopathic. In this
review, we focus on CNVs observed in patients with ASD.
Recent studies using a large number of samples revealed
several critical CNVs associated with ASD (Table 1). A
study of 2591 families from the Simons Simplex Collec-
tion (SSC) combined with published CNV data from the
Autism Genome Project (AGP) has identified 15q11.2-
13.1, 16p11.2, 7q11.23, 1q21.1, 2p16.3 (only NRXNI1 is
included), 22q11.21, 15q13.2-13.3, 3q29, and 22q13.33
(SHANK3) [3°°]. Another study of 1532 families from
the autism genetic resource exchange (AGRE) has iden-
tified 15q11-13, 16p13.11, 22q11.2, 16p11.2, and 1q21.1
[4]. Pinto ez al. analyze 2446 ASD-affected families from
the AGP and show that the most frequent deletions are
16p11.2 and 2p16.3, accounting for 0.31% and 0.32% of
affected subjects, respectively, and the most frequent
duplication is 15q11-13 in 0.25% of affected siblings
[5°]. More large-scale sequencing data of 5205 samples
from families with ASD have recently been reported,
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Table 1

ASD linked CNVs in SFARI. All CNVs were downloaded from SFARI (https://gene.sfari.org/database/cnv/). Two criteria including
‘Individuals_case’ >165 and ‘Individuals_case/Individuals_control’ >0.6 were set to extract major CNVs (40 CNVs). ‘Autism Report’ shows
the number of autism-specific reports in which a CNV is implicated. ‘Case/Control (%)’ was calculated as Individuals_case/(Individuals_-
case + Individuals_control) x 100. NA, Associated human gene is not available in SFARI CNV database.

CNV-locus CNV-type Associated human gene Autism Individuals_ Individuals_ Case/control
report case control (%)
15911.2-q13.1 Duplication NA 45 348 0 100.0
15913.2-913.3 Deletion—duplication NA 33 278 11 96.2
7911.23 Deletion—duplication GTF2l, STX1A 50 341 33 91.2
22q11.21 Deletion—duplication CLTCL1, GNBI1L, LZTR1, PRODH, 64 802 103 88.6
TBX1
1921.1 Deletion—duplication RBMB8A 46 791 113 87.5
2p16.3 Deletion—duplication NRXN1 54 350 74 82.5
17p13.3 Deletion—duplication MNT, PAFAH1B1, SMG6, YWHAE 39 338 76 81.6
22q13.33 Deletion—duplication CHKB, MAPK12, MAPK8IP2, SBF1, 49 168 38 81.6
SHANKS3
15913.3 Deletion—duplication CHRNA7, FAN1, TRPM1 58 317 77 80.5
17912 Deletion—duplication PPP1R1B 49 365 94 79.5
16p11.2 Deletion—duplication BCKDK, KCTD13, MAPK3, SEZ6L2, 91 1159 316 78.6
SRCAP
8p23.1 Deletion—duplication MCPH1, PINX1 36 314 86 78.5
2913 Deletion—duplication NA 40 222 66 771
16p13.11 Deletion—duplication NA 43 469 140 77.0
2937.3 Deletion—duplication HDAC4, PDCD1, PER2 39 177 53 77.0
4p16.3 Deletion—duplication TNIP2 32 223 67 76.9
17p11.2 Deletion—duplication KCNJ12, RAI1, RASD1 40 223 72 75.6
16p12.1 Deletion—duplication NA 19 176 58 75.2
9934.3 Deletion—duplication CACNA1B, EHMT1, GRIN1, KCNT1 33 219 73 75.0
30929 Deletion—duplication DLG1, MUC4, TM4SF19 49 312 109 741
Xg28 Deletion—duplication AFF2, CD99L2, GABRA3, GABRQ, 48 282 102 73.4
HCFC1, MECP2, PDZD4, PLXNAS,
RAB39B, RPL10, SLC6A8, TMLHE
16p13.3 Deletion—duplication CACNA1H, CREBBP, RBFOX1, 38 314 126 71.4
RNPS1, TSC2
10926.3 Deletion—duplication NA 33 207 91 69.5
14911.2 Deletion—duplication CHDS8, SLC7A7 40 248 111 69.1
3p26.3 Deletion—duplication CNTN6 41 252 116 68.5
16923.1 Deletion—duplication ADAMTS18, CHST5, CNTNAP4, 31 170 80 68.0
TMEM231
6926 Deletion—duplication PARK2 32 183 89 67.3
Xq11.1 Deletion—duplication NA 7 175 86 67.0
Xp11.1-g11.1 Duplication NA 2 196 97 66.9
11p15.4 Deletion—duplication OR52M1 31 178 89 66.7
12p13.31 Deletion—duplication C120rf57, CLSTN3 25 175 90 66.0
6q27 Deletion—duplication RPS6KA2 28 190 101 65.3
8p23.2 Deletion—duplication CSMD1 26 183 100 64.7
20p12.1 Deletion—duplication MACROD2 27 172 96 64.2
4913.2 Deletion—duplication UBA6 28 215 121 64.0
18g22.1 Deletion—duplication NA 21 185 109 62.9
8p22 Deletion—duplication MSR1, PSD3 34 357 211 62.9
1944 Deletion—duplication HNRNPU, OR1C1, OR2M4, OR2T10 42 348 214 61.9
15911.2 Deletion—duplication CYFIP1, MAGEL2, NIPA1, NIPA2, 76 1287 823 61.0
SNRPN, TUBGCP5, UBE3A
13g12.11 Deletion—duplication NA 18 218 145 60.1

creating a database accessible on a cloud platform [17].
They find 189 of 2620 (7.2%) subjects carry pathogenic
CNVs including 15q11-13, 16p13.1, and 1q21.1. Here we
introduce recent findings on human genetics and animal
models of CNVs associated with ASD mainly focusing on
15q11-13 and 16q11.2. Regarding 22q11.2, a comprehen-
sive review has been published [18].

15011.2-13.3

BP1-BP2

Chromosome 15 has a high rate of segmental duplications
[19]. In chromosome region 15q11-13, there are 5 common
break points (BPs) that can make different CNVs (Fig-
ure 1). The BP1-BP2 deletion affects brain structure [20].
T'wo brain regions, perigenual anterior cingulate cortex
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Figure 1
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Chromosome 15g11.2-q13.3. Gene names in blue and those in red
are paternally-expressed and maternally-expressed genes,
respectively. BP, break point.

and insula, show dosage effects in controls carrying the
15q11.2 (BP1-BP2) deletion and its reciprocal duplica-
tion. Cytoplasmic FMR1-interacting protein (CYFIP1), a
binding partner of Fragile X mental retardation protein
(FMRP), is a prime candidate within the interval between
BP1 and BP2. CYFIP1/Sra-1 regulates the cytoskeleton
through its competitive interactions between FMRP and
the small GTPase RAC1 and may be involved in the
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development and maintenance of neuronal structures
[21-23]. CYFIP1 also regulates translation at the synapse
through binding to eukaryotic translation initiation factor
4E (elF4E) together with FMRP [24]. CYFIPI is upre-
gulated in transformed lymphoblastoid cell lines and
postmortem brain of duplication of 15q11-13 (Dupl15q)
syndrome patients. CYFIPI bacterial artificial chromo-
some (BAC) transgenic mice show an increase in mature
dendritic spines and dendritic spine density [25].

BP-BP3

Within the interval between BP2 and BP3, duplications
(dup15q) are commonly observed. This is also the
imprinting or Prader-Will and Angelman syndrome region
[26]. The paternal deletion of this region causes Prader-
Willi syndrome (PWS), while the maternal deletion of the
same region causes Angelman syndrome (AS). The dupli-
cations of the region (interstitial and isodicentric 15q
duplication) cause ASD and are among the most common
and penetrant forms of ASD [27,28]. A recent post-mor-
tem genome-wide transcriptome analysis of a large num-
ber of samples has demonstrated that dupl5q exhibits
similar changes to idiopathic ASD [29°°]. Maternal dupli-
cations of the region are recognized risk factors for ASD
with a high penetrance, while rare duplications of paternal
origin have been regarded as benign [30]. However, there
are case reports of paternal duplications and a recent
analysis collecting a large number of samples has indi-
cated that paternal duplications are pathogenic, increas-
ing risk for ASD with a penetrance of 20% [31°].

The first CNV mouse model was generated by using a
chromosome engineering technique [32]. Surprisingly,
the parDp/+ (15 dup) mice in which the interstitial
duplication is derived from paternal allele, but not the
marDp/+ mice, display abnormal social behavior including
impaired social interaction, abnormal ultrasonic vocaliza-
tion (USV) and behavioral inflexibility. /7 vivo imaging of
dendritic spines using two-photon microscopy shows an
increased rate of spine formation and elimination in /5¢
dup mice. This altered spine turnover rate might be a
common endophenotype at a cellular level of ASD mouse
models because other models such as Newroligin 3 knockin
mice and BTBR mice also show a similar phenotype [33].
In terms of neurochemistry, T'amada ¢z /. report that 75¢
dup mice have lower serotonin (5-H'T') levels in the brain
during development [34]. Positron emission tomography
(PET) imaging and electrophysiological analyses indicate
that the serotonergic activity in the dorsal raphe nucleus
(DRN) of 757 dup mice is repressed [35°°]. Additionally,
an magnetic resonance imaging (MRI) study has revealed
that 7/5¢ dup mice have a smaller DRN [36]. 15¢ dup mice
show altered excitatory/inhibitory (E/I) balance in the
somatosensory cortex due to the impairment of inhibitory
synapses [35°°]. Recovery of serotonin during develop-
ment can rescue electrophysiological and behavioral phe-
notypes, suggesting that serotonin is important for neural
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development. Among paternally expressed genes, small
nuclear RNAs (s#70RNA) have been considered as poten-
tial  candidates;  specifically, s#oRNA — MBII-52
(SNORD115), which is involved in posttranscriptional
modification of 5-HT2c¢ receptor (5-HTR2C). The
mRNA editing ratio of 5-4#r2¢ is altered in 15¢ dup mice
and the Ca®* signal response against an agonist of 5-
HTR2C is increased [32]. Interestingly, a Japanese
macaque that spontaneously exhibits autistic traits har-
bors a nonsense mutation affecting HTR2C [37]. It
remains unknown how 5-H'T affects social behavior;
however, the 5-HT system may impact social behavior
via oxytocin release [38]. In 75¢ dup mice, locomotion is
characterized by greater stance width, longer stride
length, reduced stride frequency and enhanced propul-
sion duration compared with wild-type controls, cerebel-
lum-dependent motor learning and long term depression
(L'TD) at parallel fiber-Purkinje cell synapses are
impaired, and activity-dependent synaptic pruning in
the cerebellum is also impaired [39]. Considering that
children with Dupl15q syndrome demonstrate more
impairment in motor and daily living skills compared
to those in the non-syndromic ASD [40], the gait pattern
might be a biomarker of Dup15q syndrome.

It has been reported that clinical cases of ASD with small
duplications of paternally expressed genes, Makorin ring
finger protein 3 (MKRN3), MAGE family member .2
(MAGEL?2) and Necdin (NDN) [41]. 15¢ dup mice with a
3 Mb duplication (including s#zoRNA and miRNA) were
newly created and they show similar obesity like original
15 dup mice with 6.3 Mb duplication [42], suggesting
that these paternally expressed genes might be critical for
late-onset obesity of 75¢ dup mice. Similarly, it is possible
that 75¢ dup mice with a 3 Mb duplication exhibit abnor-
mal social behavior but it remains unknown. Truncating
mutations of MAGELZ in human cause Prader-Willi phe-
notypes and autism [43]. The screening of small mole-
cules using a cell-based model with the S#pn-EGFP
fusion protein has identified histone methyltransferase
(G9a, EHMT?2) inhibitors as activators of paternally
expressed genes [44°°]. These inhibitors cause a selective
reduction of the dimethylation of histone H3 lysine 9
(H3K9me2) at PWS-IC (imprinting center), suggesting a
possibility for an epigenetic-based therapy for PWS.

Among maternally expressed genes, UBE3A, an E3 ubi-
quitin ligase, plays a causal role in Angelman syndrome
(AS) and is a key candidate gene in this region. Ube3a-
deficent neurons accumulate Ephexin-5, a UBE3A target,
which limits the growth and maturation of dendritic
spines by promoting RhoA activity [45,46]. Another
UBE3A target, Arc, is increased in Ube3a-deficient neu-
rons and enhances removal of the AMPA-type glutamate
receptors, leading to a decrease in synaptic function
[45,47]. Ube3a transcription is complex. Among three
alternative Ube3a transcripts Ube3al RNA, a transcript

that encodes a truncated Ube3a protein lacking catalytic
activity, regulates dendrite growth and spine maturation
and its function is independent of its coding sequence
[48]. Recently, Xu er al. identify ALDH1A2, the rate-
limiting enzyme of retinoic acid (RA) synthesis, as a
UBE3A target and show that reduced RA signaling
may be an underlying mechanism in ASD phenotypes
[49]. A core clock transcription factor, BMAL1, has also
been identified as a UBE3A target and UBE3A works as
an integral component of the molecular circadian clock
[50]. Loss of Ube3a causes BMAL1 stabilization affecting
circadian oscillation and resulting in the disturbance of
sleep [51], which is often seen in AS and ASD. Drug
screening has identified topoisomerase inhibitors that
unsilence the paternal Ube3a, suggesting that topoisom-
erase inhibitors have the potential to rescue the molecu-
lar, cellular and behavioral deficits associated with loss of
UBE3A [52]. Furthermore, topoisomerase facilitates
expression of a large number of long genes linked to
ASD [53]. Not glutamatergic but GABAergic Ube3a loss
causes AS-like increases in neocortical EEG delta power,
enhances seizure susceptibility, and leads to presynaptic
accumulation of clathrin-coated vesicles without decreas-
ing GABAergic inhibition onto 1.2/3 pyramidal neurons
[54], consistent with the phenotype observed in mice
with a maternal Ube3a null mutation [55]. An electrophys-
iological study using induced pluripotent stem cells
(1PSCs) derived from AS shows disrupted neuronal mat-
uration and the electrophysiological phenotypes could be
rescued by a topoisomerase inhibitor [56].

Mice carrying a triple dose of Ube3a by BAC transgenesis
show abnormal social behavior and communication, and
impaired glutamatergic synaptic transmission [57].
UBE3A might repress CBLN1 expression to disrupt
NRXN-CBLN1-GRIND1 complexes and compromise
glutamatergic synaptic transmission, while Ube3a and
seizure interactions in ventral tegmental area (VTA)
glutamatergic neurons may impair sociability by down-
regulating Cb/nl [58°]. A new mouse model overexpres-
sing Ube3a isoform 2 (human UBE3A isoform 3) in excit-
atory forebrain neurons shows anxiety-like behavior,
cognitive impairments and reduced seizure thresholds,
but displays normal social behavior [59°]. Dose-depen-
dent Ube3a expression and its functional outcomes in
neurons are essential for understanding the pathogenesis.
Although altered UBE3A gene dosage is often proposed
to be the mechanism responsible Dupl15q syndrome,
disruption of additional candidate genes may contribute
significantly, as suggested by unexpected gene expres-
sion levels in postmortem brain and iPSC cell lines from
Dupl5q syndrome, and a neuronal cell culture model
carrying 15q11.2-q13.3 maternal duplication [60-62].

Among the non-imprinting genes within the BP2-BP3
interval, there are three GABA, receptor subunits
(GABRB3, GABRAS5, and GABARG3). GABRRB3 is a key
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susceptibility gene and Gabrb3 deficient mice, a potential
model of ASD, exhibit impaired social and exploratory
behaviors [63]. Patients with Dup15q syndrome show
abnormal EEG [41,64] and spontaneous beta oscillations
can be a quantitative electrophysiological biomarker [65].
The distribution of beta power (with greater mean and
variance) is similar to the distribution of GABRB3 expres-
sion in the postmortem cortex of Dup15q syndrome [60].
HERCZ2 within BP-BP3 encodes a ubiquitin ligase, which
interacts with UBE3A and may act as a regulator of
UBE3A [66].

Gene expression analyses using postmortem cortical sam-
ples from individuals with Dup15q syndrome and differ-
entiated neurons from patient-derived iPSC lines reveals
that copy number does not consistently predict expres-
sion levels [60,61], suggesting that epigenetic mecha-
nisms influence expression. In fact, in the Dup15q post-
mortem brain, global DNA hypomethylation of synaptic
genes 1s observed by using whole-genome bisulfite
sequencing and acetylome alterations are shown by using
H3K27ac chromatin immunoprecipitation sequencing
(ChIP-seq) [67,68]. Considering all the evidence, we
cannot simply conclude that dose-dependent gene
expression can explain CNV pathogenesis. Epigenetic
alteration and chromosomal structural changes may affect
phenotypes. Epigenetic contribution to the ASD patho-
genesis is reported in other reviews [69,70].

BP3-BP4

CNVs between BP3 and BP4 have also been reported
[71,72], however, they are rare. Amyloid precursor pro-
tein-binding protein A2 (APBAZ2) within BP3-BP4
encodes a neuronal adaptor protein that interacts directly
with NRXNT at the presynaptic membrane and may be a
candidate gene for ASD [73].

BP4-BP5

Within the interval between BP4 and BP5, the 15q13.3
deletion (1.5 Mb) is a CNV known to link with ASD,
developmental delay and epilepsy [71], and recently
the link with SZ has gained additional attention. Palin-
doromic GOLGAS core duplicons located in the bound-
ary of the BP promote microdeletion [74]. Mouse mod-
els with the 15q13.3 deletion are also available and they
demonstrate features related to ASD [75], and SZ, as
well as epilepsy-related alterations [76]. A smaller
recurrent deletion within 15q13.3 (680 Kb) in human
[77] suggests that haploinsufficiency of CHRNA7 causes
neurodevelopmental phenotypes although scan statis-
tic-based analysis of exome sequencing data identifies
Fanconi-associated nuclease 1 (FANI), a DNA repair
enzyme, at 15q13.3 as a susceptibility gene for SZ and
ASD [78].
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16p11.2

16p11.2 is a recently identified [79,80] but potentially
frequently occurring CNV. Patients containing this CNV
have been increasingly identified by the Simons founda-
tion [81]. 16p11.2 is linked to not only ASD and SZ but
also body mass index [82]. The first mouse model (the
Slx1b-Septl region) was developed using chromosome
engineering and the deletion mice exhibit behaviors
resembling sensorimotor deficits [83]. The second
(Corola-Spn) [84] and third (Sultial-Spn) [85°] models
were created independently. The second deletion models
show hyperactivity, circling, and deficits in movement
control and the third models show hyperactivity, repeti-
tive behaviors, and recognition memory deficits, respec-
tively. A zebrafish model has revealed that potassium
channel tetramerization domain containing 13 (KCTD13)
is a major driver gene of neuroanatomical phenotypes
[86]. In contrast to this knockdown study, a recent report
using Kctd13 knockout mice exhibits no increase brain
size or neurogenesis [87]. They also show that Kezd13
deletion reduces synaptic transmission via increased
RhoA. Spatiotemporal 16p11.2 protein network analysis
implicates that KCTD13-Cul3-RhoA pathway may be
dysregulated [88]. Increased dendritic arborization is
found in primary cultured neurons from a mouse model
of 16p11.2 duplication and network analysis identifies
mitogen-activated protein kinase 3 (MAPK3), ERK MAP
kinase, as the most topologically important hub in
protein—protein interaction networks in 16p11.2 [89].
Thousand-and-one-amino acid kinase 2 (TAOK?2) within
the 16p11.12 region encodes a serine/threonine kinase
that activates MAPK pathways. TAOK2 interacts with
Neuropilin (Nrpl), a Semaphorin 3A receptor, and
TAOK2 downregulation impairs basal dendrite formation
[90]. Phosphorylation of TAOKZ by the hippo kinase
homolog MST3 is required for dendritic spine formation
in hippocampal neurons [91]. TAOKZ2 mediates PSD95
stability and dendritic spine maturation through Septin7
phosphorylation [92].

Conclusions and perspectives

Human genetics revealed many genetic bases, including
CNVs, of the pathogenesis of neurodevelopmental dis-
orders. Interestingly, critical CNVs are commonly found
in patients with neurodevelopmental diseases and neu-
ropsychiatric disorders. Systems biology and bioinformat-
ics combined with human genetics enables us to under-
stand the pathophysiological pathways affected by CNVs.
To see functional convergence among the critical CNVs,
we collected 271 genes from 9 different CNVs (25 from
1g21.1, 1 from 2p16.3, 31 from 3q29, 45 from 7q11.23,
25 from 15q11.2-q13.1, 19 from 15q13.3, 61 from 16p11.2,
63 from 22q11.21, and 1 from 22q13.33) and performed
Ingenuity™ Pathway Analysis (IPA™). Top canonical
pathways were Signaling by Rho Family GTPase (p-
value, 1.04E—03) and RhoA Signaling (p-value,
3.58E—03), which were also found in 16p11.2 protein
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Network analysis of genes in ASD-linked CNVs. (a-c) Top ranked network 1 (a: neurological disease, psychological disorders, cell-to-cell signaling
and interaction), 2 (b: infectious diseases, neurological disease, organismal injury and abnormalities), and 3 (c: cell-to-cell signaling and
interaction, cellular assembly and organization, cellular function and maintenance) analyzed by IPA are shown. Molecules are represented as
nodes and the biological relationship between two nodes is shown as an edge (line). Red colored nodes indicate the genes located in ASD-linked
CNVs. The shape of node and type of line are defined according to its functional class and type of relationship (http://ingenuity.force.com/ipa/). (d)
Top 5 ranked network associated with ASD-linked CNVs. The core networks are ranked by score algorithmically based on their right-tailed
Fisher’s exact test p-value, which reflects the likelihood that the genes are grouped in a network by chance.

network analysis described above [88]. Top networks
(network 1, 2 and 3) revealed neurological disease, psy-
chological disorders, infectious diseases, cell-to-cell sig-
naling and interaction (Figure 2). Network 1 included the
ERK pathway, which is consistent with network analysis
of 16p11.2 [89].

It is essential to make animal models to study CNVs. The
original technique to develop CNVs in the genome was a
chromosome engineering technique based on the Cre-
loxP system using ES cells [93]. More than 20 years has
passed since it is first developed; however, only few
models have become available, probably because it is
technically more difficult than conventional gene knock-
out technology and it takes longer time to make a model.
A new genome editing technique, the clustered regula-
tory interspaced short palindromic repeats (CRISPR)/
CRISPR-associated proteins (Cas) system, can be used
to engineer chromosomes with more ease and speed.

Using CRISPR/Cas9, mouse ESCs with structural var-
iants of deletions, inversions, and duplications have
already been generated and used to create mice [94].
Behavioral analyses, especially tests for social behavior,
using model mice include confounding factors such as
background species, environmental factors and, as a
result, reproducibility is a challenge. For example, the
phenotypes of social behavior of the C57BL/6N inbred
background and C57BL/6NxC3B hybrid backgrounds are
different, suggesting that the genetic background con-
tributes to the manifestation of social behavior deficits
induced by 16p11.2 CNV [85°]. It is known that in
general, the genetic background of a mouse model
strongly modulates phenotypes [95] and more caution
on genetic background should be taken when considering
genotype—phenotype relationships. More reproducible
and quantitative biomarkers, such as EEG, motor or
sensory phenotypes, should be characterized in patients.
Another direction is cell models. CNVs of 16p11.2 and
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Figure 3

Human genetics

Mouse model

Autism
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CNV biology. From ‘human genetics’ and ‘systems biology’ to ‘cell
and animal models’ and vice versa, these combinatorial approaches
will enable us to understand the pathophysiology of ASD.

15q13.3 have recently been modeled in human iPSCs by
using the CRISPR/Cas9 system [96°°]. Combining exam-
inations of postmortem brains cell models and mouse
models will bring further understanding of the CNV
pathophysiology. It is crucial for both basic and clinical
scientists to work together, exchanging findings from
clinical and basic research (Figure 3).

Further goals of CNV research are to develop of a new
therapeutic strategy. One simple idea is dosage compen-
sation of the target genes; however, strict control of gene
expression ranging among 1 fold plus—minus 1 iz vivo
seems to be technically difficult. Since gene expression
levels are not simply correlated to copy number, an
epigenetic approach might be useful. Fusion of Tetl
or Dnmt3 with a catalytically inactive Cas9 (dCas9),
dCas9-Tetl or dCas9-Dnmt3a, enables precise editing
of CpG methylation [97]. This specific controlling system
of DNA methylation could become a potential therapeu-
tic approach to CNV diseases in addition to G9a inhibitor
and topoisomerase as described above.
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