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Abstract
Copy number variations (CNVs) of the human CNTN6 gene caused by megabase-scale microdeletions or microduplications in
the 3p26.3 region are often the cause of neurodevelopmental disorders, including intellectual disability and developmental delay.
Surprisingly, patients with different copy numbers of this gene display notable overlapping of neuropsychiatric symptoms. The
complexity of the study of human neuropathologies is associated with the inaccessibility of brain material. This problem can be
overcome through the use of reprogramming technologies that permit the generation of induced pluripotent stem (iPS) cells from
fibroblasts and their subsequent in vitro differentiation into neurons. We obtained a set of iPS cell lines derived from a patient
carrier of the CNTN6 gene duplication and from two healthy donors. All iPS cell lines displayed the characteristics of pluripotent
cells. Some iPS cell lines derived from the patient and from healthy donors were differentiated in vitro by exogenous expression
of the Ngn2 transcription factor or by spontaneous neural differentiation of iPS cells through the neural rosette stage. The
obtained neurons showed the characteristics of mature neurons as judged by the presence of neuronal markers and by their
electrophysiological characteristics. Analysis of allele-specific expression of the CNTN6 gene in these neuronal cells by droplet
digital PCR demonstrated that the level of expression of the duplicated allele was significantly reduced compared to that of the
wild-type allele. Importantly, according to the sequencing data, both copies of theCNTN6 gene, which were approximately 1Mb
in size, showed no any additional structural rearrangements.
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Introduction

Understanding the molecular bases of the pathogenesis of
intellectual disability, autism spectrum disorders (ASD),
and other neurodevelopmental disorders in patients with
chromosomal rearrangements is complicated by the inac-
cessibility of neuronal cells for the direct assessment of
gene expression profiles. Current achievements in cell
reprogramming technology provide a unique method for
overcoming this issue by the production of induced plurip-
otent stem (iPS) cells from the somatic cells of patients with
chromosomal disorders. Several reports that demonstrate
the value of this approach in modeling well-known chro-
mosomal disorders such as Down syndrome [1, 2] and
Turner syndrome [3] have been published. Moreover, sub-
sequent in vitro differentiation of iPS cells into neuronal
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cells makes it possible to directly assess transcriptional
changes in targeted cells with chromosomal aneuploidy [4].

The widespread application of high-resolution array-based
comparative genomic hybridization (aCGH) for genetic test-
ing of patients with idiopathic intellectual disability and de-
velopmental delay provides a powerful tool for the identifica-
tion of chromosomal regions associated with cognitive im-
pairment [5]. As a rule, the regions detectable with this meth-
od include a few genes or a single gene responsible for a
specific phenotype, blurring the border between chromosomal
and monogenic diseases [6, 7].

Our attention was attracted to the notable overlapping of
neuropsychiatric symptoms in patients carrying either
microdeletions or microduplications in the 3p26.3 region
[8–13]. For instance, among 3724 individuals tested by
aCGH, 14 individuals carrying either deletions (7 patients)
or microduplications (7 patients) in this region were identi-
fied [11]. Both groups of patients showed various
neurodevelopmental disorders, including developmental
delays, ASD, seizures, and attention deficit hyperactivity
disorder. The 3p26.3 region contains the CHL1, CNTN6,
and CNTN4 genes, which encode the cell adhesion mole-
cules L1 like, contactin-6 and contactin-4, respectively.

Recently, using the aCGH approach, we studied two pa-
tients with neurodevelopmental and neuropsychiatric disor-
ders; one had a microdeletion, and the other had a
microduplication involving a single CNTN6 gene only [14].
Thus, both microdeletions and microduplications of CNTN6
may be responsible for similar neurodevelopmental or neuro-
psychiatric phenotypes in spite of the variation in the copy
number of the CNTN6 gene. In addition, some researchers
[15, 16] recently suggested that microdeletions and point mu-
tations in the CNTN6 gene may be associated with autism
spectrum disorders and intellectual disability. The protein
encoded by this gene is a member of the immunoglobulin
superfamily and promotes neurite outgrowth and synaptogen-
esis, especially in sensorimotor pathways. The CNTN6 pro-
tein is crucial for appropriate orientation of dendrite growth in
mouse cortical pyramidal neurons [17] and for synapse for-
mation in the cerebellum [18].

It is important to note that pedigrees with inheritance of
3p26.3 microdeletions and microduplications involving the
CNTN6 gene have been reported in the literature; these pedi-
grees include families with healthy or mildly affected carriers
in several generations [11, 14, 19, 20]. These observations
indicate the low penetrance of copy number variations
(CNVs) in 3p26.3.

Here, we for the first time report biased allele-specific ex-
pression of the CNTN6 gene in neuronal cells differentiated
from iPS cells obtained by reprogramming of skin fibroblasts
from a patient with the CNTN6 microduplication and from
two healthy donors with normal karyotype. Surprisingly, we
also found that the CNTN6 gene expression level of the

duplicated allele was significantly reduced in comparison with
the normal allele and that its total expression was decreased in
neuronal cells.

Materials and Methods

Preparation of Skin Fibroblast Cultures We obtained skin fi-
broblasts from a previously described patient, K., with intel-
lectual disability and 3p26.3 microduplication of paternal or-
igin [14]. The patient was observed during the European
Community’s Seventh Framework Program, Project No.
223692 BImproving Diagnosis of Mental Retardation in
Children in Eastern Europe and Central Asia through
Genetic Characterization and Bioinformatics/Statistics.^ The
project was approved by the Bioethics Committee of the
European Parliament. The patient’s age at the time of skin
biopsy was 13 years. Skin biopsies were also obtained from
two healthy donors, S., 31 years of age, and L., 39 years of
age. Informed consent for skin biopsy was obtained from the
patient, the patient’s parents, and the healthy donors.

Cultures of skin fibroblasts were established from the skin
biopsies in the following manner: 0.5-cm2 pieces of skin from
the forearm were washed twice with Hank’s solution contain-
ing 1% penicillin/streptomycin (Pen Strep, Sigma) and then
treated with 0.2% collagenase (Sigma) in culture medium for
3 h at 37 °C. The fibroblast cultures were maintained in
DMEM (Gibco) supplemented with 10% fetal bovine serum
(Gibco) and 50 mg/ml penicillin/streptomycin (Gibco). The
fibroblast culture derived from the patient with 3p26.3
microduplication was designated as TAFdup, and those from
the two healthy donors S. and L. were designated as TAF1nor
and TAF2nor, respectively.

Generation of iPS Cells from Human Fibroblasts To produce
induced pluripotent stem (iPS) cells from the patient’s and
healthy donors’ skin fibroblasts, we used LeGO lentiviral vec-
tors (http://www.lentigo-vectors.de/vectors.htm) containing
the human reprogramming transcription factors OCT4,
SOX2, C-MYC, and KLF4. The lentiviruses were produced
in the Phoenix cell line using Lipofectamine 3000 (Invitrogen)
according to the manufacturer’s recommendations. We used a
lentiviral vector carrying the green fluorescent protein (GFP)
gene to estimate the multiplicity of infection (MOI); it was 4.6
for TAFdup and more than 10 for TAFnor. Fibroblasts plated
on the previous day were transduced with viruses containing
the four reprogramming transcription factors in the presence of
5 μg/ml polybrene (Millipore) for 2 days (on the second day,
the C-MYC lentivirus was omitted). Until day 10, the culture
medium was changed daily with addition of 1 mM valproic
acid (Sigma). On day 5, the transduced cells were seeded onto
10-cm culture dishes (2 × 103 cells per cm2) containing mito-
mycin C-treated CD-1mouse embryonic fibroblast feeder cells
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in iPS cell medium (DMEM/F12 medium supplemented with
20% KnockOut Serum Replacement, 1% GlutaMAX™-I, 1%
MEM NEAA, 1% Pen Strep (all from Gibco), 0.1 mM 2-
mercaptoethanol, and 10 ng/ml bFGF (Invitrogen)). On day
18, colonies with iPS cell morphology were picked and ex-
panded. All cell cultures were maintained at 37 °C in an atmo-
sphere of 5% CO2. The iPS cell clones obtained from TAFdup
fibroblasts were designated iTAFdup and iPS cell clones from
the fibroblasts TAF1nor and TAF2nor were designated
iTAF1nor and iTAF2nor, respectively.

Cytogenetic Analysis of Human Fibroblasts and iPS Cells
Preparation of metaphase chromosomes from human fibro-
blasts was performed as previously described [21].
Preparation of metaphase chromosomes from iPS cells was
performed as previously described with minor modifications
[22]. Metaphase plates were analyzed using a Carl Zeiss
Axioplan 2 imagingmicroscope with a CoolCube1 CCD cam-
era, and digital images were analyzed using ISIS 3 (In Situ
Imaging System, MetaSystems GmbH) software at the Center
for Microscopy of the Institute of Cytology and Genetics.

Isolation of Total DNA from Cell Cultures and Blood Samples
Cultured cells were harvested in 0.25% trypsin solution
(Sigma) and washed three times with PBS. Total DNA was
isolated by the standard phenol-chloroform extraction method
[23] with preliminary treatment with proteinase K (20 mg/ml,
SibEnzyme) for 3–4 h.

Whole blood from the patient and from the healthy donors,
as well as from their parents and grandparents, was collected
in 9-ml tubes (BD Vacutainer Systems). Total DNAwas iso-
lated by the standard phenol-chloroform extraction method.

Microsatellite Analysis To determine the parental origin of
chromosome 3, PCR analysis of the polymorphic microsatel-
lite D3S1768 was performed using the primers forward 5′–
GGT TGC TGC CAA AGA TTA GA–3′ and reverse 5′–
CAC TGT GAT TTG CTG TTG GA–3′. PCR was performed
for 30 cycles at an annealing temperature of 55 °C.
Electrophoresis was performed in 4% agarose gels in TRIS-
EDTA-acetate buffer.

Whole-Genome Sequencing of TAFdup Fibroblasts Genomic
DNAwas extracted from primary TAFdup fibroblasts at pas-
sages 10–11 and subjected to paired-end Illumina sequencing,
generating approximately 750 million reads. The reads were
aligned to the hg19 human genome and processed using the
algorithms MANTA [24], CANVAS [25], and SVDetect [26]
to detect structural variations. In addition, all 23 CNTN6 gene
exons of TAFdup fibroblasts were sequenced. Primer-BLAST
software was used to design primers for all 23 exons of the
CNTN6 gene (Table 1) [27–29]; the PCR conditions are de-
scribed above. DNA sequencing of PCR products was

performed using the BigDye® Terminator v3.1 kit (Thermo
Fisher Scientific) on an Applied Biosystems 3500 Genetic
Analyzer according to the manufacturer’s recommendations.

Generation and Histological Analysis of Teratomas For terato-
ma formation, SCID mice were used. All animal studies were
undertaken with prior approval from the Interinstitutional
Bioethical Committee at the Institute of Cytology and
Genetics. Teratomas were produced by injection of iPS cell
clumps (passages 9–13) into the shin of the hind leg [30].
Teratomas were dissected after 6–12 weeks, fixed in Bouin
solution and embedded in paraffin according to standard his-
tological protocols. The paraffin sections were stained with
hematoxylin-eosin. Images were analyzed on a Carl Zeiss
Axioscop 2+ microscope with an AxioCam HRc CCD cam-
era. Digital images were obtained using AxioVision software.

Ngn2-Induced Differentiation of iPS Cells to iN Cells For dif-
ferentiation of iPS cells into neuronal cells, we used a protocol
in which induced neuronal (iN) cell generation is induced by a
single transcription factor, neurogenin-2 (Ngn2) [31]. Three
lentiviral constructs (FUW-TRE Ngn2/Puro containing full-
length mouse Ngn2 and the puromycin-resistance genes,
M2RtTA and FUW-TRE EGFP containing the GFP) were
used to generate iN cells from iPS cells. The lentiviruses were
produced in the Phoenix cell line using Lipofectamine 3000
(Invitrogen) according to the manufacturer’s recommenda-
tions. Co-transfection of the respective lentiviral vector
pDNA and three helper plasmids (pRSV-REV, pMDLg/
pRRE, and pCMV-VSVG) was used to produce each of the
three viruses.

Prior to differentiation, iPS cells (passages 10–17) were
maintained without feeder cells on Matrigel hESC-Qualified
Matrix (Corning). iPS cells were disaggregated using
TrypLE™ Express (Gibco) and seeded on Matrigel-coated
wells of 6-well plates (3 × 105 cells per well) in mTeSR™1
medium (STEMCELL Technologies) containing 10 μM
ROCK inhibitor Y27632 (Abcam). The day after seeding,
the cells were transduced with lentiviruses in culture medium
containing 5 μg/ml polybrene (Millipore). MOI was estimated
by flow cytometry using a BD FACSAria. We used the lenti-
viruses at MOIs greater than 10 to produce iN cells. To induce
Ngn2 gene expression in the transduced iPS cells, 2 μg/ml
doxycycline (DOX; Sigma-Aldrich) was added 1 day after
transduction in medium consisting of DMEM/F12, 1%
MEM NEAA, 1% Pen Strep, 1% N2 supplement, human
BDNF (10 ng/ml) (all from Gibco), mouse laminin (0.2 μg/
ml, Sigma), and human NT-3 (10 ng/ml, PeproTech). Ngn2-
expressing cells were selected with puromycin (1 μg/ml,
Gibco) the day after DOX induction. To ensure that the initial
conditions of differentiation were uniform for each iPS cell
clone, equal numbers of iPS cells (45 × 103 cells/cm2) were
plated on mitomycin C-treated mouse glia after 1 day of
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puromycin selection. From this day until the end of the differ-
entiation period, the cells were cultured in Neurobasal
Medium containing 2% B27 supplement, 1% GlutaMAX™-
I, 1% Pen Strep, human BDNF (10 ng/ml) (all from Gibco),
and NT-3 (10 ng/ml, PeproTech). The cells were differentiated
for 3 weeks; then, total RNAwas extracted from the obtained
iN cells and used for droplet digital PCR analysis, see below.

Neuronal Differentiation of iPS Cells through the Neural
Rosette Stage Spontaneous neuronal differentiation of iPS
cells was induced by embryoid body (EB) formation as de-
scribed by Muratore et al. [32]. Briefly, iPS cells (passages
10–17) were maintained without feeder cells in mTeSR1
medium (STEMCELL Technologies) on Matrigel hESC-
Qualified Matrix (Corning). EBs were formed from iPS

cells in hanging drops during a 2-day incubation.
Subsequently, the EBs were transferred to low-adherence
dishes for 5 days in neuronal induct ion medium
(DMEM/F12, 1% GlutaMAX™-I, 1% MEM NEAA, 1%
Pen Strep, 1% N2 supplement (all from Gibco), and 2 μg/
ml heparin (Sigma)). The EBs were then transferred to poly-
L-ornithine/laminin-coated (Sigma) wells of six-well plates
(10 EBs per well) to form neural rosettes. Neural rosettes
were manually picked and plated on poly-L-ornithine/lami-
nin-coated wells in neuronal induction medium supple-
mented with EGF (20 ng/ml, Invitrogen) and bFGF
(20 ng/ml, Invitrogen). Neural progenitor cells (NPCs) were
passaged every 4 days with 0.5 μM EDTA. NPCs were
induced to differentiate into post-mitotic neurons by with-
drawing bFGF and EGF; the cells were then placed on

Table 1 List of primers
Name of primers Forward primer sequence 5′–3′ Reverse primer sequence 5′–3′

CNTN6_exon1 AATGCAGTGAAACCAGAGGAA TTCTCATTGCAGCAGACACAG

CNTN6_exon2 TCGTGTTTGTACGTTTTTCATTTCA CACCCATAGAAAGAAATACAATGCC

CNTN6_exon3 TAGACTTGCATTCAAAACAGGGC GTGCCCACAGGTAGGATTTT

CNTN6_exon4 TTGCAGGAATTAGAACTACATGTTT ATTGGAGCTTTGCCTTCCGA

CNTN6_exon5 AATCTGCTTTTCTTTGTTTTCCAAG CACTCTCCAAGTGACCGCAT

CNTN6_exon6 CAGATATGAATGAATGCAGTAAGGA GGCTCCACCAAACAAGAAGG

CNTN6_exon7 CTCCAGAAATGCTGCTAGCTCT GGCCTGGTCATTGTCTCAGT

CNTN6_exon8 ACCGTCTTCTATTCTAATGAGGTG CCCGTGACACTTTTTCACAACA

CNTN6_exon9 TCCTTCTGATCTCTACAGCCCT CTCCATTAACATTAGCTGTTTCTGT

CNTN6_exon10 ACAAGCATCTTTATATGCCTTTTCC ACGTCATTTTGAATTTGTTGGTTGT

CNTN6_exon11 TAGCATAGCAAGTCACCCCTG AGAGGAAATTTTGAAAGGCCTACTA

CNTN6_exon12 ACCAGTGTTGAAGAGCCTTACT ACAGGTTTGACACCATAACACA

CNTN6_exon13 ACCATAGGCTAGCATTTCATAAGC CCATGCAAATAAAGATGGAGAGAGT

CNTN6_exon14 TCCATTTCTCCCTTTCTGTCTGC TGGTGTGGTTTCTCAGAGGT

CNTN6_exon15 ACTTCCTAAGCACAACAGGTAA TGACCCAAAACACTTTTGTCACT

CNTN6_exon16 CCCAACCTAGGTGCCTTAGTG ACGAAATCTTCCACACTTTTAGAAC

CNTN6_exon17 TGCCATCCCACATTTCTCTTG TCTGGCCAGTTAAATCTCTTTTCT

CNTN6_exon18 GTGATTGATCACATTCTGCCCA TGGAACAAGGGAACACAAACT

CNTN6_exon19 AGTTTGTGTTCCCTTGTTCCA AGGAGCTATTGCGAAGTCCA

CNTN6_exon20 TCCTTGTGGTTGTGGTTGAT AGCAAAGGAATAGGTTGCTCT

CNTN6_exon21 TGCATCATACTTTGACCATGAGC GGGTGTCACATGTTTCATTCCT

CNTN6_exon22 TCCAGAACAGTTGTGTGAACCTT GAATTTCATGCTGCAGCTGTCT

CNTN6_exon23 GTCCTTGGACAAAGACACGGT ACAGCAGTTACAACTCCCCAG

FOXG1 GTGCATAGCTCTTTACCCTGTG CCTGAACTGAAGGGCTCTGTG

BRN2 CATTCCCCTTACGAGGGTGT TTGCCTTCGATAAAGCGGGT

CUX1 CTCACACCAAAACGTGGATG CCGCCTCTATTCTCACGCAT

CUX2 GCCTACCTGAAACGTCGCTA TGACGGTGTTGGTCTTGAGG

SYN1 CCCAAATACCAGGCAACCCA GGAAGGGGCTCAACAGTAGG

vGLUT1 ATTACTCGTCCCCGCCATTC TGCTGGTAGGGGAGATGTGA

vGLUT2 GGGGAAGAGGCATTTTGCTTG CCAACCACCCAAACAGCTAC

FEZF2 CGATGACTGGCAGCAAACTC TTCGCTTGTACAGGAGGATTTAC

BHLHE22 AAGCCTGGAGAGTGTTTGAATG ATGCTACCCAACCCCTAACC

GAPDH GTGGACCTGACCTGCCGTCT GGAGGAGTGGGTGTCGCTGT
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N2B27 medium consisting of a 1:1 mixture of DMEM/F12
and Neurobasa l Medium supplemented with 1%
GlutaMAX™-I, 1% Pen Strep, 0.5% N2 supplement, 1%
B27 supplement, human BDNF (10 ng/ml) (all from
Gibco), mouse laminin (0.2 μg/ml, Sigma), and 200 μM
L-ascorbic acid (Sigma). The medium was replaced every
other day. The total time of neuronal differentiation of iPS
cells by this protocol is approximately 40 days.

Isolation of Mouse Glial Cells Cultures of mouse glial cells
were obtained from the forebrains of 2–3 days CD-1 mice
according to the protocol described by Vierbuchen et al.
[33]. Glial cells were passaged three times to remove neurons
before co-culture with iN cells.

Immunofluorescence Staining Immunofluorescence staining
of iPS cells was performed as previously described [34] using
the following primary antibodies: Nanog (rabbit, 1:200;
Abcam, catalog ab21603), Oct4 (rabbit, 1:200; Abcam, cata-
log ab19857), TRA-1-60 (mouse, 1:250; Abcam, catalog
ab16288), and SSEA4 (mouse, 1:200; Abcam, catalog ab
16287). Immunofluorescence staining of iN cells was per-
formed with the following primary antibodies: Tubb3 (mouse,
1:500; Covance, catalogMMS-435P), NF 200 (rabbit, 1: 200;
Sigma-Aldrich, catalog N4142), MAP2 (rabbit, 1:500;
Abcam, catalog ab32454), synaptophysin (mouse, 1:1000;
BioLegend, catalog MMS-618R), and PSD95 (rabbit,
1:1000; Abcam, catalog ab18258). Anti-rabbit and anti-
mouse IgG antibodies conjugated with Alexa Fluor 546
(1:500; Invitrogen, catalog A-11010 and A-11060, respective-
ly) were used as the secondary antibodies. Neuronal markers
of mature neurons were analyzed after 21–25 days of Ngn2-
induced differentiation of iPS cells. Images were analyzed on
an Axio Imager M2 fluorescence microscope (Carl Zeiss).

RT-PCR Analyses The expression of neuronal markers was ex-
amined in iN cells after 21–25 days of Ngn2-induced differ-
entiation of iPS cells. Total cellular RNAwas extracted from
iN cells using TRI Reagent (Sigma-Aldrich) according to the
manufacturer’s instructions. The concentration and purity of
the RNAwere assessed bymeasuring the optical density of the
RNA solution at 260 and 280 nm using a NanoDrop (Thermo
Scientific). The RNA was treated with DNAse I (Thermo
Fisher Scientific) to remove trace amounts of genomic
DNA, and 0.6 μg of total RNA was used to generate cDNA
using RevertAid RT Kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions. The primer sequences are
shown in Table 1.

Droplet Digital PCR Analysis Total RNA was prepared as de-
scribed above. Droplet Digital PCR (ddPCR) was performed
using a QX100 system (Bio-Rad) according to the manufac-
turer’s recommendations. The reactions (20 μl volume)

contained 1× ddPCR™ Supermix for Probes (no dUTP),
900 nM primers, and 250 nM probes and template. The
primers and probes sequences are shown in Table 2. ddPCR
reactions for each sample were performed in duplicate. The
droplets were generated using DG8™ cartridges and trans-
ferred to PCR plates. PCR was conducted according to the
following program: 95 °C for 10 min, then 45 cycles of
95 °C for 30 s and 60 °C for 1 min. All steps had a ramp rate
of 2 °C per second. The droplets were read in a droplet reader,
and the results were analyzed using Quanta Soft software
(Bio-Rad). Thresholds were set to define the positive and neg-
ative droplets, and the data were exported as a comma-
separated values (CSV) file. ddPCR was performed for three
independent biological replicates. ACTB was chosen as a ref-
erence gene. The absolute number of cDNA copies ofCNTN6
was derived from ddPCR and normalized to the number of
cDNA copies of ACTB.

Electrophysiological Analysis of iN Cells The electrophysiolog-
ical analysis of iN cells was performed after 22 and 45 days of
Ngn2-induced differentiation of iPS cells. Patch clamp record-
ings were performed for GFP-positive iN cells. The whole-
cell configuration of the patch clamp technique was used to
record voltage-gated transmembrane currents and action po-
tentials. The patch pipettes were pulled from standard borosil-
icate glass pipettes 1.5 mm in outer diameter (Sutter
Instruments, USA; puller PC-10, Narishige) and had a resis-
tance of 6–10 MΩ. Under whole-cell voltage clamp condi-
tions, the membrane voltage was held at −70 mV. For the
registration voltage-gated currents, voltage steps from −80 to
+10 mV at 10-mV intervals were used. The duration of each
step was 100 ms, and each step was preceded by hyperpolar-
ization to −90 mV for 300 ms to remove current inactivation.
Test pulses of 100-ms duration were applied every 2 s. Action
potentials were elicited by injection of 100-ms depolarizing
currents with graded stimulus amplitudes under current clamp
conditions. Standard external solution contained 150 mM
NaCl, 5 mM KCl, 1 mM CaCl2, 2 mM MgCl2, 10 mM
HEPES-pH 7.4 (pH adjusted with NaOH), and 10 mM glu-
cose. The patch pipette solution contained 136.5 mM K-glu-
conate, 17.5 mM KCl, 9 mM NaCl, 1 mM MgCl2, 10 mM
HEPES, and 0.2 mM EGTA (pH 7.2). All experiments were
performed at room temperature (20–22 °C).

Cells were visualized with a fluorescence microscope
Axio Examiner.A1 microscope (Carl Zeiss, Germany)
equipped with the appropriate filter sets. Digital pictures
of the recorded cells were acquired using a digital camera
(AxioCam, Carl Zeiss). Single-cell patch clamp recordings
were performed using an EPC 10 USB amplifier (HEKA
Elektronik) filtered below 2.9 kHz using a Bessel low-pass
filter. The data were sampled and analyzed using
PatchMaster software (HEKA Elektronik) and Igor Pro
software (Wavemetrics).
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Results

Characterization of the CNTN6 Gene Microduplication The
TAFdup fibroblasts derived from the patient with a CNTN6
gene duplication had the normal karyotype 46,XY (Fig. 1a).
According to the pedigree, the patient inherited the
microduplication from the father [14]. Figure 1 illustrates the
presence of both parental alleles of the D3S1768 microsatel-
lite in the nine subclones derived from single cells of primary
TAFdup fibroblasts (Fig. 1c). The results did not indicate any
signs of mosaicism among the TAFdup fibroblasts with re-
spect to the presence of the microduplication of CNTN6.

Genomic DNA extracted from the TAFdup fibroblasts at
passages 10–11 was subjected to whole-genome sequencing.
The sequence data were analyzed using the MANTA,
CANVAS, and SVDetect algorithms to search for structural
variations within the 3p26.3 region containing the CNTN6
gene. All algorithms produced similar results indicating that
the size of the microduplication was approximately 1 Mb:
MANTA—560,685–1,504,677 bp; CANVAS—662,227–1,
504,619 bp; and SVDetect—560,671–1,504,741 bp
(GRCh37/hg19 human genome reference) and that the
microduplication begins approximately 600 kb upstream of
the CNTN6 gene and ends more than 50 kb downstream of
its stop codon. Figure 1e illustrates the result of sequencing of
the border between the first and the second CNTN6 gene cop-
ies. The first copy ends at 1,504,678 bp, and the second copy
began at 560,685 bp. This suggests that the DNA fragment
from 560,685 to 1,504,678 bp was duplicated in patient K.

In addition, we checked the aligned reads in the Integrative
Genomics Viewer (http://software.broadinstitute.org/
software/igv/) and were able to identify sequences spanning
the duplicated segment in TAFdup cells from nucleotides
560,685 to 1,504,666 in the 3p26.3 region. Importantly,
none of the software analyses revealed additional
rearrangements affecting the CNTN6 gene with the

exception of a small microduplication approximately 500 bp
in length identified within intron 2; this microduplication was
detected by MANTA but not by CANVAS or SVDetect.
Furthermore, the presence of this presumed 500-bp
microduplication was not confirmed by direct sequencing of
the chromosome 3 (1,216,883–1, 217,448 bp). Here, it is per-
tinent to note that, with the exception of some SNPs, sequenc-
ing of all 23 CNTN6 exons of the TAFdup fibroblasts did not
reveal any differences between the duplicated and wild-type
alleles of theCNTN6 gene. The sequencing data did not reveal
any structural variations either within the CNTN6 gene or in
the region surrounding the gene in the TAFdup fibroblasts.

We identified the following SNPs of the CNTN6 gene exons
in TAFdup fibroblasts: rs150338565 (T/C, exon 6,
chr3:1,295,687, GRCh38/hg38; Tmarks the paternal duplicated
CNTN6 allele), rs4684146 (C/T, exon 18, chr3:1,383,061,
GRCh38/hg38; C marks the paternal duplicated CNTN6 allele),
and rs2291101 (G/A, exon 18, chr3:1,383,034, GRCh38/hg38).
We also sequenced the CNTN6 exon 6 of TAF1nor and
TAF2nor fibroblasts derived from two healthy men. We found
rs2291101 (G/A, exon 18, chr3:1,383,034, GRCh38/hg38) in
TAF2nor fibroblasts and a new SNP in TAF1nor fibroblasts
(C/A, exon 6, chr3:1,295,653, GRCh38/hg38). This SNP leads
to the substitution of glutamic acid for aspartic acid; because
both of these residues are polar and negatively charged, it is
unlikely that this variation affects the structure of the encoded
protein. In addition, we sequenced exon 6 of the CNTN6 gene
from blood sample DNA obtained from the healthy parents of
the TAF1nor and TAF2nor fibroblast donors. This allowed us to
establish the parental origin of the alleles: Amarks the maternal
CNTN6 allele,Cmarks the paternal allele in TAF1nor,Gmarks
the maternal allele, and Amarks the paternal allele in TAF2nor.

Generation and Characterization of iPS Cells Obtained from
TAFdup, TAF1nor, and TAF2nor Fibroblasts We used
Yamanaka’s transcription factors cocktail containing OCT4,

Table 2 List of primers and probes for ddPCR

Name of primers and probes Primer sequence 5′–3′ Probe sequence 5′–3′

ACTB Forward TCGTGCGTGACATTAAGGAG HEX-CGCCCTGGACTTCGAGCAAGAGA-BHQ

Reverse CTTCTCCAGGGAGGAGCTG

CNTN6 Forward CCAAGTGAACCATCAGAATTGTTAA HEX-AGCATCAGTCCCTGTTGTGGCACC-BHQ
Reverse CCGACTTCCTCCACCTCCAT

CNTN6_exon6_nor Forward GGACCTTCAATGATAACCCCTTA FAM-CGTCCAAGAGGACAATAGGCG-BHQ

Reverse GTTTCCCGTCTCTTGAGATACAA HEX-CGTCCAAGAGGAAAATAGGCG-BHQ

CNTN6_exon18_nor CAGTGGGCTCGACAACCT FAM-CCAAGGAGAAAGTATCATCTGTGG-BHQ

AGACAGTGGGATGATGCTTTCATT HEX-CCAAGGAGAAAGTGTCATCTGTGG-BHQ

CNTN6_exon6_dup Forward GGACAATAGGCGATTTGTATCTC HEX-AGACGGGAAACTTGTACATTGCC-BHQ

Reverse CCCACATCTGATGGTTCCAC FAM-AGACGGGAAACCTGTACATTGCC-BHQ

CNTN6_exon18_dup Forward CAACCTGGTCCAAGGAGAAAG FAM-AGGTTTGTCTACAGAAATGAAAGC-BHQ

Reverse CAAAGGGAGACAGTGGGATGA HEX-AGGTTTGTTTACAGAAATGAAAGC-BHQ
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SOX2, C-MYC, and KLF4 to reprogram human fibroblasts
into iPS cells. We produced 7 iPS cell clones from TAFdup
fibroblasts, 12 iPS cell clones fromTAF1nor fibroblasts, and 7
iPS cell clones from TAF2nor.

Cytogenetic analysis of the iTAFdup, iTAF1nor, and
iTAF2nor cell clones showed that they had the normal
karyotype 46,XY (Fig. 2a). Nevertheless, chromosome
mosaicism often arises during the generation and cultiva-
tion of iPS cells [35, 36]. We performed microsatellite
analysis of the iTAFdup clones and observed both paren-
tal D3S1768 microsatellite variants marking the parental
chromosome 3 (Fig. 1d), i.e., there were no signs of mo-
saicism among the iTAFdup clones with respect to the
presence or absence of chromosome 3 carrying the
CNTN6 duplication.

All iPS cell clones had typical human embryonic stem (ES)
cell morphology. Most of the cells were positive for key
markers of pluripotent cells such as OCT4 and NANOG and
for the surface antigens TRA-1-60 and SSEA4 (Fig. 2b–f).

Teratomas produced from the iTAFdup, iTAF1nor, and
iTAF2nor clones contained derivatives of the three embryonic
layers: ectoderm, endoderm, and mesoderm. These data indi-
cate that the iTAFdup, iTAF1nor, and iTAF2nor cell clones
are pluripotent. Based on histological analysis of the terato-
mas, we selected the iTAFdup14, iTAFdup22, and
iTAFdup24 clones carrying the CNTN6 duplication for neu-
ronal differentiation.

Characterization of iN Cells Derived from iTAFdup and
iTAFnor Cells iN cells were produced from two iTAF1nor

Fig. 1 a Karyotype 46,XYof a
TAFdup fibroblast derived from a
patient carrying the duplication of
CNTN6 gene. b Analysis of the
D3S1768 microsatellite marking
parental chromosome 3 in the
patient with a duplication of
CNTN6 gene (TAFdup) and his
grandfather (GF), grandmother
(GM), father (F), and mother (M).
The slow-migrating variant in the
patient is seen to be inherited from
the mother. c Presence of both
parental variants of the D3S1768
microsatellite in primary TAFdup
fibroblasts and their 9 subclones
from TAFdup1 to TAFdup9, each
of which originated from a single
cell. d Presence of the parental
variants of the D3S1768
microsatellite in 7 clones of the
iTAFdup series from iTAFdup3 to
iTAFdup36, each of which were
derived from single cells of
TAFdup. e Schematic
representation of 3p26.3 in
normal (upper) and duplicated
(lower) alleles and extension of
the duplication junctions.
Sequence analysis of the
duplication junctions in a patient
carrying the duplication of
CNTN6 gene
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and three iTAFdup iPS cell clones by forced expression of the
transcription factor Ngn2 [31]. After 10–14 days of induced
differentiation, most cells displayed extensive neurite out-
growth and formed a dense network (Fig. 3a). More than
90% of the differentiated cells obtained from the iTAF1nor
and iTAFdup iPS cell clones were positive for beta-tubulin.
In addition, immunofluorescent staining showed that most of
the iN cells derived from iTAF1nor and iTAFdup were posi-
tive for MAP2 and NF200 (Fig. 3b) after 24 days of differen-
tiation. Moreover, there were neurons enriched in puncta after
staining with antibodies against the synapse-associated pro-
teins PSD95 and synaptophysin (Fig. 3b).

We also evaluated the expression of some neural markers
of iN cells by RT-PCR. After 3 weeks of differentiation, we
observed the expression of a broad range of neuronal markers
in Ngn2-induced neurons derived from both iTAF1nor and
iTAFdup cells. These markers included the telencephalic
markers FOXG1 and BRN2, the layer II-III neuronal markers
CUX1 and CUX2, and synaptic proteins such as SYN1, vesic-
ular glutamate transporter 1, and vesicular glutamate trans-
porter 2.Moreover, FEZF2, which is highly expressed in layer
5 pyramidal cells, was also detected (Fig. 3c).

Electrophysiological Properties of iN Cells To functionally
characterize the mature iN cells, we examined their electro-
physiological properties using the patch clamp technique.

Electrophysiological measurements were performed on
GFP-positive cells with clear neuronal morphology after 22
and 40 days of differentiation.

Neurons differentiated from both iTAF1nor and
iTAFdup clones displayed similar ability to fire action po-
tentials (APs) in response to depolarizing current pulses
(Fig. 3d(i)). During whole-cell recording in voltage-clamp
mode, iN cells derived from iTAF1nor and iTAFdup exhib-
ited rapidly inactivating inward current with a rise time of
few milliseconds followed by outward currents, corre-
sponding to the opening of voltage-dependent Na+ and
K+ channels. The inward current was completely blocked
by inclusion of tetrodotoxin in the external solution
(Fig. 3(ii)). Thus, iN cells obtained from the healthy donors
and from the patient with the duplicated CNTN6 gene ap-
pear to exhibit functional membrane properties and activi-
ties characteristic of neurons.

Total CNTN6 Gene Expression in Ngn2-Induced Neurons RT-
PCR analysis revealed that the expression of CNTN6 was
activated on the second day of Ngn2-induced differentiation
(Fig. 4a). We used a highly sensitive and accurate ddPCR
method to follow the dynamics of CNTN6 expression in iN
cells. iTAF1nor25 was subjected to neural differentiation for
2, 7, 10, 15, and 21 days. The amount of CNTN6 transcripts
increased during the differentiation period (Fig. 4b).

Fig. 2 Characterization of human iPS cells. a A karyotype 46,XY of an
iTAFdup22 cell. b–f Immunofluorescence analysis of pluripotency
markers using antibodies against OCT4 (b), SOX2 (c), NANOG (d),

TRA1–60 (e), and SSEA4 (f) in clones of iPS cells of the iTAFdup and
iTAF1nor series. Most iPS cells are positive for these markers. Scale
bars 20 μm
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To compare the level ofCNTN6 gene expression in iN cells
obtained from healthy donors with that in iN cells from the
patient with the duplicated CNTN6 gene, two iTAF1nor
clones (iTAF1nor25 and iTAF1nor36), one iTAF2nor5 clone,

and three iTAFdup clones (iTAFdup14, iTAFdup22, and
iTAFdup24) were subjected to neuronal differentiation by
forced expression of exogenous Ngn2. The results of quanti-
tative measurements of the CNTN6 gene expression in these

Fig. 3 Ngn2-induced neuronal differentiation of human iPS cells. a GFP
images of live Ngn2-induced iPS cells at various time points (d) showing
that both iTAF1nor and iTAFdup cells quickly acquire neuronal
morphology. b At 3 weeks, iN cells obtained from both iTAF1nor and
iTAFdup cells expressed the neuronal markers (red) beta-tubulin, MAP2,
NF200, PSD95, and synaptophysin. The markers were identified by
immunofluorescence using specific antibodies. Nuclei were stained
with DAPI (blue). c RT-PCR analysis of FOXG1, BRN2, CUX1, CUX2,
SYN1, vGLUT1, vGLUT2, FEZF2, BHLHE22, and GAPDH (internal
control) gene expression in iN cells from two iTAF1nor and three

iTAFdup clones. d Electrophysiological properties of iN cells after
40 days of differentiation from iTAF1nor and iTAFdup clones. i Action
potentials were observed; representative voltage responses of iN cells to
currents of 100 and 30 pA are shown. ii Voltage clamp recording in iN
cells shows putative voltage-gated Na+ (inward) and K+ (outward)
currents. For the initiation of voltage-gated currents, voltage steps from
−80 to +10 mVat 10-mV intervals were used. The holding potential was
−70 mV. The inward currents were completely blocked by 1 μM
tetrodotoxin, indicating that they were Na+-driven
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clones, based on three replications, are presented in Fig. 4c.
It is important to note that there is statistically significant
variability in the expression of CNTN6 between iN cells
derived from iTAFdup14 and those derived from the
iTAFdup22 and iTAFdup24 clones, whereas the differences
in CNTN6 expression between iN cells derived from the
latter two clones are statistically insignificant. The variabil-
ity in the expression of CNTN6 between iN cells derived
from the iTAF1nor25, the iTAF1nor36, and iTAF2nor5
clones is statistically insignificant. In spite of the interclonal
variability in the expression of CNTN6 within each series,
Fig. 4a shows that in iN cells derived from both iTAF1nor
and iTAF2nor5 clones expression of the CNTN6 gene is
several fold higher than that in iN cells derived from the
iTAFdup clones. The minimal expression level of CNTN6
observed in iN cells derived from iTAFdup24 is 2–3% of

that from the iTAFnor clones, and the maximal expression
level ofCNTN6 in iTAFdup14 iN cells is approximately 20–
30% of that in the iTAFnor iN cells. These interclonal dif-
ferences in expression of the CNTN6 in iN cells derived
from iTAFnor and iTAFdup clones are statistically
significant.

Allele-Specific CNTN6 Expression in Ngn2-Induced Neurons
Because we found significantly reduced expression of the
CNTN6 gene in iTAFdup neurons compared with expression
in iN cells derived from iTAF1nor and iTAF2nor, it was im-
portant to determine whether there is a difference in the ex-
pression levels of the normal and duplicated CNTN6 alleles.
To address this issue, we used TaqMan probes to distinguish
SNPs from the parental alleles of CNTN6 for the iTAF1nor,
iTAF2nor and iTAFdup clones.

Fig. 4 Analysis of CNTN6 gene expression in iN cells obtained by
in vitro neuronal differentiation of human iPS cells. a RT-PCR analysis
of CNTN6 in iTAF1nor25 iN cells at various time points (days). GAPDH
was used as an internal control. bDynamics ofCNTN6 expression during
Ngn2-induced neuronal differentiation of iTAF1nor25. CNTN6 gene
expression was normalized to that of ACTB. c Comparison of the
CNTN6 transcript levels in iN cells from healthy donors (iTAF1nor25,
iTAF1nor36, and iTAF2nor5) with those in iN cells from the patient with
the duplicated CNTN6 gene (iTAFdup14, iTAFdup22, and iTAFdup24)
at 3 weeks of differentiation. CNTN6 gene expression was normalized to
that of ACTB. The data are presented as the mean ± SD (*p < 0.05,
Student’s t test). d CNTN6 allele ratios estimated by ddPCR for iPS
cells from healthy donors (iTAF1nor36 and iTAF2nor5) and from the

patient with a CNTN6 duplication (iTAFdup14). e Ratios of CNTN6
allele transcripts in iN cells generated by the Ngn2-induced neuronal
differentiation of iTAF1nor25, iTAF1nor36, and iTAF2nor5. The data
are presented as the mean ± SD. f Ratios of CNTN6 allele transcripts in
iN cells generated by Ngn2-induced neuronal differentiation of three
iTAFdup clones carrying a microduplication within the CNTN6 gene.
Despite the interclonal variability, excess of expression of the maternal
allele over the paternal allele is clearly observed. The data are presented as
the mean ± SD. g Expression of the CNTN6 gene in NPC-derived
neuronal cells generated by spontaneous differentiation of iTAF1nor36
and iTAFdup14 via EBs. h Ratios of CNTN6 allele transcripts in NPC-
derived neuronal cells generated by spontaneous differentiation of
iTAF1nor36 and iTAFdup14 via EBs
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To ensure that the probes and primer sets used in this study
allowed us to accurately distinguish the parental alleles, we
analyzed the allele ratios in genomic DNA (gDNA). gDNA
from iTAF1nor36, iTAF2nor5 and iTAFdup14 was digested
by HindIII (5 U, SibEnzyme) directly in the Bio-Rad®
Droplet Digital SuperMix prior to droplet generation. ddPCR
analysis of iTAF1nor36 and iTAF2nor5 gDNAyielded CNTN6
allele ratios of 1.01 and 0.95, respectively. Analysis of
iTAFdup14 gDNA gave CNTN6 allele ratios of 1.94 for exon
6 and 1.93 for exon 18 (Fig. 4d). These results are consistent
with the aCGH data [14] and allowed us to use the designed
probes to quantify CNTN6 transcripts from parental alleles.

We analyzed allele-specific CNTN6 expression in iN cells
derived from the iTAF1nor25, iTAF1nor36, and iTAF2nor5
clones in three independent replicas. Figure 4e shows the sta-
tistically significant differences in the ratios of the maternal
and paternal allele transcripts of the CNTN6 gene; the ratios
were 58.5 to 41.5% for iTAF1nor25, 54 to 46% for
iTAF1nor36, and 63.1 to 36.9% for iTAF2nor5. Thus, the data
indicate that expression of the maternal allele was slightly
higher than expression of the paternal allele in neurons obtain-
ed from the analyzed clones.

Analysis of allele-specific CNTN6 expression was per-
formed for iN cells originating from iTAFdup14, iTAFdup22,
and iTAFdup24 using probes that distinguish the SNPs in exon
6 of the parental alleles. The results of quantitative measure-
ments obtained in three independent experiments are shown in
Fig. 4f. The duplicated allele of the CNTN6 gene is expressed
at a level many times lower than the level of expression of the
normal allele: in the iTAFdup14 clone, less than 0.5% of the
total expression was represented by the paternal allele versus
99.5% of the maternal; in iTAFdup22 and iTAFdup24, these
values were 13 versus 87% and 16.5 versus 83.5%, respective-
ly. The differences are statistically significant. It is important to
emphasize that the same allele-specific expression bias was
revealed through the use of probes distinguishing SNPs in
exon 18 of the CNTN6 gene.

Allele-Specific CNTN6 Expression in NPC-Derived Neurons To
exclude a possible influence of the differentiation strategy on
allele-specific CNTN6 expression, we used another protocol
[32] to obtain post-mitotic neurons derived from iTAF1nor36
and iTAFdup14 cells. After 8 weeks of differentiation, neu-
rons derived from NPC were positive for beta-tubulin and
MAP2. Figure 4g illustrates that total expression of the
CNTN6 gene is more abundant in iTAF1nor36 than in
iTAFdup14 NPC-derived neurons. Moreover, the expression
of the maternal allele is slightly higher than that of the paternal
allele in iTAF1nor36-derived neurons and many times higher
than that of the paternal allele in iTAFdup14-derived neurons
(Fig. 4h). The extremely low expression (approximately
0.1%) of the paternal allele of the CNTN6 gene in
iTAFdup14 NPC-derived neurons compared to that of the

maternal allele resembles that in iN cells derived from the
clone. These data are in good agreement with the results ob-
tained by allele-specific expression analysis of the CNTN6
gene in iN cells derived from iTAFdup and iTAF1nor cells.

Discussion

In a previous study, a 766.1-kb microduplication of 3p26.3
region involving the CNTN6 gene was detected by an
Agilent 60K array in patient K, who displays developmental,
speech and language delays, abnormal skull shape, and facial
dysmorphism [14]. According to our genome sequencing of
fibroblasts derived from this patient, the duplicated segment is
located between nucleotides 560,685 and 1,504,678 in the
3p26.3 region; hence, its size is approximately 1 Mb. It is
important to note that the duplicated segment, which begins
approximately 600 kb upstream of the CNTN6 gene and ends
more than 50 kb downstream of its stop codon, does not show
any structural variations either inside the CNTN6 gene or in
the region surrounding the gene. In addition, subcloning of
primary fibroblasts obtained from the patient indicated that
the population is represented by cells carrying both parental
chromosomes 3 based on microsatellite analysis.

To determine the effect of the microduplication in the
CNTN6 gene on its expression in neurons, we chose a two-
step approach to the in vitro generation of neural cells; the first
step involved the production of iPS cells from fibroblasts, and
the second step was either neural differentiation of the iPS
cells under forced expression of the transcription factor
Ngn2 or spontaneous differentiation of iPS cells into neural
cells via EBs. iPS cells obtained from a patient carrying the
microduplication of the CNTN6 gene and iPS cells obtained
from two healthy donors showed similar pluripotent charac-
teristics; they were positive for typical markers of pluripotent
cells such as OCT4, NANOG, TRA-1-60, and SSEA4 and
displayed the ability to generate teratomas containing deriva-
tives of three embryonal layers and the ability to form EBs. In
addition, microsatellite analysis revealed that no loss of the
duplicated allele of the CNTN6 gene had occurred during the
generation of the iPS cell clones.

We chose a protocol based on the forced expression of the
transcription factorNgn2 to induce neural differentiation of iPS
cells [31] for two reasons; Ngn2 converts human iPS cells into
functional neurons with nearly 100% yield and purity after
puromycin selection, and the neurons obtained in this way
express markers that are characteristic of layer II-III excitatory
cortical neurons. In fact, we observed the appearance of cells
with neuronal morphology that were positive for beta-tubulin
in less than 10–12 days by forced expression of Ngn2. After
21–24 days of Ngn2-induced differentiation, the neurons ac-
quired mature pre- and postsynaptic specializations (positive
forMAP2,NF200, and the synapse-associated proteins PSD95
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and synaptophysin), and after 40 days they displayed electro-
physiological activities characteristic of mature neurons.
Moreover, in addition to the telencephalic markers FOXG1,
BRN2, CUX1, and CUX2, which are characteristic of neurons
in cortical layers II-III as described by Zhang et al. [31], we
identified FEZF2, which is characteristic of layer V pyramidal
cells, in our experiments. The presence of neuronal markers
characteristic of pyramidal cells is important because the gene
product of CNTN6, together with other contactins, plays im-
portant roles in brain development during the critical phase of
establishing brain systems and their plasticity via neurite out-
growth, synaptogenesis, and terminal branching of axons to
form neural circuits [37, 38]. It is important to note that iN
cells obtained from iPS cells derived from healthy donors
and those derived from a patient carrying a microduplication
within theCNTN6 gene had similar characteristics with respect
to markers and electrophysiological activities.

We used another technology to generate neural cells from
iPS cells via NPC. It provides a broader spectrum of neural
derivatives, including neurons, astrocytes, and oligodendrog-
lia [39–42]. We also observed these types of cells after differ-
entiation iPS cells using a protocol developed by Muratore
et al. [32].

The main aim of this study was the quantitative estimation
of CNTN6 expression in in vitro-generated neurons derived
from iPS cells obtained from healthy donors and from a pa-
tient carrying a microduplication of the CNTN6 gene. The
total expression of the CNTN6 in iN cells derived from iPS
cells from healthy donors was severalfold in excess of that in
iN cells derived from iPS cells carrying the microduplication.
The observed differences in total CNTN6 expression in neu-
rons originating from iPS cells that carry the gene duplication
may be due to the effect(s) of this duplication.

The variability in total CNTN6 expression among iN cells
from different iPS cell clones derived from the patient with the
CNTN6 duplication and iN cells from iPS cells from healthy
donors deserves special attention. In fact, minimal expression
ofCNTN6was observed in iTAFdup24 (2–3% compared with
iTAF1nor clones), intermediate expression was found in
iTAFdup22 (10–14% compared with iTAF1nor clones), and
maximal expression was observed in iTAFdup14 (20–30%
compared with iTAF1nor clones). This interclonal variability
was highly reproducible.

The significant decrease in total CNTN6 expression in iN
cells with the CNTN6 duplication compared with those de-
rived from healthy donors can be explained by a dramatic
decrease in expression of the paternal inherited duplicated
allele compared with the wild-type allele. In spite of
interclonal variability in the expression of the paternal dupli-
cated allele, its level of expression was significantly lower
than that of the normal allele. Importantly, minimal expression

of the paternal allele was observed in the iTAFdup14 iN cells,
and similar low expression of the allele was also found in
neural cells obtained via NPC technology. It is pertinent to
note that the maternal allele of theCNTN6 gene was expressed
at a slightly higher level than the paternal allele in iN cells
derived from iPS cells from healthy donors. The revealed
interclonal variability of the allelic expression of CNTN6 in
iN cells is reminiscent of the phenomenon of random
monoallelic expression (RME), which is manifested during
in vitro formation of neural progenitor cells (NPC) from
mouse embryonic stem cells (ESC) [43]. Those researchers
described variability in the monoallelic expression of many
autosomal loci in NPC clones derived from ESC. The use of
an independent approach based on sequencing technology
indicated that 2.5–5% of autosomal genes are expressed by
RME [44–46]. However, in our case, the variability in allelic
CNTN6 expression was most clearly manifested in iN cells
carrying the duplicated CNTN6, whereas in iN cells contain-
ing two wild-type alleles, this variability was slight. An unde-
fined dependence on parental inheritance in the manifestation
of the mutant phenotype associated with deletion of the
CNTN6 gene was noted earlier in a study of family pedigrees
[20]; however, there are no data on imprinting in this region of
human chromosome 3.

In any case, our data suggest that dramatically reduced
expression of two copies of the duplicatedCNTN6 allele com-
pared with the wild-type allele may underlie the
neurodevelopmental and neuropsychiatric anomalies ob-
served in the patient carrying this microduplication.
Moreover, our data help to explain the presence of similar
clinical symptoms in a patient carrying a deletion of the
CNTN6 gene and a patient carrying a microduplication of this
gene [14].
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