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Abstract

To clarify the pathophysiology of brain and spinal cord impairment in Rett syndrome (RTT), we report on the current status of
research on Rett syndrome and review the abnormalities reported in neurotransmitters, neuromodulators and other biological
markers in patients with RTT. We have previously investigated the levels of various factors in the blood, plasma, and cerebrospinal
fluid (CSF) of RTT patients, including biogenic amines, lactate, melatonin, pyruvate and other citric acid cycle intermediates,
substance P, B-endorphin and other neuropeptides, and a neuromodulator of B-phenylethylamine. In addition, we have performed
near-infrared spectroscopy of the cerebral cortices in patients with RTT and genetic studies of the methyl-CpG-binding protein 2
(MECP2) in these patients. Taken together, the multiple abnormalities we and other authors have revealed in the various
neurotransmitters/neuromodulator systems explain the pervasive effects of Rett syndrome. We also discuss the possible role of
plasma ghrelin and present the results of our mouse study of the MECP2-null mutation using ES cells. Finally, we consider the

potential for future analyses using our recently developed iPS cell system and discuss the future perspectives for the treatment

and management of this disease.
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1. Introduction

Rett syndrome (RTT) is a neurodevelopmental
disorder characterized by normal early psychomotor
development followed by the loss of psychomotor and
acquired purposeful hand skills and the onset of stereo-
typed movement of the hands and gait disturbance [1-4].
The gene was discovered in 1999 and the disease was
found to be caused by a mutation of the methyl-CpG-
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binding protein 2 [5,6]. However, in many ways this clin-
ically peculiar condition remains a mystery, with no
clear correlations between the gene mutation and abnor-
mal biological markers, neuropathology and/or unique
clinical symptoms and signs [1-4,6].

RTT is unique among genetic, chromosomal and other
developmental disorders because of its usually sporadic
occurrence, extreme female gender bias, early normal
development and subsequent developmental regression,
autonomic dysfunction, stagnation in brain growth and
distinctive neuropathology. MECP2 mutations lead to
the RTT phenotype in females, and profound congenital
encephalopathy in males [7]. Research needs to be direc-
ted toward clarifying the link between the MECP2
involvement and the alterations in biological, neurochem-
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ical, and neurotransmitter/receptor systems, as well as
toward developing new therapeutic modalities.

2. Neurotransmitters and biological markers
2.1. Biogenic amines

Nomura and Segawa have suggested that hypoactiv-
ity or underdevelopment in the biogenic amines might
account for the range of abnormalities found in RTT.
Specifically, they suggested that the disease might be
associated with impairments in noradrenalin, serotonin,
and dopamine based on a series of clinical, electrophys-
iological and polysomnographic studies. They have
proposed that the following points are important in con-
sidering the pathophysiology of RTT. First, the charac-
teristic symptoms and signs appear in sequence within a
specific age from infancy. The earliest and pathogno-
monic manifestations of RTT are the autistic tendency
and the decreased rate in head growth [8,9]. Their report
has led to a proliferation of studies on biogenic amines
in the cerebrospinal fluid (CSF) of RTT patients, as well
as immunohistochemical studies, receptor studies, and
neuroimaging studies. Together, these investigations
have suggested that various neurotransmitters, neuro-
modulators, neurotrophic factors and neuronal markers
may be involved in RTT. Zoghbi et al. have reported
significant reductions in the levels of homovanillic acid
(HVA) and in 3-methoxy-4-hydroxy-phenylethylene gly-
col (MHPG) in the CSF of children with RTT [10].
However, Perry et al. reported no difference in these lev-
els between RTT patients and controls [11]. Therefore,
whether or not CSF biogenic amines are actually altered
in RTT remains a matter of controversy. However, a
recent report showed that HVA and 5-HIAA were
decreased in RTT patients and the MECP2™™Y mouse
brain [12]. In another study, the biogenic amines dopa-
mine, serotonin, and noradrenalin, and their respective
metabolites HVA, 5-hydroxyindoleacetic acid, and
MHPG, were measured in tissues from selected brain
regions obtained at postmortem from four patients with
RTT. A marked reduction in each of these substances
was observed and these changes appeared to be age-
related [13,14]. In addition, the endogenous levels of
dopamine and its metabolites have been shown to be
decreased throughout the neocortex and basal ganglia
of patients with RTT [15]. Kitt et al. have reported a
mild-to-moderate reduction in the number and cell size
of the basal forebrain cholinergic neurons in RTT
patients compared with controls, which might explain
the impaired cognitive function and microcephalus [16].

2.2. -Phenylethylamine

We have reported decreased p-phenylethylamine
(PEA) levels in the CSF of patients with RTT [17].

PEA is an endogenous amine synthesized by decarbox-
ylation of phenylalanine in the dopamine neurons of
the nigrostriatal system, and plays an important role
in both the dopaminergic and noradrenergic systems.
We have also reported reduced levels of PEA in the
CSF of patients with Parkinson’s disease. The PEA level
was also negatively correlated with the severity of the
Parkinson’s disease [18].

2.3. B-Endorphin, substance P, melatonin

Myeretal. [19]and Budden et al. [20]have reported ele-
vated CSF B-endorphin in RTT. However, elevated B-
endorphin was not found in the brain, suggesting that
the alteration in B-endorphin may be a secondary change.
We have reported that the level of substance P was mark-
edly decreased in the CSF in patients with RTT, and this
was considered to play a role in the features of autonomic
dysfunction that occur in RTT, including constipation,
small and cold feet, progressive limb muscle weakness
and muscle atrophy [21]. Substance P is a neurotransmit-
ter or neuromodulator in the peripheral as well as the cen-
tral nervous system (CNS). Substance P activity is
associated with dopaminergic neurons in the substantia
nigra and the striatum, the central autonomic nuclei, the
dorsalroot ganglia, and the peripheral autonomic ganglia
[22]. Hedner et al. reported that substance P acted on the
respiratory control system by at least two different mech-
anisms: the bulbo-pontine time setting mechanism, and
the inspiratory off-switch mechanism [23]. Deguchi et al.
reported that the substance P immunoreactivity was sig-
nificantly decreased in brain tissues, especially the solitary
tract and nucleus, parvocellular and pontine reticular
nuclei, and locus coeruleus, with less significant decreases
in the substantia nigra, central gray matter of the mid-
brain, and other regions. Glial fibrillary acidic protein
(GFAP)-positive astrocytes were increased in the areas
in which SP immunoreactivity was decreased [24]. Neuro-
trophic effects of substance P on the hippocampal neurons
have been reported [25]. Sleep disturbances such as
screaming attacks, fragmented nighttime sleep, and exces-
sive daytime sleeping are also common features in patients
with RTT. These symptoms may be due to the decreased
levels of melatonin, and in fact, such symptoms are ame-
liorated by exogenous melatonin treatment [26-28].

2.4. Neurotrophic factors and others

Nerve growth factor (NGF) is known to be a trophic
factor, especially for the cholinergic neurons of the basal
forebrain. NGF has been shown to be markedly
decreased in the CSF of RTT patients, which may
explain the decreased brain size [29]. Chen et al. [30]
and Martinowich et al. [31] groups found that MECP2
binds selectively to brain-derived neurotrophic factor
(BDNF) promoter and functions to regulate expression
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of the BDNF gene. Overexpression of BDNF indeed
extended the lifespan, restored locomotor activity levels,
and relieved some symptoms of the MECP2 mutant
phenotype [32,33]. Itoh et al. reported that MECP2
directly regulates expression of insulin-like growth fac-
tor binding protein 3 (IGFBP3) gene, which can be
expected in turn to inhibit IGF-1 signaling [34,35].

Blue et al. reported significant changes in specific
glutamate receptors, including NMDA, AMPA, and
metabotropic type glutamate receptors in RTT [36].
Hamberger et al. have reported an elevation in the glu-
tamate level in the CSF of children with RTT [37]. The
elevations in NMDA receptors combined with the
increased levels of CSF glutamate have suggested that
excitatory neurotransmission is enhanced early in the
course of the disease. Yamashita et al. measured benzo-
diazepine binding in stage IV RTT using single-photon
computed tomography (SPECT) imaging techniques,
and noted a significant reduction in the fronto-temporal
cortex, suggesting a decrease in GABA receptors in
adult RTT patients [38].

3. Energy metabolism: Rett syndrome is not a
mitochondrial disease

Haas et al. have reported elevated CSF lactate and
pyruvate in some patients with RTT [39]. Wakai et al.
have reported morphological changes in the mitochon-
dria in sural nerve biopsy specimens from patients with
RTT [40]. We have also reported that the elevation in
CSF lactate levels constituted a secondary biochemical
change directly related to the abnormalities in
respiration [41,42]. In a related study, we continuously
monitored changes in cerebral oxygenation and hemo-
dynamics in the frontal lobes of six patients with Rett
syndrome during the awake state, which is associated
with hyperventilation (HV) and breath-holding (BH),
by near-infrared spectroscopy. We found that oxygen-
ated hemoglobin (HbO,) and total hemoglobin (HbT)
decreased significantly during HV and BH in the awake
state compared with the sleep state. The observed con-
tinuous decreases in HbO, and HbT may cause the focal
ischemia and the increased lactate levels in the brain
[43]. These finding suggested that RTT was not a pri-
mary mitochondrial disorder.

4. Neuropathological study

Armstrong reviewed the neuropathology of RTT and
pointed out several important points as follows. The
RTT brain is much smaller than a normal brain, and
the volume is reduced in specific brain regions including
the prefrontal, frontal, and anterior temporal regions. In
addition, there are alterations of dendritic arborization
in the above brain regions, and some Rett neurons have
decreased expression of prealbumin and synaptophysin

immunoreactivity and altered expression of neurotrans-
mitters. Previous neuropathologic studies have also
observed decreased melanin content of the zona com-
pacta nigrae in the CNS of RTT patients [44]. Reduced
expression of neuropeptides has been observed, includ-
ing reduced immunoreactivity for tyrosine hydroxylase,
a reduction of substance P in the parabrachial complex,
and reductions of methionine enkephalin in the brain-
stem and the basal ganglia [45].

5. Methyl-CpG-binding protein 2 gene

Amir et al. reported on the clinical and laboratory
features versus the genotype of MECP2. They also
reported that the CSF HVA was significantly decreased
in patients with truncating mutations compared with
that in patients with missense mutations [46]. Methyla-
tion of DNA is essential for development in the mouse
and plays an important role in the activation of the
X-chromosome, genomic imprinting and gene silencing.
The spectrum of MECP2 mutations reflects the impor-
tance of the methyl-CpG-binding domain and transcrip-
tional repression domains [47]. Mutation analyses of the
MECP2 gene have been performed in Japanese patients
with RTT. The T158M mutation is a common mutation
in the typical phenotype of RTT [48,49], while the
R133C mutation was associated with the mildest cases
with preserved speech [46,50]. We have already pre-
sented our preliminary clinical and basic research and
reviewed the previous literature on RTT [51].

6. Future intervention and therapeutic strategies

6.1. Ghrelin

Ghrelin, a 28 amino acid peptide isolated from the rat
stomach as an endogenous ligand for growth hormone
secretagogue receptor (GHS-R) la and expressed in
both the stomach and hypothalamus, exerts multiple
physiological functions, including the stimulation of
somatic growth, improvement of appetite, and enhance-
ment of the motility of the gut [52]. Many of these
functions are related to the clinical phenotypes of
RTT, and thus this study investigated the plasma levels
of ghrelin in 23 RTT patients in comparison to those in
39 healthy controls. The total ghrelin level in the
patients with RTT was 127 + 71 fmol/ml, and that in
the controls was 228 + 12 fmol/ml; the difference was
statistically significant (P < 0.01). Thus ghrelin may play
an important role in the pathophysiology of RTT.

6.2. MECP2-null mutation mouse model
In collaboration with Kosai et al. we developed an

MECP2-null ES cell system using an adenoviral condi-
tional targeting method [53]. We showed the roles of
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MECP?2 in neuronal development in terms of neuronal
stem cells, neuronal and glial cell differentiation during
all developmental stages, the function of differentiated
dopaminergic neurons, and the maturation of neuronal
cells. All these results should prove useful for under-
standing not only the biological roles of MECP2 but
also the pathogenesis of RTT. Recently, we also
developed an iPS cell system that may provide a novel
strategy for developmental analysis at the molecular
and cellular levels.

7. Conclusion

Finally, we should consider the potential for future
mouse studies on MECP2-null mutation using ES cells
and iPS cells and discuss the future perspectives for
the treatment and management of this disease.

The reversal of early lethality and of some neurolog-
ical abnormalities in MECP2-/Y mice through the post-
natal supply of normal MECP2 has raised hopes for an
effective treatment [54]. To this end, we should continue
to explore new therapeutic modalities, including ghrelin,
BDNF [32], and other factors [35].
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Although the etiology of autism remains largely unknown, cytogenetic and genetic studies have implicated
maternal copy number gains of 15q11-q13 in 1-3% of autism cases. In order to understand how maternal
15q duplication leads to dysregulation of gene expression and altered chromatin interactions, we used micro-
cell-mediated chromosome transfer to generate a novel maternal 15¢ duplication model in a human neuronal
cell line. Our 15q duplication neuronal model revealed that by quantitative RT—-PCR, transcript levels of NDN,
SNRPN, GABRB3 and CHRNA?7 were reduced compared with expected levels despite having no detectable
alteration in promoter DNA methylation. Since 15q11-¢13 alleles have been previously shown to exhibit hom-
ologous pairing in mature human neurons, we assessed homologous pairing of 15¢11-q13 by fluorescence
in situ hybridization. Homologous pairing of 15q11-q13 was significantly disrupted by 15q duplication. To
further understand the extent and mechanism of 15¢11-q13 homologous pairing, we mapped the minimal
region of homologous pairing to a ~500 kb region at the 3’ end of GABRB3 which contains multiple binding
sites for chromatin regulators MeCP2 and CTCF. Both active transcription and the chromatin factors MeCP2
and CTCF are required for the homologous pairing of 15¢11-q13 during neuronal maturational differen-
tiation. These data support a model where 15q11-q13 genes are regulaied epigenetically at the level of
both inter- and intra-chromosomal associations and that chromosome imbalance disrupts the epigenetic
regulation of genes in 15q11-q13.

INTRODUCTION

Autism spectrum disorders (ASDs; MIM 209850) include a
complex group of neurodevelopmental disorders characterized
by impairments in reciprocal social interactions, problems in
communication and a restricted range of behaviors and interests.
ASD affects individuals of all socio-economic and cultural back-
grounds and has a prevalence of 6 per 1000 individuals, with
males affected four times more frequently than females (1,2).
There is compelling evidence for a genetic etiology of ASD
from twin studies that have shown high concordance between
monozygotic twins (3—5). To date, cytogenetic studies have
identified a number of pathogenic chromosomal anomalies in

ASD patients (1). In addition, current microarray-based technol-
ogies have enabled the detection of submicroscopic microdele-
tions and microduplications [copy number variations (CNVs)]
and revealed that submicroscopic CNVs can have a pathogenic
role in ASD as well (3,4). Human chromosome 15q11-q13 is fre-
quently involved in clinically important genomic rearrange-
ments, including interstitial deletions, duplications and
supernumerary marker chromosome, called isodicentric chromo-
some (idic) (5). After fragile X, maternal 15q11-q13 duplications
are the most common cytogenetic cause of autism, occurring in
~1-3% of individuals with ASD (6—9). A recent analysis of
10K single-nucleotide polymorphism data identified 15q11—
q13 CNVsin 17 of 1749 autism patients (10).
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Genomic imprinting is an epigenetic mechanism that estab-
lishes parent-of-origin-specific gene expression patterns. Del-
etions of 15ql1-ql3 on the paternal chromosome 15 cause
Prader—Willi syndrome (PWS; MIM 176270), whereas
maternal deletions cause Angelman syndrome (AS; MIM
105830) (11). Parental differences in DNA methylation at
imprinting control regions have a crucial role in genomic
imprinting of 15q11-q13, as well as differences in DNA repli-
cation timing, histone modifications, chromosome nuclear
organization and mitotic recombination frequencies (12).
However, despite progress in molecular characterization of
15q11—ql3 rearrangements and imprinting mechanisms, the
molecular pathogenesis of the autism phenotype resulting
from maternal 15q11-ql3 duplications remains largely
unknown. The ubiquitin E3 ligase gene UBE3A4 is the
primary candidate gene presumed to be dysregulated in 15q
duplication syndrome because of imprinted maternal
expression in the brain. In particular, UBE34 has been ana-
lyzed due to its role in AS, its pattern of imprinting and its bio-
logical function (13—15). However, 15q11—ql3 duplications
also include the cluster of three gamma-aminobutyric acid A
receptor (GABAAR) subunit genes (GABRB3, GABRAS,
GABRG3) and paternally expressed genes implicated in spli-
cing (SNRPN), circadian rhythm (MAGEL?2), respiration
(NDN) and nucleolar function (HBII85, HBII52) (16,17).
While increased copy number of 15q11—-ql3 was predicted
to increase expression of the maternally expressed UBE34
and biallelically expressed genes such as GABRB3 and
GABRAS, prior investigation of an idicl5 brain sample with
PWS-like features instead showed reduced levels of
GABRB3, GABRAS5, GABRG3, SNRPN, HBII85 and HBII52
(18). The striking parent-of-origin pattern of inheritance for
15q11—ql3 rearrangements has led to the hypothesis that
higher order epigenetic dysregulation of transcription within
this region may be involved in ASD.

The higher order, inter-chromosomal association of hom-
ologous pairing of maternal and paternal alleles of 15q11—
ql3 was originally described in lymphocytes and predicted
to regulate maintenance of imprinting in the locus (19). Hom-
ologous pairing of 15q11—-q13 was shown to occur in neurons
and be deficient in brains of individuals with Rett syndrome
(RTT; MIM 312750), autism and maternal 15q duplication
(18,20). Although these observations raise the possibility
that homologous pairing of 15ql1-ql3 is an important
spatial organization modulating neuron-specific transcripts
within the paired regions, the mechanisms of homologous
pairing and its effects on gene expression within the paired
regions in neurons has not been previously determined.

Here, we made use of microcell-mediated chromosome
transfer (MMCT) technology to generate a 15ql1-ql3
maternal duplication model in a human neuronal cell line.
Using this MMCT method, a maternal copy of human chromo-
some 15 was successfully transferred into human SH-SYSY
neuronal cells. Our experimental models of 15q duplication
syndrome recapitulated the reduced levels of several tran-
scripts resulting from increased maternal 15q11-q13 dosage
previously observed in the brain as well as the reduced hom-
ologous pairing. We further show that the chromatin regula-
tors MeCP2 and CTCF are required for the homologous
pairing of 15q11-ql13 during neuronal differentiation. These
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results provide insight into the inter- and intra-chromosomal
spatial interactions influencing 15q11—ql3 transcript levels
in neurons and provide support for an epigenetic dysregulation
pathway by which 15q11-ql3 duplications may result in
ASD.

RESULTS

Establishment of a maternal 15q duplication model by
microcell fusion

We have previously established mouse A9 hybrid cells retain-
ing a single human chromosome of defined parental origin for
the investigation of imprinted loci in humans (21). Gene
expression and DNA methylation studies demonstrated that
the appropriate imprinting status of human loci was main-
tained in mouse A9 hybrids (22-24). In this study, to generate
a novel maternal 15q duplication model in a neuronal cell line,
a maternal human chromosome 15 was transferred from
mouse A9 hybrids into human SH-SY5Y neuronal cells by
MMCT (Fig. 1A). SH-SYSY cells were selected as a recipient
cell line because they can be induced to undergo differen-
tiation within 72 h using PMA, resulting in a morphologic
change in the extension of axonal projections and the
increased expression of neuron-specific enolase (25). In
addition, SH-SYSY cells are diploid for most chromosomes
(26). Our PCR-restriction fragment length polymorphism
(RFLP) analysis identified 20 independent SH-SY5Y micro-
cell hybrids that contained an extra maternal copy of human
chromosome 15, and therefore named SH(15M) cell lines
(Fig. 1B). To further confirm the state of the introduced
maternal human chromosome 15 in SH-SYS5Y cells, we per-
formed cytogenetic analyses using fluorescence in sifu hybrid-
ization (FISH) (Fig. 1C). Finally, we confirmed that
introduced maternal chromosome 15 was maintained stably
in SH(15M) cell lines under appropriate selection conditions.
For further analyses, we selected three independent
SH(15M) cell lines that morphologically resembled parental
SH-SYSY cells.

Quantitation of 15q11—-q13 transcripts in a maternal 15q
duplication model

To determine the effect of increased maternal chromosome 15
dosage on transcript levels in SH(15M) cells, quantitative
RT-PCR was used to measure the levels of eight transcripts
at the 15q11-ql3 locus and two non-15q11-q13 housekeep-
ing gene controls, GAPDH and ACTB (Fig. 2A). The non-
imprinted genes CYFIPI and TJPI revealed the expected
1.5-fold increase in transcript abundance in all three
SH(15M) cell lines (Fig. 2B and C). In contrast, expression
of non-imprinted GABRB3 and CHRNA7 genes was signifi-
cantly reduced compared with the parental cell line in all
three SH(15M) lines, despite increased 15q11-ql13 dosage
(Fig. 2D and E). Moreover, paternal expression of NDN and
SNRPN transcripts was also significantly reduced despite the
increased maternal dosage (Fig. 2F and G). Furthermore,
there was no difference between control SH-SY5Y cells and
SH(15M) cells in the levels of maternally expressed UBE34
transcript, even though a 2-fold increase was expected
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Figure 1. Characterization of SH-SY5Y neuronal cells containing an extra maternal human chromosome 15. (A) A schematic diagram showing the construction
of SH-SYS5Y microcell hybrids [SH(15M) cell] containing an extra maternal copy of human chromosome 15. Transfer of a maternal human chromosome 15 from
mouse A9 cells to SH-SYSY cell was performed by MMCT technology. (B) RFLP analysis to confirm presence of donor chromosome 15 in SH(15M) cells is
shown. DNA from introduced maternal human chromosome 15 donor A9 cells (lane 1), SH-SY5Y cells (lane 2), SH(15M)-1, 2, 3 cells (lanes 3—5) and mouse
A9 cells (lane 6) was amplified by PCR using primers that span a Pvull polymorphism. Both chromosome 15 copies in the host SH-SYSY cells were digested by
Pvull, but the donor chromosome 15 was undigested. SH(15M) cells contained both digested and undigested fragments. (C) Results from DNA-FISH analysis of
SH(15M) cells. Metaphase chromosomes from SH(15M) were hybridized in situ with Vysis LSI GABRB3 (red) and CEP15 (green) probes. The arrowheads

indicate three copies of chromosome 15.

(Fig. 2H). In addition, another maternally expressed gene,
ATP10A4, was also significantly reduced despite the increased
maternal dosage (Fig. 2I). While extra copies of genes are
expected to result in increased transcript levels, our
SH(15M) cell lines recapitulated the direction of transcrip-
tional alterations previously observed in a human brain
sample with maternal 15q duplication (18).

We next assessed the DNA methylation status of NDN,
SNRPN, UBE34, GABRB3 and CHRNA7 promoter CpG
islands by bisulfite sequencing to determine whether the
DNA methylation status of these promoters was correlated
with the observed reductions in transcript levels. GABRB3,
CHRNA7 and UBE3A4 promoters in the SH(15M) cells were
almost completely unmethylated and appeared similar to
those observed in control SH-SYSY cells (Supplementary
Material, Fig. SIA—C). Similarly, the expected maternal
DNA methylation levels were observed for NDN and
SNRPN promoter CpG islands in both SH-SYSY cells and
SH(15M) cells (Supplementary Material, Fig. SID and E).
Because these CpG islands are differentially methylated in a
parent-of-origin-specific manner, increased DNA methylation
levels were expected following chromosome transfer of the

methylated maternal allele (27,28). A combined bisulfite
restriction analysis (29) showed strong concordance with
bisulfite sequencing results (data not shown). These findings
indicate that promoter DNA methylation is not correlated
with altered transcript levels of NDN, SNRPN, UBE34,
GABRB3 or CHRNA7 in SH(15M) cells.

Disruption of 15q11—q13 homologous pairing in a
maternal 15q duplication model

Homologous chromosomal association or pairing of maternal
and paternal 15q11-q13 alleles has previously been described
in both lymphocytes (19) and neurons (20) and disrupted in
the 15q dup brain (18). Therefore, we investigated the impact
of an extra maternal human chromosome 15 on normal inter-
actions between maternal and paternal 15q11-ql3 alleles. In
comparison with SH-SYSY cells, SH(15M) cells displayed a
significant reduction in the percentage of paired alleles for
nuclei hybridized with a Vysis LSI GABRB3 probe (Fig. 3A
and B). However, there was no difference in the percentage of
paired alleles of nuclei hybridized with a control chromosome
15 pericentromeric CEP15 probe. Homologous pairing was
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Figure 2. Analysis of 15q11~-q13 transcript levels in experimental model of dup15q syndrome. (A) Physical map of the imprinted gene cluster in human chromo-
some 15q11-q13. PWS-IC is the PWS imprinting center, which is essential for establishment of the paternal epigenetic state of the region. Genes or transcripts
(filled boxes) are drawn approximately to scale. Transcriptional direction is indicated by arrowheads and arrows. P, paternally expressed genes; M, maternally
expressed genes; B, biallelically expressed genes. (B—I) Summary of quantitative RT~PCR measurements of eight transcripts in 15q11-q13, normalized to the
housekeeping genes GAPDH and ACTB. Error bars represent + SEM. All gRT—PCR analyses were performed on cDNA from PMA-treated differentiated
SH-SYS5Y cells (WT) and PMA-treated differentiated SH(15M) cells (1-3). (B)—(E) are non-imprinted biallelically expressed genes, (F) and (G) are paternally
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not observed in either SH-SY5Y or SH(15M) cells hybridized
with a non-15 control, a pericentromeric probe specific for
chromosome 11 (CEP11; data not shown). Thus, the extra
maternal human chromosome 15 in the SH(15M) cells conferred
a specific effect on the nuclear organization of 15q11-q13 and
modeled the homologous pairing defect previously observed in
the 15q duplication syndrome brain (18). In addition, our obser-
vations indicate that homologous pairing of 15q11-q13 could
influence gene expression within the paired region.

Homologous pairing of 15q11-q13 in the 3’ region of the
GABRB3 gene

The mechanism of homologous pairing of 15q11-ql3 in
neurons is poorly understood, but critical for understanding
the changes in transcription that accompany the loss of homolo-
gous pairing in 15q duplication syndrome. To map the precise
location and extent of 15q11-q13 homologous pairing upon
neuronal differentiation, we performed additional FISH ana-
lyses using nine different fluorescently labeled bacterial artifi-
cial chromosome (BAC) probes distributed over 9 Mb of
15q11-ql13 (Fig. 4A). We measured the inter-chromosomal dis-
tances between FISH signals from each BAC probe both before
(untreated) and 72 h after differentiation with PMA (PMA
treated) (20). In comparison with undifferentiated SH-SY5Y
cells, a high percentage of nuclei displayed close inter-

chromosomal distances (2 wm or less) at the G4BRB3 locus fol-
lowing neuronal differentiation, as shown by a significant left-
ward shift in the distribution (Fig. 4B—E). In contrast to the
significant decrease observed in inter-chromosome distances
at GABRB3, the CYFIP locus showed the opposite pattern,
with a significant increase in inter-chromosome distance follow-
ing differentiation (Fig. 4B—D).

To narrow down the genomic region in which the homolo-
gous inter-chromosomal association was observed, we per-
formed detailed frequency analyses of homologous allele
distances across the GABAAR subunit gene cluster
(Fig. 5A). Homologous pairing of 15q11—ql3 was observed
in the 3’ region of the GABRB3 gene, but not in GABRAS
and GABRG3 (Fig. 5B—D). This in-depth analysis of multiple
FISH probes therefore narrowed the locus of homologous
interaction to a ~500 kb region at the 3’ end of GABRB3,
with significant changes in homologous pairing during
SH-SYSY differentiation limited to the region detected by a
single BAC probe, GABRB3(2).

Because clustering of G4BA 4R subunit genes is well con-
served on human chromosomes 4, 5, 15 and X, it has previously
been hypothesized that the physical proximity of GABAAR
subunit genes facilitates temporally and spatially coordinated
expression (30). Therefore, we wished to test whether the hom-
ologous chromosomal association is also conserved in other
clusters of GABA 4R subunit genes. To this end, the homologous
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Figure 3. Reduced homologous pairing of GABRB3 alleles as a result of dupli-
cated maternal chromosome 15 in SH-SY5Y cells. (A) Representative image
of chr.15—chr.15 localization in SH-SYSY cells (left panel) and SH(15M)
cells (right panel) using Vysis LSI GABRB3 SpectrumOrange/CEP15 Spec-
trumGreen. The iVision software was used to measure distances between
two signals. In case of SH(15M) cells, we measured the shortest inter-
chromosomal distances between the three signals. Scale bars: 5 pm. (B)
Differences in homologous pairing in SH-SY5Y cells (gray bars) and
SH(15M) cells (white bars), as determined by hybridization with Vysis LSI
GABRB3 (left panel) and CEP15 (right panel) FISH probes. Pairing was
scored as homologous FISH signals with distances <2 wm apart. The bars
indicate the mean + SEM of three replicate experiments, in each of which
100-150 nuclei were scored. Significantly fewer SH(15M) cell nuclei
showed pairing when the GABRB3 probe was used. In contrast, no significant
difference was observed in SH(15M) cells in pairing between alleles detected
by the pericentromeric CEP15 probe.

pairing analyses were extended to GABA,R subunit genes on
4p12 and 5q34 (Supplementary Material, Fig. S2). Unlike
15q11-ql3, homologous pairings of 4p12 and 5q34 were not
observed during neuronal differentiation. However, transcript
levels for GABRGI and GABRA4 on 4p12, and GABRG2 and
GABRA6 on 5q34 were barely detectable in differentiated
SH-SYSY cells (data not shown). Cumulatively, our findings
suggest that homologous chromosomal pairing in 15q11—ql3
coincides with increased expression of GABA 4R subunit genes
specifically in this locus during neuronal differentiation, as
GABRB3 is highly expressed in differentiated SH-SYS5Y cells
(data not shown). Therefore, in order to investigate whether
active transcription is necessary for homologous chromosomal
pairing in 15q11-ql3, differentiated SH-SYS5Y cells were
treated with the transcriptional inhibitor a-amanitin. The obser-
vation that c-amanitin caused significant decreases in the per-
centage of paired alleles for nuclei hybridized with GABRB3

probe suggests that active transcription was required for hom-
ologous chromosomal pairing in 15q11-q13 (Fig. 4F).

Involvement of chromatin proteins MeCP2 and CTCF in
regulation of 15q11-q13 homologous pairing

Our observations raise the question as to which factors control
the homologous pairing of 15q11-q13. Notably, we observed
multiple binding sites for MeCP2 and CTCF in a ~500 kb
region between at the 3’ end of GABRB3. We used a short-
interfering RNA (siRNA)-mediated knockdown approach to
directly test the role of MeCP2 in the homologous pairing of
15q11-ql3 by transiently depleting MeCP2 expression.
MeCP2 protein depletion in differentiated SH-SYSY cells
was confirmed by western blot analysis and immunostaining
(Fig. 6A—C) and chr.15~chr.15 interchromosomal distances
were measured between FISH signals of GABRB3 and
CEP15 probes (Fig. 6D). Consistent with previous findings,
homologous pairing at G4BRB3 was significantly reduced in
MeCP2  knockdown cells compared with non-targeting
siRNA-treated cells (20). Specifically, the two GABRB3
FISH signals were <2 pm apart in only 18.5% of MeCP2-
deficient nuclei compared with 48.9% in control cells.

CTCF is also required for inter- and intra-chromosomal
associations during genomic imprinting and X inactivation
(31-34). A chromatin immunoprecipitation assay using a
CTCF-specific antibody demonstrated that there are three
CTCF-binding sites at the 3’ region of the GABRB3 gene (Sup-
plementary Material, Fig. S3). Therefore, we examined
whether CTCF deficiency affected homologous pairing at the
GABRB3 locus in differentiated SH-SY5Y cells. Western
blot and immunostaining analyses showed that CTCF was pre-
dominantly depleted at the protein level (Fig. 6E—G). Interest-
ingly, depletion of CTCF resulted in a significant reduction in
the homologous pairing at G4BRB3, and at CEP15 (Fig. 6H).
In contrast, knocking down RAD21 had no obvious effect on
the homologous pairing of 15q11-ql3 (Supplementary
Material, Fig. S4), although this protein has been reported to
frequently accumulate at CTCF-binding sites (35). These
results suggest that MeCP2 and CTCF are essential mediators
for the homologous pairing of 15q11—-ql3.

DISCUSSION

Autism has been linked to the region on chromosome 15q11—
q13 that is responsible for the imprinting disorders PWS and
AS (1,3,5). Maternal 15q11-ql3 duplications are the most fre-
quent cytogenetically detectable mutation associated with
ASD (6-9), but the molecular impact of 15q duplication in
neurons has been difficult to assess because of the lack of an
appropriate model system. While overexpression of maternally
expressed UBE3A4 was predicted to be the major cause of the
ASD phenotype in 15q duplication syndrome (36), Hogart and
LaSalle (18) revealed that 15q11-q13 transcripts in maternal
15q11-q13 duplication brain samples were altered in a direc-
tion not predicted from maternal copy number gains. This led
to the suggestion that an imbalance of 15q11-q13 dosage can
disrupt normal epigenetic pathways such as parental homolo-
gous pairing and DNA methylation status, changing gene
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Figure 4. Increased homologous pairing of GABRB3 alleles during neuronal differentiation is associated with active transcription. (A) Physical map of the
imprinted gene cluster in human chromosome 15q11-q13. PWS-IC is the PWS imprinting center, which is essential for establishment of the paternal epigenetic
state of the region. Genes or transcripts (filled boxes) are drawn approximately to scale. Transcriptional direction is indicated by arrowheads and arrows. The
horizontal bars indicate BAC probes used in the pairing analyses. GABRB3(1) probe indicates the Vysis LSI G4BRB3 Spectrum Orange probe. (B) Frequency
distribution of distances between homologous alleles at multiple sites along 15q11-q13 for undifferentiated SH-SY5Y cell nuclei, as measured on each BAC
probe. Mean distance, open triangle. (C) Frequency distribution of distances between homologous alleles at multiple sites along 15q11-q13 for PMA-treated
differentiated SH-SY5Y cell nuclei. Mean distance, open triangle. A high proportion of PMA-treated differentiated SH-SYSY cells displayed close homologous
distances (<2 pm) at GABRB3 upon neuronal differentiation, as shown by a leftward shift in the distribution. (D) Cumulative distribution of distances between
homologous alleles at 0—2 pm. The solid line indicates the undifferentiated SH-SY5Y cells. The dotted line indicates the PMA-treated differentiated SH-SY5Y
cells. The closed and open triangles indicate cumulative frequency at 2 um, respectively. The statistical relevance was assessed by a comparison of the entire
histogram of measurement distributions from (B) and (C) using two non-parametric tests, namely Mann-Whitney’s U-test and Kolmogorov—Smirnov test.
P-values from Mann~Whitney’s U-test are as indicated. Sample sizes for each experiment ranged from 100 to 210. (E) Differences in homologous pairing
in the undifferentiated SH-SYSY cells (gray bars) and the PMA-treated differentiated SH-SY5Y cells (white bars), as determined by hybridization with
Vysis LSI GABRB3 FISH probes. Pairing was scored as homologous FISH signals with distances <2 wm apart. The bars indicate the mean + SEM of three
replicate experiments, in each of which 100—150 nuclei were scored. (F) The PMA-treated differentiated SH-SYSY cells treated for 4 h with the transcriptional
inhibitor, a-amanitin, were hybridized with Vysis LSI GABRB3 (left panel) and CEP15 (right panel) FISH probes and signals measured. Transcriptional inhi-
bition resulted in a significant reduction in the homologous pairing at GABRB3, but not at CEP15. Student’s r-test.

expression patterns within 15q11-q13. Indeed, our prior study In this study, we made use of MMCT to generate a 15q11—
showed that various autosomal imbalances commonly affect q13 maternal duplication model in a neuronal cell line to
neuronal differentiation through the dysregulation of gene explore the molecular basis of epigenetic dysregulation in
expression (37). 15q dup syndrome. Using this MMCT method, a maternal
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GABRAS and GABRG3 did not show significant homologous pairing. The more centromeric GABRB3(1) probe showed a trend towards homologous pairing that
was not significant.

copy of human chromosome 15 was successfully transferred
into human SH-SYSY neuronal cells. Currently, CNVs,
including the 15q duplication, are beginning to provide some
insights into the underlying genetic causes of neurodevelop-
mental disorders, in particular schizophrenia and ASD.
However, the impact of CNVs on phenotypic expression
remains largely unknown (38). Therefore, this study takes an
important step forward by using MMCT as an important tool
to define the molecular effects of CNVs in a human neuronal
cell line and demonstrating that a chromosome imbalance dis-
rupts normal homologous pairing and alters gene expression
patterns.

Quantitative RT-PCR analyses revealed significant altera-
tions in gene expression of NDN, SNRPN, UBE3A4, ATP10A4,
GABRB3 and CHRNA7 in SH(15M) cells, as has previously
been observed in the brains of autistic patients (18). We did
not find evidence for aberrant promoter DNA methylation of
these genes to explain reduced transcription. Instead, we
hypothesize that higher order epigenetic alterations at the
level of inter- or intra-chromosomal associations lead to tran-
scriptional down-regulation of individual genes in the 15q11-
ql13 region in 15q duplication syndrome.

15q11-q13 homologous pairing appears to be a recently
evolved higher order epigenetic regulatory mechanism, as it
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Figure 6. Disruption of GABRB3 homologous pairing via MeCP2 and CTCF knockdown. (A and E) Results from western blot analysis confirming knockdown of
MeCP2 (A) and CTCF (E) proteins in SH-SY5Y cells. (B and F) Results from western blot analysis of cell lysates after siRNA-mediated gene silencing. Both
MeCP2 (B) and CTCF (F) proteins experienced ~80% knockdown. (C and G) Expression of MeCP2 (C) and CTCF (G) proteins in siRNA-treated differentiated
SH-SYSY cells. Scale bars: 10 pm. (D and H) Chr.15—Chr.15 distribution profiles and cumulative frequency curves of MeCP2 (D) and CTCF (H) in siRNA-
treated differentiated SH-SY5Y cell nuclei. Mann—Whitney’s U-test and Kolmogorov—Smirnov tests were used to determine whether the differences between
the curves of the siRNA-treated cells (dotted lines) and the non-targeting siRNA-treated SH-SY5Y cells (solid lines) were significant. The statistical relevance
was assessed by comparing whole histograms. P-values from Mann—Whitney’s U-test are as indicated. Sample sizes for each experiment ranged from 103 to

105.

does not occur in the syntenic region in the mouse brain (20)
or in lymphocytes of gorilla (39). In this study, we also found
no obvious evidence for homologous pairing at the Gabrb3
locus in mouse neurons (Supplementary Material, Fig. S5).
As previously suggested elsewhere, the most likely expla-
nation for this discrepancy is that mouse 7qC (which is hom-
ologous to the 15q11-q13 region) is not adjacent to ribosomal
DNA (rDNA) genes as it is for the acrocentric human chromo-
some 15 (20). In addition, the GABRB3 minimal pairing region
defined in this study is highly conserved in chimp but not in
mouse. These mouse—human discrepancies could begin to
explain why the mouse model of 15q duplication syndrome
unexpectedly showed an autism-like phenotype upon paternal
transmission in opposition to what is observed in human 15q
duplication patients (40). Cumulatively, these findings
suggest that there has been some divergence in the genetic
and/or epigenetic mechanisms relevant to homologous
pairing in the human 15q11-ql3 and mouse 7qC regions
with potential relevance to autism.

While the proximity of GABRB3 to the rDNA repeats on
chromosome 15 may have been important in the recent

evolution of homologous pairing of this locus, our study has
shown that GABRB3 pairing cannot simply be explained as a
byproduct of the perinucleolar organization of acrocentric
chromosomes in humans, as has been previously suggested
(39). Interestingly, while both CEP15 and GABRB3 regions
showed pairing, the effect of additional copy number of chromo-
some 15 on disrupting pairing was specific to GABRB3, not the
rDNA adjacent CEPI5, suggesting specificity to the GABRB3
pairing beyond the acrocentric effect. Furthermore, the single
gene locus most proximal to the IDNA repeats, CYFIP, actually
exhibited increased interchromosomal distances with SH-SY5Y
differentiation, suggesting that neuronal differentiation induced
dynamic locus-dependent chromatin changes that were not
simply tDNA proximity effects. Lastly, while transcriptional
inhibition reduced GABRB3 pairing, it had no significant
effect on pairing at CEPI/5, demonstrating that GABRB3
pairing was an active occurrence independent from rDNA
organization on human 15q11-q13.

The loss of homologous pairing in the SH(15M) neuronal
model led us to investigate the mechanism of homologous
pairing in the 15q11-ql13 region and its relation to autism
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candidate genes. We narrowed down the region of homolo-
gous pairing of 15q11-ql3 to the 3’ region of the G4BRB3
gene. The GABA 4R subunit genes, which encode for subunits
of the receptor for the neurotransmitter GABA, are important
autism candidate genes (30). Interestingly, while GABAAR
subunit genes are biallelically expressed in normal brain
samples, at least one of these transcripts showed a gain of
monoallelic or biased expression in half (4/8) of brain
samples from autistic individuals, suggesting underlying epi-
genetic dysregulation (41). The pairing region likely contains
some key regulatory elements for homologous pairing of
15q11-q13 which epigenetically control gene expression in
the region. Our analyses revealed discrete MeCP2 and
CTCF neuronal-binding sites within the GABRB3 pairing
region were observed in this minimal homologous pairing
region required for optimal 15q11-ql3 pairing. Differentiated
SH-SYS5Y cells showed dynamic changes in chromatin struc-
ture compared with undifferentiated cells, consistent with a
model of active pairing and increased transcription of
GABRB3 with differentiation. Interestingly, previous linkage
analyses have shown a significant association between
GABRB3 polymorphisms and autism (42,43). One such
GABRB3 microsatellite has been localized to ~60kb
beyond the 3’ end of the GABRB3 gene (44) that lies within
the GABRB3 minimal pairing region and interacts with the
maternal PWS-IC (Supplementary Material, Fig. S6). Interest-
ingly, maternal transmission of a rare GABRB3 signal peptide
variant has been recently observed in autism (45).

Recent findings showed that CTCF and OCT4 together can
mediate X-chromosome pairing, and the results of our homolo-
gous pairing analyses also suggest that CTCF can mediate
specific inter-chromosomal associations in the 3’ region of the
GABRB3 gene (34). Indeed, we identified three potential
CTCF-binding sites bordering the homologous pairing region.
On the basis of our RNAi-mediated knockdown studies, we con-
clude that CTCF controls not only X chromosome pairing but also
autosomal 15q11-ql3 pairing. Although our study highlights
CTCEF as a central molecule in inter-chromosomal association,
its exact role in the etiology of neurodevelopmental disorders
remains uncertain. One recent study revealed that CTCF and
cohesin complexes are necessary for establishing the chromatin
structure required for brain-derived neurotrophic factor transcrip-
tion (46). Thus, there is already some evidence indicating how
epigenetic factors such as CTCF and MeCP2 may play a role in
complex psychiatric and neurodevelopmental disorders (16).

It is plausible that MeCP2, such as CTCF, also controls the
homologous pairing of 15ql11-ql3. Mutations in MECP2
cause RTT, a neurodevelopmental disorder characterized by
the loss of speech and acquired motor skills, stereotypical
hand movements, and seizures during early childhood (47). In
addition, MECP2 mutations have been found in a few patients
diagnosed with AS and autism, suggesting overlap in the patho-
genesis of these distinct genetic syndromes (48,49). Consistent
with phenotypic and genetic overlap among RTT, AS and
autism patients, one previous study demonstrated significant
defects in the expression of UBE34 and GABRB3 in brain
samples from RTT, AS and autism patients (50). Consistent
with results of a previous study utilizing an oligonucleotide
decoy approach, we demonstrated that homologous pairing at

the GABRB3 locus was significantly impacted by siRNA-

mediated MeCP2 knockdown (20). This finding suggests that
inter-chromosomal associations such as homologous pairing
are essential for precise gene expression of GABRB3 during
neuronal differentiation. Further experiments are needed to
determine how homologous pairing controls the expression of
GABRB3 transcripts. In a simple model, homologous 15q11~
q13 pairing might provide a transcriptionally positive environ-
ment by recruiting homologous alleles at the same transcription
factory to increase neuronal gene expression by recycling posi-
tive factors at both alleles. Indeed, the transcriptional inhibitor
a-amanitin caused a significant decrease in the homologous
15q11-q13 pairing, further demonstrating the requirement of
active transcription for homologous 15q11-q13 pairing.

Recently, development of new techniques such as the chro-
mosomal conformation capture (3C) assay has enabled
description of long-range intra-chromosomal associations,
such as those at the HI9-Igf2 and DIx5/DIx6 loci (51,52).
Similar intra-chromosomal associations have been proposed
in the regulation of 15q11—-ql3 genes because PWS-IC acts
in cis to regulate paternal expression of MKRN3, MAGEL?2,
NDN and SNRPN genes within 15q11-q13 (53). In support
of this hypothesis, our DNA-RNA FISH results showed that
the PWS-IC makes an allele-specific association with the hom-
ologous pairing region of the GABRB3 locus in differentiated
SH-SYS5Y cells (Supplementary Material, Fig. S6). These
results may indicate that the intra-chromosomal association
between the PWS-IC and GABRB3 occurs on the maternal
15q11—-ql3 allele. On the other hand, disassociation of the
PWS-IC and GABRB3 is consistent with paternal allele-
specific decondensation of chromatin at this locus during neur-
onal maturation (54). We speculate that maternal 15q dupli-
cation might alter the intrachromosomal association between
the PWS-IC and GABRB3, thus disrupting the coordinated
gene regulation of 15q11-ql3.

In conclusion, 15q11-ql3 appears to be a useful model
region for studying epigenetic pathways and mechanisms
such as long-range chromatin organization and homologous
pairing. Our observations imply that CNVs such as 15q dupli-
cation alter such epigenetic mechanisms, thus disrupting regu-
lation of individual genes at the level of inter- and
intra-chromosomal associations. In order to fully understand
how CNVs affect the nucleus on a molecular level, it will
be important to define chromosomal regulatory elements
using diverse genetic approaches, such as MMCT. Further-
more, the characterization of MeCP2 as well as CTCF can
reveal additional partners involved in regulation of inter- or
intra-chromosomal associations. The investigation of such
interplaying partners will help in designing potential drug
targets, enabling the development of a therapeutic approach
for the treatment of dupl5q syndrome.

MATERIALS AND METHODS
Cell lines

A9 hybrids containing a maternal human chromosome 15
tagged with pSTreo were constructed as previously described
(55) and were cultured in Dulbecco’s modified Eagle medium
(DMEM) (WAKO, Tokyo, Japan) supplemented with 10%
calf serum (Hyclone, Thermo Scientific, Waltham, MA,



USA) and 800 wg/ml G418 (Nakarai, Kyoto, Japan).
SH-SY5Y neuroblastoma cells (ATCC, USA) were cultured
in the DMEM/F12 medium (WAKO) supplemented with
15% fetal bovine serum (Hyclone, Thermo Scientific). For
FISH analysis, cells were seeded onto Lab-Tek™ I[-CC2™
Chamber Slides (Nalge Nunc, Penfield, NY, USA) and
grown until they reached 30-50% confluency. Cells were
fixed either before (untreated) or 72 h after the addition of
16 nm PMA (PMA treated) for 15 min in Histochoice (Amer-
esco, Solon, OH, USA) and then washed in 1x PBS/0.5%
Tween 20 for 5 min and stored in 70% ethanol at —20°C.
For o-amanitin experiments, PMA-treated SH-SY5Y cells
were treated with 20 or 30 pg/ml a-amanitin for 4 h.

Microcell-mediated chromosome transfer

Introduction of an extra maternal human chromosome 15 into
human SH-SY5Y neuronal cells was performed via MMCT, as
previously described (56). Briefly, microcells purified from 1 x
10® donor A9 cells containing a maternal human chromosome
15 were fused with SH-SY5Y cells using 47% polyethylene
glycol 1000 (PEG1000: Mr 1000; Nakarai). SH-SY5Y microcell
hybrid clones were selected individually in the DMEM/F12
medium supplemented with 15% FBS and 600 wg/ml of G418
for 2—3 weeks. These clones were usually maintained stably in
culture under appropriate selective conditions. The introduction
of maternal human chromosome 15 in SH-SY5Y cells was con-
firmed by PCR-RFLP analysis and cytogenetic analysis. The
primers for RFLP analysis were 5-AGTGGGCTTCCCTC-
ACTTCT-3' (forward) and 5-CAGACAGGCTCCACTTAC-
CC-3' (reverse). Three independent SH-SYS5Y cells with an
extra maternal human chromosome 15 obtained from each
chromosome transfer were selected for further expression and
pairing analyses.

Cytogenetic analysis

To confirm the presence of the transferred human chromosome
15 in SH-SYSY cells, FISH analysis was performed on fixed
metaphase spreads of each SH-SYS5Y clone using the Vysis
LSI  Prader-Willi/Angelman Region Probe (GABRB3)
(Abbott, North Chicago, IL, USA), as described previously
(21). Chromosomes were counterstained with DAPI (Sigma,
St Louis, MO, USA).

FISH and pairing assays

DNA FISH analysis was performed as described previously
(54). Briefly, FISH was conducted in SH-SY5Y neuroblasts
and SH-SY5Y neurons differentiated by 72 h treatment with
16 nm PMA (20). FISH probes for GABRB3 and CEPI5
were obtained commercially from Vysis, but to determine
precise locations of pairing, BAC probes were obtained

(CHORI, Oakland, CA, USA). BAC DNA was labeled -

with Green-dUTP or Orange-dUTP (Abbott). BAC clones
for FISH are as follow; RP11-69H14 (CYFIPI), RP11-373J1
(NDN), RP11-125E1 (SNRPN), RP11-171C8 (HBII-85),
RP11-1081A4  (UBE34), RP11-339C21 (ATP104),
RP11-92F7 (TJPI), RP11-714E8 (CHRNA7), RP11-638]6
(GABRB3(1)), RP11-345N11 (GABRB3(2)), RP11-974L14
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(GABRB3(3)), RP11-243120 (GABRAS5), RP11-89E18
(GABRG3), RP11-79M7 (GABRGI), RP11-905L4 (GABRA2),
RP11-620L1 (G4BRA4), RP11-1059P8 (GABRBI), RP11-
315P17 (GABRB2(1)), RP11-833C4 (GABRB2(2)), RPl11-
348M17 (GABRAI), RP11-204E3 (GABRG2), RP23-24D4
(Gabrb3, 1), RP23-143021 (Gabrb3, 1) and RP23-459J11
(Gabrb3, TI). A nick translation kit (Roche, Penzberg,
Germany) was used to create probes, which were then hybri-
dized to cells fixed in Histochoice (Amresco), then dehydrated
in 70, 90 and 100% ethanol (10 min each) and dried at 50°C.
FISH probes were denatured with the fixed cells at 80°C for
2 min and then hybridized overnight at 37°C on cover-slipped
slides. Cells were washed three times in 50% formamide/50%
2x SSC for Smin, 2x SSC for 5min and 2x SSC/0.1%
IGEPAL for 5 min at 46°C and then mounted in Vectashield
(Vector Laboratories, Burlingame, CA, USA) containing
5 pg/ul DAPL To analyze pairing, we took digital images
with a BXS1 fluorescence microscope (Olympus, Tokyo,
Japan) equipped with a RETIGA EXi CCD camera (Qima-
ging, Surrey, Canada); these were processed in iVision 4.0
software (BioVision Technologies, Exton, PA, USA). The
iVision software was also used to measure distances
between two signals. All FISH distances are measured in 2D
in this study because 3D is less of a concern for neurons,
which are relatively flat compared with round nuclei seen in
lymphocytes. Although 2D may change some measurements,
signals that are significantly closer than expected of random
were likely to be close in 3D space. To simplify the analysis
of homologous association or ‘pairing’ as has been described
previously (19,20), nuclei with FISH signals <2 pm apart
were scored as ‘paired’, while nuclei with two FISH signals
>2 pm apart were scored as ‘unpaired’. In case of SH(15M)
cells, we measured the shortest inter-chromosomal distances
between the three signals. Measurement and scoring of FISH
signals were performed manually and results are averages of
at least three independent scores per sample.

Gene expression analysis

Total RNA was extracted using RNeasy columns, according to
the manufacturer’s protocols (Qiagen, Hilden, Germany) and
then treated with RNase-free DNase I (Takara, Kyoto, Japan).
First-strand ¢cDNA synthesis was carried out with random
primers and SuperScript® III reverse transcriptase (Invitrogen,
Carlsbad, CA, USA). Quantitative RT—PCR was performed
with GoTaq® gqPCR Master Mix (Promega, Fitchburg, WI,
USA) on a CFX384 Real-Time PCR Detection System
(Bio-Rad, Hercules, CA, USA). Three replicate reactions were
conducted for each gene analyzed. Melting curve analysis was
performed to ensure that a single product was amplified with
each primer set. Relative expression levels of 15q11—-q13 tran-
scripts were normalized by using the comparative Ct (AACt)
method and the geometric average of a set of two housekeeping
genes (GAPDH and ACTB) by the Bio-Rad CFX manager soft-
ware (version 1.5). Primer sequences are available on request.

RNAi knockdown

We carried out siRNA-mediated knockdown of MeCP2, CTCF
and RAD21 proteins using Accell SMART pool siRNAs,
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according to the manufacturer’s protocols (Dharmacon, Lafay-
ette, CO, USA). Accell non-targeting siRNA was used in control
knockdowns. Briefly, we plated SH-SYS5Y cells onto
Lab-Tek™ II-CC2™ Chamber Slides (Nalge Nunc) and then
incubated them for 72 h in serum-free Accell SMART pool
transfection medium containing 1 um of MeCP2, CTCF or
RAD21 siRNAs. After 72 h of siRNA treatment, we replaced
the medium with 1% serum-supplemented Accell medium con-
taining 16 nm PMA and a pool of each siRNA, as appropriate.
For pairing analysis and knockdown assessment, cells were
fixed in Histochoice (Amresco) or harvested after an additional
72 h of incubation. MeCP2, CTCF and RAD21 knockdowns
were confirmed by western blot analysis using rabbit anti-
MeCP2 (Diagenode, Sparta, NJ, USA), rabbit anti-CTCF
(CST, Danvers, MA, USA), rabbit anti-RAD21 (CST) and
rabbit anti-GAPDH (CST), with the appropriate rabbit second-
ary antibodies conjugated to horseradish peroxidase for detec-
tion (Bio-Rad). Immunostaining was conducted with
anti-MeCP2, anti-CTCF and anti-RAD21, and detection was
achieved with secondary Alexa Fluor 555-goat anti-rabbit or
Alexa Fluor 488-goat anti-rabbit (Invitrogen).

DNA methylation analysis

We performed DNA methylation analysis using EpiTect® Bisul-
fite Kits (Qiagen), according to the manufacturer’s protocols.
Specific primers for the amplification of bisulfite-treated DNA
were designed using MethPrimer (http://www.urogene.org/m
ethprimer). PCR was performed using GoTaq® Master Mix
(Promega). PCR conditions were as follows: 2 min hot start at
95°C, followed by 32 cycles of denaturation at 95°C for 30s,
annealing at 58°C for 30 s and extension at 72°C for 30 s. The
PCR products were directly cloned into the pGEM®-T Easy
vector (Promega). Twenty individual clones were sequenced
from both ends using a 310 Genomic Analyzer (Applied Biosys-
tems Inc., Foster City, CA, USA) according to the standard pro-
tocols. Primer sequences are available on request.

Chromatin immunoprecipitation

Chromatin was prepared from SH-SYS5Y cells and purified by
urea gradient centrifugation, as previously described (52).
Immunoprecipitation, reverse crosslinking and PCR amplifica-
tion were also performed as previously described (52), with
some modifications. Briefly, a panel of restriction enzymes
(NEB, Ipswich, MA, USA) was used to digest chromatin
into 100—700 bp DNA fragments. Digested chromatin was
pre-cleared with Protein G Dynabeads (Invitrogen) alone,
then with normal rabbit IgG (CST) and then finally with
Protein G Dynabeads. Pre-cleared chromatin was incubated
overnight with rabbit anti-CTCF or with equivalent amounts
of normal rabbit IgG as a control for non-specific binding.
PCR amplification was performed for 35 cycles with
one-twentieth of the IP products. Primer sequences are avail-
able on request.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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