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Abstract

Background: Forkhead box G1 gene (FOXGI) mutations and deletions are associated with a congenital variant of Rett syndrome
(RTT). Nucleotide alterations of the coding region of FOXGI have never caused dysmorphic features. Patient: An 8-year-old boy
with the congenital variant of RTT who showed severe psychomotor deterioration, epilepsy, acquired microcephaly, and involun-
tary movements including jerky movements of the upper limbs and tongue protrusion. He showed dysmorphic features including
round face, anteverted nostrils, and tented upper lips. Brain magnetic resonance imaging showed hypoplasia of the frontal lobes
and the rostral part of the corpus callosum. The molecular cytogenetic analysis confirmed a de novo deletion of 14q12 including
FOXGI in this patient. Conclusion: We identified the smallest deletion of 14q12 involving FOXGI among those previously reported.
Dysmorphic facial features are a characteristic for the patients with chromosomal deletion including FOXGI. In our patient,

Cl4orf23 is the only transcript other than FOXGI. Therefore, CI4orf23 might be responsible for facial dysmorphism.
© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.

Keywords: Rett syndrome; Congenital variant; FOXGI; Cl4orf23; Dismorphic facial features

1. Introduction

Rett syndrome (RTT), a severe neurodevelopmental
disorder with characteristic clinical features including
psychomotor deterioration, acquired microcephaly, sei-
zures, and loss of purposeful hand movements, has inci-
dence of 1:10,000 female births. It is the second most
common cause of severe mental retardation in females.
About 90% of typical RTT cases are attributable to
mutations in the methyl-CpG-binding protein 2 gene
(MECP2) located on the X chromosome. Therefore,
the affected patients have been exclusively females [1].

* Corresponding author. Address: Department of Pediatrics, Kitano
Hospital, The Tazuke Kofukai Medical Institute, 2-4-20 Ohgimachi,
Kita-Ku, Osaka 530-8480, Japan. Tel.: +81 6 6312 8824; fax: +81 6
6312 8867.

Mutational analyses conducted for RTT patients without
MECP2 abnormalities have revealed mutations in the
cyclin-dependent kinase-like 5 gene (CDKL5) on Xp22
or mutations in the forkhead box G1 gene (FOXGI) on
14q12. CDKLS5 mutations are associated with the early
onset seizures variant of RTT in both females and males
[2.3]. Both loss of function mutations and microdeletions
of FOXGI have been identified in patients with the con-
genital variant of RTT, accounting for 0.6% in patients
with RTT [4-9]. The congenital variant of RTT is
characterized by brain malformation that is specific to
the forebrain, severe psychomotor deterioration, and
involuntary movements including tongue protrusion
and stereotyped jerky movements of the upper limbs.
FOXG]! is a brain-specific transcriptional factor that is
necessary for fetal neurogenesis. Lack of FOXGI
function suppresses neural stem cell self-renewal and pro-
motes premature cortical neural expansion, engendering

0387-7604/$ - see front matter © 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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This report describes a Japanese boy who showed postna-
tal developmental deterioration and arrested head
growth after 10 months of age. Moreover, he showed
irregular jerky movements of the upper limbs. We ini-
tially diagnosed him as having dyskinetic or athetotic
cerebral palsy. However, according to the diagnostic cri-
teria for classical and variant RTT [13], this patient was
regarded as having a congenital variant of RTT. There-
fore, we conducted FOXGI mutational analysis, which
revealed a de novo deletion of FOXGI at 14q12.

2. Case report

The patient, an 8-year-old boy, was born to non-con-
sanguineous, healthy Japanese parents at 38 weeks

o
o
o
w
@
w

gestation after an uneventful pregnancy. His birth weight
and length were, respectively, 2680 g (—0.78 SD) and
49.0 cm (—0.17 SD). He had normal occipito—frontal
circumference (OFC) of 32.0 cm (—0.86 SD) with no aux-
ological abnormality. He showed no asphyxia or jaun-
dice. He had no siblings and no family history of
neuromuscular diseases, metabolic disorders, dysmor-
phic syndrome, or other developmental disorders. He
had developed with no complications during the neonatal
period. However, he showed developmental delay and
deterioration after 3 months of age. His motor skills
had progressed to rolling over. Subsequently, his head
control deteriorated and he became less able to roll over,
being bedridden. He showed severe mental retardation
with no explosive language, but with deficient social reci-
procal communication including eye contact and eye

mozmummEzCOT~0 OPmMI

Fig. 1. (a) Growth curve of occipito-frontal circumference shows postnatal microcephaly became more evident between 4 and 8 months of age.
(b and c) Brain magnetic resonance imaging (MRI) shows hypoplasia of the rostral part of the corpus callosum ((b) TR/TE = 529.283/13.000) and

frontal lobes ((c) TR/TE = 505.224/13.000).
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gaze. His sleep pattern did not acquire circadian rhythm.
He needed no enteral tube feeding. Postnatal microceph-
aly became more evident at 4-8 months of age (Fig. 1a).
In addition to acquired microcephaly, he had dysmor-
phisms including a round face, anteverted nostrils, and
tented upper lips. Physical examination revealed severe
truncal hypotonia. He demonstrated dyskinesic involun-
tary movements: peculiar jerky movements of the upper
limbs pushed in different directions and tongue protru-
sion. He showed no stereotypic hand washing or hand
mouthing, as patients with RTT typically do. Ophthal-
mological and audiological examinations yielded normal
results. Chromosomal analysis revealed mnormal
karyotype, 46, XY. Extensive metabolic investigations
including serum amino-acid quantification, serum
acylcarnitine profile quantification, and urine organic
acid quantification revealed no abnormality.

At three years of age, he experienced unprovoked
seizures: mnocturnal tonic seizures and sometimes
hypermotor seizures. Interictal electroencephalography
(EEG) revealed sharp waves over the bilateral frontopo-
lar areas. Therefore, we diagnosed him as having
symptomatic focal epilepsy. Brain magnetic resonance
imaging (MRI) revealed hypoplasia of the frontal lobes
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and the rostral part of the corpus callosum (Fig. 1b and
¢). Antiepileptic drugs including zonisamide, phenytoin,
and phenobarbital controlled his epileptic seizures well.
From six years of age, atypical absence and tonic sei-
zures appeared. Interictal EEG showed high-amplitude
slow activity and diffuse slow spike and wave complex
predominantly over the frontal areas. These seizures
were treated with valproate, topiramate, and lamotri-
gine, which produced some improvement in seizure
frequency. These clinical and radiological features are
compatible with those of the congenital variant of RTT.

3. Genetic analysis

After obtaining written informed consent from his
parents, genomic DNA was extracted from the periphe-
ral blood leukocytes of the patient and his parents and
was used for mutation screening. The compatible
primers for polymerase chain reaction (PCR) were used
to obtain DNA fragments spanning the entire FOXGI
coding region [4]. Mutation screenings were performed
by direct sequencing of the exonl-derived PCR prod-
ucts. Direct sequencing of the entire FOXGI coding
region yielded a normal result. Screening of the patient’s

Chromosome 14, region 27274272-28723559
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Fig. 2. Heterozygous deletion of the FOXGI in the patient. (a) MLPA analysis performed on DNA from the patient revealed deletion of exon 1 in
FOXGI and a region upstream of exon 1. Results indicate the relative peak area of a probe target sequence with normalization against normal male
samples and are shown as means + SD (n = 4). (b) The number of FOXGI copies was ascertained using quantitative real-time PCR assay based on
the relative amplification of the target sequence (FOXGI) and the internal standard RNaseP. Results show the ratio of FOXGI versus RNaseP gene
copies, shown as means £ SD (n =4). (c¢) The array-CGH result shows the log2 intensity ratios of the patient versus reference DNA. A 0.54-Mb
deletion was detected at 14q12. This region includes only two genes: FOXGI and Cl4orf23.
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DNA using an MLPA kit (MLPA-P075-A1; MRC-Hol-
land, Amsterdam, The Netherlands) revealed a deletion
in 14ql12 including exon 1 of FOXGI and a region
upstream of exon 1 (Fig. Za). Gene dosage analysis
was performed using quantitative real-time PCR [4],
which confirmed the deletion of FOXGI in the patient
(Fig. 2b). Testing of the patient’s parents confirmed that
the deletion of FOXGI was de novo. To define the
boundary of the deleted region, array-based compara-
tive genomic hybridization (aCGH) analysis was per-
formed using a high-resolution 400 K array (Agilent
Technologies Inc., Santa Clara, CA, USA) according
to the manufacturer’s instructions. As a consequence,
540 Kb deletion was confirmed at 14q12 from 27.78 to
28.32 Mb (Fig. 2¢; according to UCSC Human Genome
Browser, on March 2006 Assembly). Only two genes are
included in the region: FOXGI and a putative gene,
Cl4orf23, with unknown function.

4. Discussion

This report described a Japanese boy with a de novo
heterozygous deletion of FOXGI. FOXGI-related
disorders comnsist of 14ql2 microdeletion syndrome,
loss of function mutation in FOXGI and 14ql2
microduplication syndrome [4-9.14.15]. FOXGI is
located on the autosomal chromosome. However,
FOXGI abnormalities have been found more frequently

Table 1

in females than in males, probably because of the pre-
dominance of females in the diagnosis of RTT. This case
report confirmed that FOXGI haploinsufficiency causes
the congenital variant of RTT in males as well as in
females.

His neurological symptoms and brain MRI findings
were consistent with a diagnosis of congenital variant
of RTT. Patients with 14q12 microdeletion or FOXGI
point mutation show cardinal clinical features includ-
ing severe psychomotor deterioration after 3—6 months,
acquired microcephaly, truncal hypotonia, epilepsy,
and involuntary movements such as tongue protrusion
and stereotyped jerky movements of the upper limbs.
Brain MRI findings of patients with 14ql2 microdele-
tion or FOXGI point mutation are indicate hypogene-
sis of the rostral part of the corpus callosum and
delayed myelination that is specific to frontal lobe. In
2006, Bisgaard et al. reported the first case of microde-
letion in chromosome band 14q12, resulting in haploin-
sufficiency for FOXGI {4,5]. Since that first case, more
than 10 such cases have been reported [6-8]. In 2008,
Ariani et al. reported the first two cases with point
mutations of FOXGI [4]. In 2009, Yeung et al
reported a case of microduplication in chromosome
band 14q12 including FOXGI [14]. A considerable phe-
notypic overlap exists between patients with 14q12 mic-
rodeletion, loss of function of mutation in FOXGI,
14q12 microduplication, and our patient (presented in

Summary of clinical findings of this case, 14q12 microdeletion, FOXGI point mutation, and 14q12 microduplication.

This study

14q12 microdeletion

487
["r‘l\,‘

FOXGI point mutation [3]

14912 microduplication [9.10]

Psychomotor
deterioration
Developmental delay
Hypotonia
Microcephaly

Epilepsy

Involuntary movements
Jerky movements
Tongue protrusion
Hand stereotypies
Sleep disturbance
Feeding problems

Brain MRI
Corpus callosum
White matter

Cortex

Dysmorphisms

After 3 months
Postnatal onset
+

Postnatal onset

Refractory

+1 o+ +

Hypogenesis

Delayed myelination (frontal
lobe)

No abnormality

Round face
Anteverted nostril
Tented upper lips

After 3—6 months
Postnatal onset
+

Postnatal onset

Treatable

ometimes

+e+++

Sometimes agenesis
Delayed myelination

Not reported

Epicanthic folds
Bulbous nasal tip
Depressed nasal
bridge

Tented upper lips

After 3 months

Postnatal onset

+

Postnatal onset or
congenital
Treatable

+
...1,.
+
Sometimes
Sometimes

Hypogenesis
Delayed myelination

Gyral simplification (frontal
lobe)
Not significant

Sometimes after 3 months

From birth
Sometimes
Sometimes postnatal

Sometimes refractory infantile
spasms

Hypogenesis

Reduction of white matter
volume

Not reported

Mid face hypoplasia
Flat nasal bridge
Small palpebral fissures
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the Table 1), suggesting a dosage-sensitive role for
FOXGI in brain development [14]. FOXGI1 plays an
important role in forebrain development [10-12]. These
developmental abnormalities, which were specific to the
forebrain, appear to be a key feature associated with
FOXGI haploinsufficiency, although patients with
14q12 microduplication showed no specific abnormali-
ties of the brain MRI [14,15].

Facial dysmorphisms including epicanthic folds, bul-
bous nasal tip, depressed nasal bridge, and tented upper
lips have often been demonstrated in patients with
14q12 microdeletions. By contrast, these features are
not seen in patients with FOXGI point mutations. It
seems likely that the facial dysmorphisms are caused
by a contiguous deletion of other genes at 14q12. How-
ever, our patient and a previously reported patient [16]
who have deletions of only two genes, FOXGI and a
putative gene C230rf14Cl4orf23, also show distinctive
facial features similar to patients with 14ql2
microdeletions. Because the identified deletion was the
smallest among those previously reported, this deletion
narrowed the critical region for facial dismorphism.
Consequently, CI4orf23 might be responsible for facial
dysmorphism. Further investigations must be conducted
to elucidate the function of Cl4orf23 for facial
dysmorphism.
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Abstract

SHANKS3 is a synaptlc scaffoldlng protem ennched in the
post-synaptic density of excitatory synapses. Since several
SHANK3 mutations have been 'identified .in a- partlcular
phenotypic group of patlents with autism spectrum disorder
(ASD), SHANKS is strongly suspected of belng involved in the
pathogenesis and neuropathology of ASD. Several SHANK3
isoforms are known to be produced in the developing brain,
but they have not been fully investigated. Here, we |dentmed
two different amino-terminus truncated Shank3 transcripts.
One transcript, designated as Shank3c-3, produces an
isoform that contains the entire carboxyl-terminus; but the
other transcript, designated as Shank3c-4, produces a car-
boxyl-terminus  truncated  isoform. Durin'g, development,
expression of the novel Shank3 transcripts increased after

The SHANK3/proline-rich synapse-associated protein 2
(PROSAP2) gene consists of 22 exons and encodes a
multidomain protein that contains ankyrin repeats (ANK) in
an amino-terminal region, an Src homology 3 domain, a
post-synaptic density 95/discs large/zone occludens-1
domain, a proline-rich region, a homer-binding region, a
cortactin-binding region and a sterile alpha motif (SAM)
(Naisbitt er al. 1999). SHANK3 is abundantly expressed in
the heart and moderately expressed in the brain and spleen,
and its tissue-specific expression is epigenetically regulated
by DNA methylation (Lim et al. 1999; Beri er al. 2007). In
the brain, SHANK3 is mainly expressed in neurons,
especially in their synapses, and acts as a scaffolding protein
in its interactions with various synaptic molecules, including
with the NMDA receptor via the post-synaptic density-95

birth, transiently decreased at P14 and then gradually
mcreased again thereaﬁer We also determined that ‘methyl
CpG- bmdlng protem 2 (MeCP2) is mvolved in regulatmg
expression of the novel Shank3 transcnpts MeCP2 is a
transcriptional regulator  that has been identified as the
causative molecule of Rett syndrome, a neurodevelopmental
disorder that includes autistic behavior. We d‘emonystrated a
difference between the expression "of the novel Shank3
transcripts in wild-type mice and Mecpz-deficient mice. These
findings suggest that the SHANK3 isoforms ‘may be implicated
in the synaptic abnormallty in Rett syndrome. '
Keywords: autism spectrum disorder, DNA - methylation,
MeCP2, SHANKS. ' '
J. Neurochem. (2014) 128, 280-293.

(PSD-95)/guanylate kinase-associated protein complex, with
the metabotropic glutamate receptor via homer, and with the
GluR1 alpha-amino-3-hydroxy-5-methylisoxazole-4-propio-
nate receptor (Lim ez al. 1999; Naisbitt et al. 1999; Sheng
and Kim 2000; Boeckers et al. 2004; Uchino et al. 2006).
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Haploinsufficiency of the SHANK3 gene causes a
developmental disorder, 22q13.3 deletion syndrome, also
known as Phelan-McDermid syndrome, which is charac-
terized by severe expressive language and speech delay,
hypotonia, global developmental delay, and autistic behav-
ior (Bonaglia et al. 2001). Since numerous abnormalities in
the SHANK3 gene have been identified in a particular
phenotypic group of patients with autism spectrum disorder
(ASD), SHANK3 is strongly suspected of being involved
in the pathogenesis and neuropathology of ASD (Durand
et al. 2007; Moessner et al. 2007; Gauthier et al. 2009;
Waga et al. 2011).

Several lines of Shank3-mutant mice have been generated
and used to investigate the contribution of SHANK3 to the
neuropathology of ASD (Bozdagi er al. 2010; Peca et al.
2011; Wang er al. 2011; Schmeisser et al. 2012; Yang et al.
2012; Jiang and Ehlers 2013). Mice that lack the full length
of SHANK3 have been found to exhibit synaptic dysfunction
and abnormal synaptic morphology and to display ASD-
relevant phenotypes, including abnormal social behaviors,
abnormal communication patterns, repetitive behaviors, and
deficits in learning and memory, but several different
SHANK3 isoforms were still expressed in the mutant mice.
Peca and coworkers recently generated two Shank3-deficient
mouse strains: a Shank3A mutant strain (Shank3A™")
lacking exons 4-7 and a Shank3B mutant strain
(Shankj’B’/ 7) lacking exons 13-16 (Peca et al. 2011). The
full length of SHANK3 (SHANK3a) is disrupted in
Shank3A™"™ mice but other isoforms are unaffected, whereas
an amino-terminus truncated SHANKS3 isoform lacking
ANK (SHANK3p) as well as SHANK3o is absent in
Shank3B~'~ mice. Interestingly, a three-chamber social test
demonstrated that the Shank3B ™~ mice exhibited abnormal
social interaction and discrimination of social novelty,
whereas the Shank3A™ mice, in which only SHANK30 is
absent, displayed normal initiation of social interaction, but
impaired recognition of social novelty. The Shank3B™'~

mice displayed an anxiety-like behavior and excessive, self-

injurious grooming, whereas the Shank3A™" mice did not
display any anxiety-like behavior and lesions. These findings
suggest that dysfunction of the SHANK3 isoform is probably
involved in the phenotypic heterogeneity in ASD.

Several SHANK3 isoforms are known to be produced in
the mouse brain by combinations of multiple intragenic
promoters and alternative splicing processes (Wang et al.
2011; Jiang and Ehlers 2013). The SHANK3 gene contains
five CpG islands (CpG-P and CpG-2 - CpG-5), and the
positions of five CpG islands are well conserved in
mammalian (Ching et al. 2005; Beri et al. 2007). Maunakea
et al. recently demonstrated that some intragenic promoters
are regulated by DNA methylation in CpG islands (Maun-
akea et al. 2010). However, the methylation status of the
CpG islands in the SHANK3 gene in the developing brain has
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not been fully investigated. In this study, we demonstrated
differences between the methylation status of the five CpG
islands in the developing mouse brain and identified novel
SHANK3 transcripts whose transcriptional start sites are
located in intron 10 in the vicinity of CpG island-2.

Materials and methods

Sequence of mouse Shank3 gene

The genome sequence of the Shank3 gene is available at the NCBI
database (NC_000081.6), and the cDNA sequence is available at the
GenBank database (AB231013).

Animals

The animals used in this study were Crl:CD-1 (ICR) mice (CLEA
Japan, Tokyo, Japan), heterozygous Mecp2-deficient female
mice (B6.129P2 (C)-Mecp2 ml.l - Birdd. - yackson Laboratory,
Maine, USA) (Guy et al. 2001) and C57BL/6]Jcl male mice
(CLEA Japan), which were used for mating with Mecp2-deficient
female mice. All experimental procedures were approved by The
Animal Care and Use Committee of the National Institute of
Neuroscience.

Analysis of the methylation status of the CpG islands

Genomic DNA was extracted from mouse neocortical tissue (gray
matter) at embryonic day 17 (E17), post-natal day 1 (P1), P7, P14,
P21, P28, and 12 weeks after birth (12W) using the Wizard
Genomic DNA Purification Kit (Promega, Madison, WI, USA).
Three mice were used at each developmental stage. Methylation
status was determined by the Hpall-McrBC PCR method using two
restriction enzymes having complementary methylation sensitivity,
Hpall and McrBC, as described in a previous study (Yamada et al.
2004). PCR was performed by using PrimeSTAR DNA polymerase
(Takara, Shiga, Japan) and a thermal cycler (GeneAmp PCR System
9700; Life Technologies, Grand Island, NY, USA). The primer
sequences, annealing temperatures, cycles, and sizes of the PCR
products are shown in Table S1. The following primer pairs were
used: CpGP-F/CpGP-R for CpG island-P, In10-F/CpG2-R for CpG
island-2, CpG3-F/CpG3-R for CpG island-3, CpG4-F/CpG4-R for
CpG island-4, CpG5-F/CpG5-R for CpG island-5, and SUTR-F/
SUTR-R as a control. The thermocycling conditions were: 60 s at
98°C, 30 s at the annealing temperature, 60 s at 72°C for 33-45
cycles. The PCR products were electrophoretically separated on
an agarose gel and stained with ethidium bromide. The gel images
were fed into an image analyzer (LAS-3000 mini; FUIL-
FILM, Tokyo, Japan) and quantitatively analyzed with Image]
software (National Institutes of Health, Bethesda, MD, USA). The
data were obtained from three independent PCR experiments.

Total RNA preparation, cDNA synthesis, and real-time PCR

Total RNA was extracted from mouse neocortical tissue (gray
matter) with acid guanidinium thiocyanate—phenol-chloroform at
E17, P1, P7, P14, P21, P28, and 12W (Chomczynski and Sacchi
1987), and ¢cDNA was produced by using the Advantage RT for
PCR kit (Clontech, Palo Alto, CA, USA) according to the
manufacturer’s instructions. Three mice were used at each devel-
opmental stage.
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PCR for analysis of expression of the novel Shank3 transcripts
was performed using PrimeSTAR DNA polymerase with GC buffer
(Takara) and a thermal cycler (GeneAmp PCR System 9700). The
thermocycling conditions were: 60 s at 98°C, 30 s at 60°C, 60 s at
72°C for 40 cycles for brain tissue and 45 cycles for Neuro2A cells.
The primers used were Inl0-F and Ex14-R, and their sequences are
listed in Table S2.

Real-time PCR was performed by using the SYBR green
labeling system (Power SYBR Green PCR Master Mix; Life
Technologies) and the ABI Prism 7700 Sequence Detection
System (Life Technologies). The primer sequences and sizes
of the PCR products are shown in Table S2. Amplifications
were carried out in a 384-well optical plate, and the thermocy-
cling conditions were: 5 s at 95°C, 10s at 60°C, and 30 s
at 72°C for 45 cycles. A quantitative analysis was performed by
the delta-delta Ct method with glyceraldehyde-3-phosphate
dehydrogenase used as an internal control (Ermolinsky et al.
2008). The data were obtained from four independent PCR
experiments.

5'-Rapid Amplification of ¢cDNA Ends (5'-RACE)

Total RNA was prepared from the neocortical tissue (gray matter) of
P14 mice, and 5'-RACE was performed by using the GeneRacer kit
(Life Technologies) according to the manufacturer’s instructions.
PCR was performed by using AmpliTaq Gold 360 Master Mix (Life
Technologies) and a thermal cycler (GeneAmp PCR System 9700).
The initial thermocycling conditions were as follows: 30 s at 98°C
and 60 s at 72°C for 5 cycles, 30 s at 98°C and 60 s at 70°C for 5
cycles, and then 30 s at 98°C, 30 s at 65°C, 60 s at 72°C for 30
cycles, and the primers used were GeneRacer 5'-primer (5'-
CGACTGGAGCACGAGGACACTGA-3") and Ex14-R2 primer
(5'-GGATAGCCACCTTATCATCGATGACATAATCG-3"). The
second thermocycling conditions were: 30 s at 98°C, 30 s at
65°C, 60 s at 72°C for 30 cycles, and the primers used were the
GeneRacer 5'-Nested primer (5'-GGACACTGACATGGACT
GAAGGAGTA-3") and Ex14-R2 primer. The PCR product was
subcloned into pGEM-T Easy vector (Promega) by the TA cloning
method, and the DNA sequence was determined by using an
ABI3100-Avant genetic analyzer (Life Technologies).

ldentification of Shank3 transcripts

The full length of the Shank3 transcript expressed from the intron 10
region was cloned by the RT-PCR method. The cDNA produced
from neocortical total RNA at P14 was used as a template DNA.
PCR was performed using KOD-plus- (TOYOBO, Tokyo Japan)
and a thermal cycler (GeneAmp PCR System 9700). The thermo-
cycling conditions were: 10 s at 98°C and 8 min at 68°C for 5
cycles, and then 10 s at 98°C, 30 s at 62°C, 8 min at 68°C for 30
cycles, and the primers used were In10-F and 3UTR-R (5'-AGGG
CCCCCCACCCCACAGGTCATT-3"). The PCR products were
subcloned into pGEM-T Easy vector (Promega) by the TA cloning
method, and at least two different Shank3 constructs were obtained:
pGEM-Shank3c-3, which contained part of the sequence coded by
intron 10 and a completely spliced form from exon 11 to exon 22,
and pGEM-Shank3c-4, which lacked the sequences coded by exon
21. The DNA sequences were determined with an ABI3100-Avant
genetic analyzer.

Plasmid construction

The construction of the plasmids used in this study is described in
detail in the experimental procedure and Figure S1 and Figure S2 in
the supplemental information.

Cell culture and DNA transfection

Neuro2A cells and HEK293 cells were grown at 37°C in Dulbecco’s
modified Eagle’s medium (Life Technologies) containing 10% heat-
inactivated fetal bovine serum under a humidified 5% CO,
atmosphere. Neuro2A cells were plated at a density of 1.0-
3.0 x 10* cells/cm” and maintained for 2 days in medium contain-
ing a 1 uM or 5 uM concentration of 5-Aza-2'-deoxycytidine
(5-AdC; Wako, Osaka, Japan). For the luciferase assays, HEK293
cells were plated in each well of 12-well culture dishes at a density
of 5.0 x 10* cells/well, maintained for 2 days, and then transfected
with a plasmid DNA by using TransIT-LT1 (Mirus Bio, Madison,
WI, USA) according to the manufacturer’s instructions. After
2 days, the cells were harvested and used for the luciferase
assay. For immunoblot analysis, HEK293 cells were plated at a
density of 1.0 x 10" cells/cm®, maintained for 2 days, and then
transfected with a plasmid DNA by using Lipofectamine Plus (Life
Technologies) according to the manufacturer’s instructions. After
2 days, the cells were harvested and used for the immunoblot
analysis.

Embryonic day 15.5 ICR mouse neocortical primary neurons
were prepared as described previously (Hirasawa er al. 2003).
Briefly, cerebral cortices were dissected, minced and dissociated
with papain. The dissociated cells were plated onto 0.1% polyeth-
yleneimine-coated plates at a density of 1.5-3.0 x 10* cells/cm? for
immunocytochemistry and at a density of 5.0 x 10* cells/em?® for
luciferase assays, and maintained in Neurobasal (NB) medium (Life
Technologies) containing 2% B-27 supplement (Life Technologies)
and 0.5 mM glutamine (NB-s-medium) at 37°C under a humidified
10% CO, atmosphere for the indicated periods. For the transient
expression studies, cells were transfected with a plasmid DNA by
using Lipofectamine 2000 (LF2000; Life Technologies) according
to the manufacturer’s instructions, with slight modifications.
Plasmid DNA that had been diluted with NB medium and
LF2000 Reagent that had been diluted with NB medium were
combined and incubated for 15-20 min at 20-25°C. The DNA-
LF2000 Reagent complex was added to the cells, and they were
maintained at 37°C in a 10% CO, incubator for 1-2 h. After
washing with fresh NB medium the cells were maintained in
conditioned medium that consisted of equal volumes of fresh NB
medium and spent medium harvested from cultured cells. Half
of the medium was replaced with fresh NB-s-medium every
3-4 days.

Luciferase assay

Luciferases assays were performed by using the Dual-Luciferase
Reporter Assay System (Promega) according to the manufacturer’s
instructions, and reporter activity was measured with a Centro
LB960 plate reader (Berthold Technologies, Bad Wildbad, Ger-
many). The firefly luciferase value of each sample was divided by
the renilla luciferase value to average the independent transfection.
Each plasmid was transfected into cells cultured in three separate
wells, and three independent transfections were performed.
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Immunocytochemistry

Cells were fixed with 2% paraformaldehyde for 10 min at
20-25°C. After three washes with phosphate-buffered saline
(PBS) at 5-min intervals, the cells were permeabilized and blocked
in PBS containing 3% normal goat serum and 0.1% Triton X-100
for 15 min, and then incubated for 1 h at 20-25°C with the
following primary antibodies in PBS containing 3% bovine serum
albumin : rabbit polyclonal anti-enhanced green fluorescent protein
(EGFP) antibody (1 : 500, Life Technologies), mouse monoclonal
anti-MAP-2 antibody (1 : 500, Sigma, St Louis, MO, USA), rabbit
polyclonal anti-Shank3 antibody (1 : 1000) (Uchino et al. 2006),
or mouse monoclonal anti-myc antibody (clone 9E10) (1 : 300,
Thermo Scientific, Rockford, IL, USA). After washing three times
with PBS at 5-min intervals, the cells were incubated for 1 h at
20-25°C with the secondary antibodies in PBS containing 3%
bovine serum albumin: Alexa Fluor 488 goat anti-rabbit IgG
(H+L) (1 : 1000, Life Technologies), Alexa Fluor 488 goat anti-
mouse IgG (H+L) (1 : 1000, Life Technologies), Alexa Fluor 594
goat anti-rabbit IgG (H+L) (1 : 1000, Life Technologies), or
Alexa Fluor 594 goat anti-mouse IgG (H+L) (1 : 1000, Life
Technologies). After washing three times with PBS at 5-min
intervals, the cells were mounted on a glass slide with Fluoro-
mount-G (Southern Biotech, Birmingham, AL, USA). Fluores-
cence images were obtained with a fluorescence microscope
(AX70; Olympus, Tokyo, Japan) or a confocal laser microscope
(FV1000; Olympus).

Preparation of protein samples and immunoblot analysis

HEK293 cells or neocortex tissue were homogenized and
sonicated in lysis buffer (10 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium dodecyl
sulfate and a protease inhibitor cocktail (Roche, Penzberg,
Germany). After removing the nuclei and debris by centrifugation
(2000 x g for 10 min at 4°C), the protein concentration of the
supernatant was determined using BCA Protein Assay Kit (Pierce,
Rockford, IL, USA), and the supernatant was stored at —80°C
until used.

The protein samples were separated by electrophoresis through
an sodium dodecyl sulfate polyacrylamide gel: a 5% gel for
neocortical samples and a 5-20% gradient gel (Dream Realization
& Communication (DRC), Tokyo, Japan) for HEK293 cells, and
then electrophoretically transferred to nitrocellulose membranes
(Schleicher & Schuell, Dassel, Germany). The membranes were
blocked overnight with 3% skim milk in Tris-buffered saline
containing 0.1% Tween20 (TBS-T) at 4°C, then incubated at 20—
25°C for 3 h in 3% skim milk in TBS-T containing rabbit
polyclonal anti-Shank3 antibody (1 : 3000) (Uchino et al. 2006),
mouse monoclonal anti-myc antibody (clone 9E10) (1 : 1500), or
mouse monoclonal anti-B actin antibody (1 : 1500; Sigma). After
three washes in TBS-T, the membranes were incubated at 20—
25°C for 1 h with horseradish peroxidase-conjugated anti-rabbit
IgG secondary antibody (1 : 1500; Sigma) or horseradish perox-
idase-conjugated anti-mouse IgG secondary antibody (1 : 1500;
GE Healthcare, Buckinghamshire, UK), and washed three
times with TBS-T. Immunoreactive bands were visualized
with a chemiluminescence detection system (ECL; GE Healthcare)
and the images were fed into an image analyzer (LAS-3000
mini).

N-terminus truncated Shank3 transcripts | 283

Chromatin immunoprecipitation (ChiP)

Fresh mouse neocortical tissue (gray matter, 100-150 mg) was
dissected out, chopped into small pieces, and homogenized. ChIP
was performed by using the ChIP assay kit (Millipore, Temecula,
CA, USA) and rabbit polyclonal anti-Mecp2 antibody (Millipore)
according to their manufacturers’ instructions. PCR was performed
by using GoTaq DNA polymerase (Promega) and a thermal cycler
(GeneAmp PCR System 9700). The primer sequences, annealing
temperatures, and sizes of the PCR products are shown in Table S1.
The primer pairs used were: In10-F/CpG2-R for CpG island-2,
CpG3-F/CpG3-R for CpG island-3, CpG4-F/CpG4-R for CpG
island-4, and CpGS5-F/CpG5-R and CpGS5-F2/CpG5-R for CpG
island-5. The thermocycling conditions were as follows: 30 s at
98°C, 30 s at annealing temperatures, 60 s at 72°C for 45 cycles.
The PCR with the In10-F and CpG2-R primer pair was performed
under 5% dimethyl sulfoxide.

Statistical analysis

All values were expressed as the mean & SEM of n independent
observations. Multiple groups were compared by one-way analysis
of variance (anova), which was followed by Dunnett’s test when
two groups were compared. Differences were considered significant
when the p-value was < 0.05.

Results

Methylation analysis of the CpG islands in the mouse
Shank3 gene

To investigate the methylation status of the five CpG islands
(CpG-P and CpG-2 - CpG-5 shown in Fig. la) in the
developing mouse brain, genomic DNA was extracted from
mouse neocortical tissue at E17, P1, P7, P14, P21, P28, and
12 weeks after birth (12W), and the methylation status of the
CpG islands was assessed by the Hpall-McrBC PCR method
(Yamada ez al. 2004). Hpall digests unmethylated alleles at
CCGG sites, and McrBC digests methylated alleles at Pu™C
(N40_2000)Pu™C, When a sequence is fully methylated, Hpall
fails to digest the target site, whereas McrBC digests it
completely. Therefore, a PCR product of a target region is
detected only from the Hpall-digested template. Since PCR
products at CpG island-P were detected only from the
McrBC-digested template (lane U in Fig. 1b) and PCR
products at CpG island-3 were detected only from the Hpall-
digested template (lane M in Fig. 1b), the results showed that
CpG island-P was completely unmethylated and CpG island-
3 was fully methylated at every stage of development
investigated, whereas the methylation rate of CpG island-2,
-4, and -5 were low in the embryonic stage, but significantly
increased after birth. Interestingly, the methylation rate of
CpG island-2 increased until P14 and gradually decreased
thereafter (Fig. 1b and c).

A novel Shank3 transcript in intron 10
Since Beri and coworkers reported finding dramatic differ-
ences in the methylation status of CpG island-2 in various
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Fig. 1 Methylation status of the intragenic CpG-isiands of the Shank3
gene in the developing mouse neocortex. (a) Schematic structure of
the mouse Shank3 gene. Exons (1-22) are represented by a black
box, and the CpG islands identified by using a Methyl Primer Express
software (Life Technologies) are represented by a gray line. (b)
Representative agarose gel electrophoresis images showing a Hpall-

tissues and cell lines (Beri et al. 2007), we focused on CpG
island-2. Because genome sequence analysis revealed high
homology (94%) between an approximately 380 bp length of
DNA containing CpG island-2 located upstream of exon 11
in the human gene and the mouse gene (Fig. 2a), we
hypothesized expression of a novel transcript in this intra-
genic region. To test our hypothesis we performed RT-PCR
using a forward primer within intron 10 (Inl0-F) and a
reverse primer within exon 14 (Ex14-R), and an approxi-
mately 450 bp PCR product was detected as a result.
Sequence analysis revealed that the PCR product contained
part of intron 10 and a completely spliced form from exon 11
to exon 14 of the Shank3 gene (Fig. 2b). Expression of this
transcript was weak at E17 but increased after birth.
Interestingly, its expression transiently decreased at P14,
when the methylation rate in CpG island-2 was the highest,
but increased thereafter (Fig 2c). We quantified its expres-
sion level in the developing mouse brain by a real-time PCR
(Fig. 2d). To determine whether expression of the novel
transcript is regulated by DNA methylation, we examined its
expression in Neuro2A cells cultured for 2 days in the
presence or absence of the DNA methylation inhibitor
5-AdC. As shown in Figure 2e, exposure to 5-AdC resulted
in an increase in expression of the novel transcript in
comparison with the control Neuro2A cells, suggesting that

McBC PCR assay of the five CpG islands in the Shank3 gene. A
Hpall-digested template (M) and an McrBC-digested template (U) were
used. Size markers (100 bp ladder) are shown at the right. (c)
Quantitative analysis of methylation status determined by a Hpall-
McBC PCR assay. n = 3.

expression of the novel transcript is regulated by DNA
methylation.

ldentification of the entire sequence of the novel Shank3
transeript in intron 10

To identify the transcriptional initiation site of the novel
Shank3 transcript, we performed a 5-RACE-PCR, and as
shown in Fig. 3, the results revealed a transcriptional
initiation site (—265) in intron 10. Sequence analysis
revealed two putative sites of the translational start codon
(ATG): one in intron 10 and the other in exon 12 (Fig. 3a).
Since Maunakea and coworkers recently found promoter
activity that is regulated by intragenic DNA methylation in
the upstream of CpG island-2 in intron 10 (ECR22-promoter
shown in Fig. 2a), and showed that the ECR22-promoter
regulates expression of the 22t Shank3 transcript (shown in
Fig. 3b) (Maunakea er al. 2010), we next attempted to
confirm the promoter activity of the intron 10 by using a
luciferase assay system. We constructed a reporter vector
carrying a 297 bp or a 610 bp length of the intragenic gene
containing the ECR22-promoter region (pGL3-ECR22-pro
and pGL3-In10-pro, respectively, shown in Fig. 4a), and
transfected it into HEK293 cells. Measurement of the
luciferase activity 2 days later confirmed the presence of
promoter activity in the ECR22-promoter regions
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Fig. 2 Gene structure and expression profile of the novel Shank3
transcript in intron 10. (a) Schematic structure of the mouse Shank3
gene. Exons (10-12) are represented by a black box, and CpG island-
2, a higher homology region between humans and the mouse, and the
ECR22-promoter region (Maunakea et al. 2010) are each represented
by a black line. (b) Schematic diagram of the novel Shank3 transcript
amplified by the In10-F and Ex14-R primer pair. (c) Representative
agarose gel electrophoresis image showing expression of the novel
Shank3 transcript in the developing mouse neocortex after the
transcript was amplified by an RT-PCR method. The arrow points to

(3.72 & 0.12 fold), the same as found in a previous study
(Maunakea er al. 2010), but no promoter activity was
detected in the 610 bp length of the intragenic region
(0.87 £ 0.06 fold) (Fig. 4b). Since sequence analysis
revealed the presence of three ATG sequences within the
610 bp length of the intron region, when the ATG
sequences function as a translational start codon luciferase
may not be produced because of a frameshift. We then
constructed two different reporter vectors, one lacking the
adenine nucleotide at two positions, —293 and —186
(pGL3-In10-pro-AATG-2), and the other lacking the ade-
nine nucleotide at three positions, —293, —186, and —77
(pGL3-In10-pro-AATG-all), in order to disrupt the ATG
codon (Fig. 4a), and after transfecting each of the constructs

T T ey

E17 P1 P21 P28 12W

P7 P14

the PCR product (441 bp) amplified by the In10-F and Ex14-R primer
pair. Size markers (100 bp ladder) are shown at the left. (d)
Quantitative analysis of expression of the novel Shank3 transcript by
a real-time PCR using the delta-delta Ct method with glyceraldehyde-
3-phosphate dehydrogenase as an internal control. The ratios were
calculated by dividing the value at each stage by the value at P7.
n = 4. (e) Representative agarose gel electrophoresis image showing
expression of the novel Shank3 transcript in Neuro2A cells in the
presence of 5-AdC (1 pM, 5 uM) and in the absence of 5-AdC (0 pM).
Size markers (100 bp ladder) are shown at the left.

into HEK293 cells, we measured their luciferase activity.
Significant luciferase activity was observed in the cell lysate
prepared from the HEK293 cells transfected with pGL3-
In10-pro-AATG-all (2.23 £ 0.21 fold), but no luciferase
activity was detected in the cell lysate prepared from the
HEK?293 cells transfected with pGL3-Inl0-pro-AATG-2
(0.97 &£ 0.04 fold) (Fig. 4b), suggesting that the ATG
sequence at position —77 functions as the translational start
codon. We also confirmed the presence of luciferase activity
in neocortical primary neurons transfected with pGL3-
ECR22-pro (3.41 £ 0.21 fold) and pGL3-In10-pro-AATG-
all (9.42 £ 0.67 fold) (Fig. 4c). Next, we constructed an
expression vector containing an EGFP gene ligated at the
ATG site at position —77 (Fig. 4a, Figure S1) and
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Fig. 3 Identification of the novel Shank3 transcripts in intron 10. (a)
The 5'-gene structure of the novel Shank3 transcripts. The predicted
translational start codon (ATG) is indicated by a closed arrowhead (in
frame). (b) Schematic structure of the mouse Shank3 gene. Exons 11
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and 12 are represented by a black box and transcriptional initiation site
of the novel Shank3 transcript (at—265 in intron 10) and the transcrip-
tional initiation site of 22t Shank3 (at—862 in intron 11) (Maunakea
et al. 2010) are each indicated by an arrow.
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Fig. 4 Promoter activity of the DNA fragment within intron 10. (a)
Schematic structure of the constructs used for the luciferase assay and
enhanced green fluorescent protein (EGFP) expression. (b) Luciferase
assay. HEK293 cells were transfected with the constructs, and 2 days
later the cells were harvested and used for a luciferase assay. The
ratios were calculated by dividing the value of each sample by the value
of the control sample (pGL3-basic). *p < 0.01. (c) Luciferase assay.
Neocortical primary neurons were cultured for 8 days and transfected
with the constructs, and 2 days later the cells were harvested and used

pGL3-
basic

ECR22- In10-pro-
pro AATG-all

for the luciferase assay. The ratios were calculated by dividing the
value of the each sample by the value of the control sample (pGL3-
basic). *p < 0.01. (d) Representative image of immunostained neurons.
Neocortical primary neurons were cultured for 8 days and transfected
with pGL3-In10-EGFP, and 2 days later the cells were fixed and
immunostained with anti-EGFP antibody (green) and anti-MAP-2
antibody (red). The arrow points to an EGFP- and MAP-2-positive cell.
Scale bar is 20 pm.
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