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Figure 4. Comparison of glutamate clearance in wild-type and MeCP2-null astrocytes. A. Time-dependent reduction of extracelluar Glu
concentration in wild-type (white column) and MeCP2-null (gray column) astrocyte cultures. After treatment with 1.0 mM Glu, culture supernatant
was collected at the indicated times for the determination of Glu concentration. The graph shows the concentration of Glu in control and MeCP2-null
astrocyte culture medium. Bars represent the means = SE of samples from three independent experiments (*p<<0.05). B-D. Effects of inhibitors of
glutamate transporters (B, TBOA; C, DHKA; D, UCPH) on Glu clearance. Astrocytes were exposed to the indicated concentration of Glu transporter
inhibitors, and then 0.1 mM Glu was added; culture supernatant was collected for the determination of Glu concentration at 2 h. The graphs show
the clearance ratio upon treatment with each inhibitor. The clearance ratio in the indicated concentration groups was expressed by defining the
control level (no inhibitor) as 1.0. Bars represent the means = SE of samples from three independent experiments.

doi:10.1371/journal.pone.0035354.g004

are responsible for altered translational control in MeCP2 mutant
neuron [38]. These findings suggest that a deficit in protein
synthesis and/or turnover in the MeCP2-null astrocytes might
influence the final levels of GS protein. Further studies are
necessary to investigate whether MeCP2 deficiency impairs the
synthesis and turnover of proteins in RTT.

The most important finding in this study was that MeCP2
deficiency in astrocytes accelerates Glu clearance. Consistent with
this, RTT is associated with abnormalities in the Glu metabolism
[24]. Some studies have demonstrated increases in Glu levels in
the cerebrospinal fluid (CSF) of human RTT patients [18,19]. On
the other hand, in animal studies there have been instances of
decreased Glu levels and/or Glu/Gln ratios, as determined by in
MR spectroscopy [8,21,22,23]. Furthermore, MeCP2-deficient
microglia release an abnormally high level of Glu, causing
excitotoxicity that may contribute to dendritic and synaptic
abnormalities in RTT [11]. These results clearly suggest that
MeCP?2 has the potential to regulate Glu levels in the brain under
certain circumstances. Glu levels are altered in the RT'T brain, but
the mechanisms responsible for the changes in Glu metabolism are
unknown. In light of our findings, we speculate that abnormal
expression of Glu transporters and GS resulting from MeCP2
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deficiency could lead to abnormal Glu clearance in astrocytes and
in turn to altered levels of Glu in RTT brain. Additional studies
are needed to determine the mechanisms underlying changes in
Glu levels and Glu metabolism, and their role in the RTT brain.

In conclusion, MeCP2 modulates Glu clearance through the
regulation of astroglial genes in astrocytes. This study suggests a
novel role for MeCP2 in astrocyte function; these findings may be
useful in exploration of a new approach for preventing the
neurological dysfunctions associated with RTT.

Materials and Methods

Cell culture

For each experiment, primary cultures were generated from
individual MeCP2-null neonates and their wild-type littermates;
tail snips from each neonate were obtained for genotyping, as
described below. Enriched cultures of GFAP-expressing astroglial
cells, which are virtually free of neurons and microglial cells, were
established from the cerebral hemispheres of postnatal day (P) 0 to
P1 newborn mice, as previously described [29]. In brief, pieces of
dissected tissue were trypsinized (0.05%) for 10 min in Cay'- and
Mg,"-free phosphate-buffered saline (PBS) supplemented” with
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Figure 5. Effect of glutamate on glutamine synthetase and EAAT1 protein expression in MeCP2-null astrocytes. A. Time-dependent
expression of GS and EAAT1 proteins in wild-type and MeCP2-deficient astrocyte cultures. Astrocytes were treated with 1.0 mM Glu for 24 h, and
subsequently analyzed for expression of GS and EAAT1 by Western blot analysis. Beta-actin protein levels were analyzed in the same way, as an
internal control. B. The immunoreactive GS protein bands were quantified by densitometry, normalized against B-actin levels, and expressed as fold
change relative to the controls (equals 1.0). Bars represent the means = SE of samples from three independent experiments (*p<<0.05, **p<<0.01).
Numbers in each column indicate the total number of samples analyzed. C. The immunoreactive EAAT1 protein bands were quantified by
densitometry, normalized against B-actin levels, and expressed as % of controls (equals 100%). Bars represent the means * SE of samples from three
independent experiments (**p<<0.01). D. Comparison of the effects of Glu on EAAT1 expression in wild-type and MeCP2-null astrocytes. The ratio of
EAAT1/B-actin in each treatment group was normalized against that of the non-treated astrocytes from each group. Bars represent the means = SE of
samples from three independent experiments. Numbers in each column indicate the total number of samples analyzed.

doi:10.1371/journal.pone.0035354.g005

0.02% EDTA. Tissue samples were subsequently dissociated in
Hank’s balanced salt solution (HBSS) containing 15% fetal calf
serum (FCS; F2442, Sigma-Aldrich, Inc., St. Louis, MO, USA) by
trituration though 10-ml plastic pipettes. Cells were pelleted at
100xg for 5 min, resuspended in Dulbecco’s modified Eagle’s
medium (D-MEM; Wako Pure Chemical Industries, Ltd., Osaka,
Japan) containing 15% FCS, and seeded into 100-mm culture
dishes previously coated with poly-D-lysine (0.1 mg/ml; Wako
Pure Chemical Industries, Ltd., Osaka, Japan). Upon reaching
confluency, cells were trypsinized and replated. Cells were used
after the third passage (P3) in all experiments, and were seeded at
3x10* cells/cm® in 6-well plate dishes or 35-mm culture dishes.
Cultures were assayed by immunochemical analysis using
antibodies against GFAP, MAP2, and CDI11b in order to
determine the degree of enrichment; the astrocyte cultures were
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nearly pure without contamination of microglia and neurons (Fig.
53 and Information S1).

Cell growth and bromo-2'-deoxyuridine (BrdU) uptake

assay

To determine growth rate, cells were plated at 2 x 10° cells/ dish
in 35-mm dishes. At each passage, three dishes per cell line were
harvested by trypsinization, and cell numbers were determined
using a hemocytometer. Growth rate was expressed as the number
of harvested cells divided by the number of seeded cells.

BrdU incorporation during DNA synthesis was determined
using the 5-Bromo-2'-deoxy-uridine Labeling and Detection Kit I
(Roche, Indianapolis, IN, USA). Briefly, cells were seeded at
3.0x10* cells per well in 48-well culture plates and incubated in D-
MEM containing 10% FCS at 37°C for 24 h. After cells were
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Table 1. PCR primers.
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Sense Antisense Ta cycles
GFAP 5-ATCCGCTCAGGTCATCTTACCC-3 5.TGTCTGCTCAATGTCTTCCCTACC-3' 63 25
s1ooB‘ 5'-AGAGGACTCCAGCAGCAAAGG-3’ 5 AGAGAGCTCAGCTCCTTCGAG S’ s 32
EAAT1 '5’—GAA TCTCCCAGACG‘ITCTAATCC 3 :  ~'5' GCI'CTGAAACCGCCACTTACTATC e s
EAAT2 ' 5'-ATGCTCATCCTCCCTCTTATCATC:3” 5"-CTTTCTTTGTCACTGTCTGAATCTG 3 L
G 5-TGTACCTCCATCCTGITGCC-3' | S.GTCCCCGTAATCTTGACTCC3 57 25
HPRT 5'-CCTGCTGGATTACATTAAAGCACTG-3" 5AAGGGCATATCCAACAACAA- 57 30 ‘
MecP2. | 5-GGTAMACCCGTCCGGAMARTG SUTICAGTGGCTTGTCTCTGAGS: o1 35

CpG-binding protein 2; Ta, annealing temperature (°C).
doi:10.1371/journal.pone.0035354.t001

incubated with 10 uM BrdU for 2 h, they were fixed with 70%
ethanol in 50 mM glycine (pH 2.0) for 20 min at —20°C. Cells
were incubated with an anti-BrdU monoclonal antibody, followed
by a fluorescein-coupled goat anti-mouse Ig and Hoechst33324
(1 pg/ml). To determine the percentages of BrdU-positive cells,
fluorescent images were obtained by a Biorevo BZ-9000
fluorescence microscope (KEYENCE Co., Osaka, Japan); images
were analyzed using the BZ-II application. BrdU-positive cells and
total cells were counted in random 3 fields per well (approximately
1200 cells per well). Results were obtained from four independent
experiments.

Cell Viability Analysis

Cell were seeded at 1x10* cells per well in 96-well plates and
incubated in D-MEM containing 15% FCS at 37°C for 24 h. In
injury models of drug and oxidative stress, cells were incubated
with 0.01-10 mM glutamate for 24 h, 12.5-200 mM NH,CI
(Sigma Chemical Co.) for 4 h, or 0.125-1.0 mM H,O, (Wako
Pure Chemical Industry, Osaka, Japan) for 1 h as previously
described [28,39,40]. After 24 h of drug treatment, cell viability
was determined using the WST-8 assay (NACALAI TESQUE,
INC., Kyoto, Japan) [39,41].

PCR analysis

MeCP2 /" female mice (B6.129P2(C)-Mecp2™!'#4/7 strain)
were purchased from the Jackson Laboratory (Bar Harbor, ME)
and mated with wild-type C57BL/6 male mice. DNA samples
were extracted from tail snips from newborn animals; prior to
nucleic acid extraction, snips were digested with proteinase K.
Genotyping was performed by PCR analysis of genomic DNA
according to the protocol provided by the manufacturer
(http:/ /jaxmice jax.org/pub-cgi/protocols/protocols.sh?objtype =
protocol&protocol_id = 598) [4,12]. All experiments were per-
formed in accordance with the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals, and were
approved by the Animal Research Committee of Kurume
University.

Total RNA was extracted from cells using a Sepazol RINA I
super kit (Nacalai Tesque, Inc., Kyoto, Japan) [41,42]. One
microgram of total RNA was reverse transcribed, and 1/100 of the
¢DNA (equivalent to 10 ng of total RNA) was subjected to PCR
amplification with Taq DNA polymerase (Promega, Co., Ltd.,
Madison, WI) using the following conditions: 25-35 cycles of 94°C
for 30 s, annealing temperature for 60 s, and 74°C for 60 s.
Primer sets and annealing temperatures are shown in Table 1. The
most appropriate PCR conditions for semi-quantitative analysis of
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GFAP, glial fibrillary acidic protein; EAAT, excitatory amino acid transporter; GS, glutamine synthetase; HPRT, hypoxantine-phosphoribosyl-transferase; MeCP2, methyl-

each gene were carefully determined by several preliminary
experiments (Fig. S4). The number of cycles for GFAP, S1008,
EAATI, EAAT?2, and GS was 25, 32, 35, 32, and 25, respectively
(Table 1). The amplified ¢cDNA was electrophoresed on 2%
agarose gels containing ethidium bromide, and quantities were
analyzed by densitometry using Image] software (the Research
Service Branch of the National Institute of Health, Bethesda, MD,
USA) [42]. The relative expression of each gene was normalized to
the intensity of a housekeeping gene, hypoxantine-phosphoribosyl-
transferase (HPRT; 30 cycles). The expression level of each gene is
reported as a ratio relative to the level of normalized expression in
a control sample.

Immunocytochemistry

Cultures were fixed with 4% paraformaldehyde for 10 min and
permeabilized with 0.05% Triton-X 100 for 5 min. After blocking
of nonspecific binding sites with 10% nonfat dry milk in PBS for
1 h, cultures were immunocytochemically stained using antibodies
against MeCP2 (anti-MeCP2 polyclonal antibody, MILLIPORE,
Temecula, CA, USA; anti-MeCP2 monoclonal antibody, G-6,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), B-tubulin type
IIT (T'y], Sigma-Aldrich, Inc., St. Louis, Missouri), or glial fibrillary
acidic protein (GFAP) (anti-GFAP polyclonal antibody, G9269;
anti-GFAP monoclonal antibody, G3893, Sigma-Aldrich, Inc., St.
Louis, Missouri), followed by secondary fluorescent antibodies as
described previously [12]. Cultures were additionally stained with
Hoechst33342 and examined using an Olympus IX-70 (Olympus
Japan Inc. Tokyo, Japan) microscope. Photomicrographs were
captured using an Olympus DP70 digital camera.

Immunoblotting

Cell extracts were prepared from astroglial cultures as described
previously [41]. Western blot analysis was performed using anti-
glutamine synthetase (G2781; Sigma-Aldrich, Inc., St. Louis,
Missouri), anti-excitatory amino acid transporter 1 (EAATI,
GLAST; Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
horseradish peroxidase-conjugated anti-rabbit IgG (DakoCytoma-
ton, Glostrup, Denmark), and chemiluminescent substrate
(Chemi-Lumi One, NACALAI TESQUE, INC., Kyoto, Japan)
[12,41]. Several different exposure times were used for each blot to
ensure linearity of band intensities. Immunoreactive bands were
quantified using the Image] software (Research Service Branch of
the National Institute of Health, Bethesda, MD, USA). The
relative expression of each protein was normalized to the intensity
of B-actin. The expression level of each protein is reported as a
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ratio relative to the level of normalized expression in a control
sample.

Glutamate Clearance Assay

To measure extracellular glutamate (Glu) concentrations, we
used the Glutamate Assay Kit colorimetric assay (Yamasa
Corporation, Tokyo, Japan) [43]. Assays were carried out in six
independent trials. The clearance ratio of Glu was calculated from
the Glu concentration (UM) in the medium sample of the drug-
treated astroglial cells (Glug,,) and the control non-drug treated
(i.e., treated with drug vehicle alone) glial cells (Glug,). This is
represented mathematically as follows: Glu clearance ra-
tio = (100~ Glugy,g)/ (100 = Glug,y,). Threo-beta-benzyloxyaspartate
(TBOA), UCPH-101 (2-amino-4-(4-methoxyphenyl)-7-(naphtha-
len-1-yl)-5-0x0-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile), or
dihydrokainate (DHKA) (all purchased from Tocris Bioscience
Ellisville, MO, USA) were applied to astroglial cells 60 min before
Glu.

Statistical analysis

Quantitative results are expressed as means * standard errors
(SE). Student’s t-test was used to compare data, with p<<0.05
considered significant.

Supporting Information

Figure S1 BrdU-incorporating cells in wild-type and
MeCP2-null astrocytes. The top and bottom pictures show
BrdU-incorporating (Green) and Hoechst-stained (Blue) cells,
respectively, which were stained with the primary anti-BrdU
antibodies, the secondary fluorescein-coupled antibodies, and
Hoechst 33324. Negative controls received identical treatments,
but were not exposed to BrdU. Representative pictures were used
to accurately count the number of BrdU incorporated cells to
assess the efficiency of astrocyte cell growth. Scale bar =200 pm.
(EPS)

Figure S2 Concentration dependency of GS and EAAT1
expression in wild-type and MeCP2-null astrocytes
treated with Glutamate. The astrocytes of each group were
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bar =100 pm. B. Western blot analysis of protein extracts from
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FOXGI mutations in Japanese patients
with the congenital variant of Rett syndrome
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Tanaka H, Miyamoto A. FOXG/ mutations in Japanese patients with the
congenital variant of Rett syndrome.
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Rett syndrome (RTT) is a severe neurodevelopmental disorder
characterized by microcephaly, psychomotor regression, seizures and
stereotypical hand movements. Recently, deletions and inactivating
mutations in FOXGI, encoding a brain-specific transcription factor that is
critical for forebrain development, have been found to be associated with
the congenital variant of RTT. Here we report the clinical features and
molecular characteristics of two cases of the congenital variant of RTT.
We conducted mutation screenings of FOXGI in a cohort of 15 Japanese
patients with a clinical diagnosis of atypical RTT but without MECP2 and
CDKL5 mutations. Two unrelated female patients had heterozygous
mutations (¢.256dupC, p.Gln86ProfsX35 and ¢.689G> A, pArg230His).
Both showed neurological symptoms from the neonatal period, including
hypotonia, irritability and severe microcephaly. Further, their psychomotor
development was severely impaired, as indicated by their inability to sit
unaided or acquire speech sounds, and they had a hyperkinetic movement
disorder, because both displayed hand stereotypies and jerky movements
of the upper limbs. Brain magnetic resonance imaging scans revealed
delayed myelination with hypoplasia of the corpus callosum and frontal
lobe. These cases confirm the involvement of FOXG1 in the molecular
etiology of the congenital variant of RTT and show the characteristic
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Rett syndrome (RTT) is a neurodevelopmental dis-
order that is associated with mutations in MECP2,
encoding methyl-CpG-binding protein 2 (1). Patients
with RTT show characteristic clinical features includ-
ing hypotonia, developmental delay, loss of purpose-
ful hand movements, hand stereotypies and decelerated
head growth (2). The clinical severity of RTT varies
widely, ranging from the severe ‘congenital variant’
to the milder ‘forme fruste’ (3). The congenital vari-
ant is characterized by hypotonia and developmental
delay beginning earlier than in the typical RTT. MECP2
mutations are present in 70-90% of the typical RTT
cases, but the mutation rate is low in atypical RTT
cases (4), suggesting that other genes are responsible
for the atypical forms.
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Small de novo interstitial deletions in 14ql2 and
a balanced de novo translocation [t(2;14)(p22;q12)]
with an adjacent small inversion in 14ql2 have
been identified in cases with clinical features remi-
niscent of the congenital variant of RTT (5-8). The
common deleted region contains FOXGI, a gene
that encodes a brain-specific transcriptional repressor
FOXG1, which promotes progenitor proliferation and
suppresses premature neurogenesis for proper forebrain
development (9, 10). Both FOXGI homozygous- and
heterozygous-mutant mice exhibit complex forebrain
malformations (9-12). The importance of FOXGI
was reinforced by the identification of FOXG/I -null
mutations in two unrelated girls with the congenital
variant (13). These studies suggest that the congenital
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variant of RTT can be caused by point mutations as
well as complete deletions in FOXGI.

At present, 17 point mutations in FOXGI have
been reported in patients with the congenital variant of
RTT (13-20). Here, we report two FOXGI mutations
associated with the congenital variant, which confirms
the involvement of FOXG1 in the pathophysiology of
the congenital variant of RTT and helps to delineate the
clinical features associated with FOXGI mutations.

Materials and methods
Patients

Fifteen Japanese patients (13 females and 2 males)
with a clinical diagnosis of atypical RTT based
on the revised criteria for this disorder (2) were
examined. Eight and seven patients were considered
to have the congenital and early seizure variants,
respectively. Direct sequencing of the entire coding
sequences and exon—intron boundaries did not reveal
MECP2 and CDKL5 mutations in these patients. The
possibility of large rearrangements in these genes
was excluded by using multiplex ligation-dependent
probe amplification (MLPA) method (MRC-Holland,
Amsterdam, The Netherlands).

Molecular analysis

Blood samples were collected from the patients and
their parents after their written informed consent.
Genomic DNA was extracted from peripheral blood
leukocytes and used as the template for polymerase
chain reaction (PCR). Appropriate primers were used to
yield DNA fragments spanning the entire FOXGI cod-
ing region (13). Mutation screenings were performed
by direct sequencing of exonl-derived PCR products.
Large rearrangements of FOXGI DNA were detected
by using the MLPA method according to the manufac-
turer’s instructions (MRC-Holland).

Results
Case report

Patient 1

This female patient, now aged 34 years, is the third
child of healthy and non-consanguineous parents. She
has two healthy brothers. She was born at term by
spontaneous delivery after an uneventful pregnancy.
Her birth weight was 2570 g and she had a small
occipito-frontal circumference (OFC) of 30 cm (third
percentile). During the neonatal period, she showed
sleep disturbance and inconsolable crying. She was
referred to a clinical unit at 7 months of age because of
psychomotor retardation. Physical examination revealed
severe hypotonia, poor eye contact, strabismus and
head growth deceleration. At the age of 1 year, she
displayed hand stereotypies with hand-to-mouth move-
ments, tongue protrusion and intermittent bruxism.
She also had generalized tonic seizures at that age.
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Interictal electroencephalogram (EEG) showed focal
spike discharges over the left parietal area. The seizures
were eventually controlled with sodium valproate and
clobazam. Because of feeding problems resulting from
swallowing difficulties, she was fed predominantly via
a gastrostomy tube. She was never able to sit unaided
and never acquired speech sounds or purposeful hand
skills. At present, she is permanently bedridden and
has severe scoliosis, jerky movements of the upper
limbs, self-abusive behavior such as biting her hands
and microcephaly (OFC of 46 cm). Brain magnetic res-
onance imaging (MRI) scans performed at the age of
33 years showed microcephaly with hypoplasia of the
frontal lobes and corpus callosum (Fig. 1a,b).

Patient 2

This 8-year-old female patient is the second child of
healthy and non-consanguineous parents. She has a
healthy brother. She was born at term by spontaneous
delivery after an uneventful pregnancy. Her birth weight
was 2686 g and she had a relatively small head
circumference (OFC of 31 cm; 10th percentile). During
the neonatal period, she had strabismus, poor eye
contact and inconsolable crying. She was referred to a
clinical unit at 2 months of age. Physical examination
revealed severe hypotonia and decelerated head growth.
Microcephaly became more evident with time (OFCs
of 38, 41, 43 and 44 cm at 6 months, 2, 5 and
7 years, respectively, all below the third percentile).
The developmental milestones were severely delayed:
she acquired head control at 7 months and turned over
at 20 months. She displayed prominent hyperkinetic
movement disorders with hand stereotypies, jerky
movements of the upper limbs and frequent and
inappropriate episodes of laughter. At 3 years of age,
she had two episodes of hyperthermia-induced seizures.
Although interictal EEG revealed focal spike discharges
over the right parietal area, the seizures did not recur
even without antiepileptic drug treatment. She remains
incapable of sitting up unaided, as well as acquiring
speech sounds and purposeful hand skills. Brain MRI
scans performed at the age of 8 years showed delayed
myelination in the frontal lobe with hypoplasia of the
corpus callosum and frontal lobe (Fig. 1c,d).

Identification of FOXG7 mutations

We identified heterozygous FOXGI mutations in
both patients (Fig. 2). Patient 1 showed duplica-
tion of cytosine at nucleotides 256 (c.256dupC,
p.GIn86ProfsX35), resulting in the loss of the three
main functional domains of FOXG1 (Fig. 2a). This
frameshift mutation has also been identified in an unre-
lated patient (20). Patient 2 showed a novel missense
mutation (c.689G>A, p.Arg230His) within the DNA-
binding forkhead domain, which affects a residue highly
conserved in different species (Fig. 2b). Testing of their
parents confirmed that both the mutations were de
novo. We did not find deletions in FOXGI in our
cohort.
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Fig. 1. Brain magnetic resonance imaging (MRI) scans of the two patients with FOXGI mutations. Patient 1 (aged 33 years during MRI) has
hypoplasia of the frontal lobe and corpus callosum (a and b). Patient 2 (aged 8 years during MRI) has delayed myelination in the frontal lobe
(arrows) with hypoplasia of the corpus callosum and frontal lobe (¢ and d). Both have a low forehead which indicates a hypoplastic frontal lobe.
(a) and (c) T1-weighted sagittal images; (b) and (d) T2-weighted axial images.

Discussion

We identified two heterozygous FOXGI mutations in
two patients with the congenital variant of RTT. These
new cases provide additional support for delineating
the clinical features of the FOXG1-related phenotypes.
Both the patients had hypotonia and irritability in the
neonatal period. Deceleration of head growth, leading to
severe microcephaly, was recognized soon afterwards.
They also had strabismus and poor eye contact.
Their motor development was severely impaired and
voluntary hand use was absent. They were unable to
sit unaided and did not acquire speech sounds. They
showed a prominent hyperkinetic movement disorder,
with hand stereotypies and jerky movements of the
upper limbs. These clinical features are similar to those
previously described in patients with the congenital
variant of RTT (13--20).

Large-scale molecular screenings of FOXGI have
been conducted mainly in female individuals with
typical and atypical RTT (14—16). The preponderance
of female patients with FOXGI mutations may be
because of this bias. Recent studies have shown point
mutations and deletions in 14ql2 in male individuals
with the congenital variant of RTT as well (17, 20).

Given that FOXGI is an autosomal gene, FOXGI
mutations may be responsible for the clinical features
in female and male individuals with this form of RTT.
The ¢.256dupC mutation has been identified in a male
patient who presented similar clinical features to those
observed in our female patient (20). This recurrent
mutation caused duplication of cytosine after seven
subsequent cytosines in FOXGI, suggesting that this
cytosine stretch may be prone to replication errors and
present a mutation hotspot in FOXGI.

FOXGI1 is a DNA-binding transcription factor with
a forkhead domain that represses target genes. It
recruits transcriptional co-repressor proteins via two
protein-binding domains (JARIDIB and Groucho-
binding domains). Interaction between FOXGI1 and
its co-repressor proteins is critical for early brain
development (21). Missense mutations in the functional
domains of FOXG] or late truncating mutations possi-
bly cause a milder phenotype, because the resulting pro-
teins may retain some functions (16). However, Patient
2, who had a missense mutation of the DNA-binding
forkhead domain, presented with a severe phenotype
similar to that of Patient 1, who harbored a frameshift
mutation that resulted in the loss of the three main
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(a) Patient1 c.256dupC; p.GIn86ProfsX35

Gin Pro Pro GIn Thr Arg Gly Ala
CAHGCOCOLCCoAGALGOCGGEGG C6CC
CLABACGEBBEGGEGT
Pro Asp Ala Gly Arg

WY

Control
Gin Thr Gly Ala

CAGLODCOUE 0L GLEEEE 666060 ESC0

Pro Pro Gin Arg

(b) Patient 2 ¢.689G>A; p.Arg230His

Asn Ser lle Arg His Asn Leu
AACTCCATCCGOCAC LA TET G
-

His

Control
Asn Ser lle Arg His Asn Leu

EACTORATCOGOTALZAATCT G

i)

Fig. 2. The FOXGI mutations in Patients 1 and 2. Automated DNA sequencing with the polymerase chain reaction product from Patient 1 showed
duplication of cytosine at nucleotides 256 (c.256dupC, numbering according to GenBank accession no. NM_005249.3) in FOXGI (arrow), which
resulted in a shift of the reading frame and introduction of a premature stop codon (p.GIn86ProfsX35) (a). In Patient 2, we found a guanine-to-
adenine transition at nucleotide 689 (c.689G>A), which resulted in an arginine-to-histidine substitution at amino acid position 230 (p.Arg230His;

arrow) (b).

functional domains of FOXGI1. The missense muta-
tion (p.Arg230His) appeared to affect the affinity of
FOXG1 for DNA. Our findings support the idea that
a missense mutation in the forkhead domain impairs
its target recognition and causes mislocalization of the
protein in the nucleus (19). Thus, missense mutations
within the DNA-binding domain, as well as clear loss-
of-function mutations, can have a severe impact on
FOXG1 function. Our data, taken together with pre-
vious findings, indicate that the genotype does not
predict the severity of the phenotype. Indeed, a late
truncating mutation (p.Tyr416X) that affects the C-
terminal part of FOXG1 but maintains the three known
functional domains reportedly causes the most severe
phenotype (14).

FOXG1 plays an important role in forebrain develop-
ment (10). Brain MRI scans of our two patients showed
poor development of the frontal lobe and hypoplasia of
the corpus callosum, which are similar to the findings of
previous FOXGI mutation reports (14, 15, 20). FOXG!
mutant mice are an interesting animal model for inves-
tigating how FOXGI haploinsufficiency affects brain
development and neuronal function. Although FOXGI
homozygous-mutant mice die shortly after birth with
severe brain defects (9), the heterozygous mutants have
less severe brain defects but still exhibit a reduction in
the volume of the neocortex, hippocampus and striatum
and a thin cortex because of reduced thickness of the
superficial cortical layers (12). Furthermore, FOXGI
heterozygous-mutant mice exhibit learning deficits in
fear-condition behavioral tests (11). These animal data
are consistent with the findings that humans with
FOXGI haploinsufficiency have poor forebrain devel-
opment as well as cognitive and motor defects.

In conclusion, we identified a novel mutation and
a recurrent mutation in FOXGI in two patients with
the congenital variant of RTT. Our data support the
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involvement of FOXGI1 in the molecular etiology of
this form of RTT. We suggest that FOXGI mutation
analysis should be performed in female and male
patients with developmental features suggestive of the
congenital variant and brain malformations including
poor frontal lobe development and hypoplasia of the
corpus callosum.
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SHORT COMMUNICATION

De novo WDR45 mutation in a patient showing
clinically Rett syndrome with childhood iron

deposition in brain

Chihiro Ohbal*>®, Shin Nabatame®®, Yoshitaka Tijima®*, Kiyomi Nishiyama!, Yoshinori Tsurusaki',
Mitsuko Nakashima!, Noriko Miyake!, Fumiaki Tanaka?, Keiichi Ozono®, Hirotomo Saitsu!

and Naomichi Matsumoto!

Rett syndrome (RTT) is a neurodevelopmental disorder mostly caused by MECP2 mutations. We identified a de novo WDR45
mutation, which caused a subtype of neurodegeneration with brain iron accumulation, in a patient showing clinically typical
RTT. The mutation (c.830 + 1G> A) led to aberrant splicing in lymphoblastoid cells. Sequential brain magnetic resonance
imaging demonstrated that iron deposition in the globus pallidus and the substantia nigra was observed as early as at 11 years
of age. Because the patient showed four of the main RTT diagnostic criteria, WDR45 should be investigated in patients with

RTT without MECP2 mutations.
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Keywords: B-propeller protein-associated neurodegeneration (BPAN); neurodegeneration with brain iron accumulation; Rett
syndrome; static encephalopathy of childhood with neurodegeneration in adulthood; WDR45

INTRODUCTION

Rett syndrome (RTT) is a neurodevelopmental disorder characterized
by regression, loss of acquired purposeful hand skill and language,
gait abnormalities and stereotypic hand movements.! In typical
RTT, MECP2 mutations can be found in 95-97% of cases, and
CDKL5 and FOXGI mutations have been found in atypical RTT.!
Recently, mutations in WDR45, which plays an important role in
autophagy, have been identified in a novel subtype of neuro-
degeneration with brain iron accumulation, called B-propeller
protein-associated neurodegeneration (BPAN), which is formerly
designated as static encephalopathy of childhood with neuro-
degeneration in adulthood.>* BPAN shows an unprogressive course
during childhood, sudden-onset severe dystonia-parkinsonism and
progressive dementia in adulthood. Characteristic brain magnetic
resonance imaging findings include iron deposition in the globus
pallidus and substantia nigra, and hyperintensity of the substantia
nigra with a central band of hypointensity in T1-weighted images.®
Interestingly, 7 of 23 patients with a WDR45 mutation showed Rett-
like features, suggesting a possible involvement of WDR45 mutations
in RTT.” Here we report a patient with typical RTT possessing a de
novo WDR45 mutation.

MATERIALS AND METHODS

A 14-year-old Japanese girl was born to non-consanguineous parents as a first
child after an uneventful pregnancy. There was no familial history of
neurological diseases. Although her initial development was normal as she
controlled her head at 4 months of age, developmental milestones were

‘gradually delayed and she leamned to walk at 1 year and 7 months. During

infancy, she played with toys and started to talk at ~12 months of age. Her
walking developed repetitive atonic episodes and an electroencephalogram
showed focal irregular polyspikes and waves, and hence she was diagnosed with
epilepsy. She was administered antiepileptic agents and carbamazepine was
found to be effective. She gradually lost hand function and verbal commu-
nications by 4 years of age, and developed stereotypic hand movements such as
continuous rubbing and licking, and dystonia. Although she now walks alone
with an ataxic gait, her hand skills have regressed and she cannot talk. She
shows hyperventilation, abnormally deep breathing, bruxism during waking
periods, hypotonia, peripheral vasomotor disturbance, kyphosis, small cold
hands and feet, sudden inappropriate laughing, diminished response to pain
and intense eye communication. Sleep disturbance and microcephaly were
unobserved. Brain magnetic resonance imaging at 3 and 4 years of age showed
no remarkable findings (Figures la-d). However, T2-weighted images (WI)
revealed mild hypointensity in the globus pallidus and the substantia nigra at
11 years of age (Figures le and f). At 14 years, this T2 shortening progressed
(Figures 1g and h), and this hypointensity was obvious in T2*WTI (Figures 2c
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Figure 1 T2-weighted axial images of the patient with a WDR45 mutation.
(a-h) T2-weighted axial images of the patient. ((a, b) at 3 years and 6
months; (c, d) at 4 years and 4 months; (e, f) at 11 years and 8 months;
(g, h) at 14 years and 6 months) Brain magnetic resonance imaging (MRI) at
3 and 4 years revealed no remarkable findings in the brain structure, volume
and signal intensity (a-d). Mild T2 hypointensity in the globus pallidus
(e, arrow) and the substantia nigra (f, arrowhead) was noticed at 11 years of
age. At 14 years, T2W! showed strong hypointensity in the globus pallidus
(g, arrow) and the substantia nigra (h, arrowhead). mo, months; yr, years.

and d). TIWI showed hyperintensity of the substantia nigra with a weak
central band of TIWI hypointensity (Figure 2b). Experimental protocols for
genetic analysis were approved by the Institutional Review Board of Yokohama
City University School of Medicine. Clinical information and peripheral blood
samples were acquired from family members after obtaining written informed
consent.

Sanger sequencing
MECP2 mutation was sequenced by Sanger method. Parental samples were also
sequenced with respect to identified variants.

A typical Rett syndrome patient with a de novo WDR45 mutation
C Ohba et al

Figure 2 Brain magnetic resonance imaging (MRI) of the patient at 14
years of age. Tl-weighted (a, b), and T2*-weighted (c, d) axial images of
the patient at 14 years and 6 months of age. Tl-weighted images show
normal findings in the globus pallidus (a), but hyperintensity of the
substantia nigra with a weak central band of T1WI hypointensity
(b, arrowhead). T2*-weighted images show strong hypointensity in the
substantia nigra (c, arrowhead) and the globus pallidus (d, arrow).

Whole exome sequencing

Genomic DNA was isolated from peripheral blood leukocytes using QuickGene
610L (Wako, Osaka, Japan), captured using the SureSelect Human All Exon v4
Kit (51 Mb; Agilent Technologies, Santa Clara, CA, USA) and sequenced on an
Hlumina HiSeq2000 (Hlumina, San Diego, CA, USA) with 101 bp paired-end
reads. Four samples were run in one lane of the flow cell Exome
data processing, variant calling and variant annotation were performed as
previously described.* The WDR45 mutation was confirmed by Sanger
sequencing.

Reverse transcriptase-PCR

Lymphoblastoid cell lines were established from the patient. Reverse tran-
scriptase-PCR using total RNA extracted from lymphoblastoid cell lines was
performed as previously described.® Briefly, total RNA was extracted using the
RNeasy Plus Mini kit (Qiagen, Tokyo, Japan), and 4 pg subjected to reverse
transcription. For PCR, 2 ul of complementary DNA was used with primer
ex8-9-F spanning exons 8 and 9 (5-GTGGACCTGGCGAGCACAAAG-3')
and primer ex11-12-R spanning exons 11 and 12 (5-AACTCTGTCATT
GCCATCTGCGTAG-3"). The PCR reaction consisted of five cycles of 98 °C
for 105, 72°C for 30s, five cycles of 98 °C for 10s, 70 °C for 30s, five cycles
of 98 °C for 105, 68 °C for 30s and 30 cycles of 98 °C for 10s, 66 °C for 30s.
PCR products were electrophoresed on a 10% polyacrylamide gel and
sequenced. PCR products were purified using the QIAEXII Gel extraction
kit (Qiagen).

RESULTS AND DISCUSSION

We detected ¢.602C>T (p.Sla201Val) mutation of MECP2 in
the patient by Sanger sequencing. However, we consider this
mutation was not pathogenic because the mutation was
inherited from her healthy mother. The mutation was also found in
3 males and 8 females of our 574 in-house control exomes
(281 males and 293 females). By whole exome sequencing, we
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Figure 3 Mutation leading to aberrant splicing in the patient's lymphoblastoid cell lines. (a) Location of the WDR45 mutation. A splice donor site mutation
(c.830+1G>A) in the patient, which was absent from her parents, was confirmed by Sanger sequencing. (b) Reverse transcriptase (RT)-PCR analysis using
lymphoblastoid cell lines derived from the patient and a control. A single band (472 bp), corresponding to the wild-type allele, was amplified using a control
complementary DNA (cDNA) template. A longer aberrant band was detected from the patient’s cDNA. (c) Schematic representation of the wild-type and
mutant transcripts determined by sequencing PCR products, and primers used for the analysis. The upper band (551 bp) has a 82-bp insertion of the entire
intron 10 sequence, leading to a frameshift. A full color version of this figure is available at the Journal of Human Genetics journal online.

identified a splice donor site mutation (c.830+1G>A) in the
WDR45 gene, which is absent from the proband’s parents, indicating
that the mutation occurred de novo (Figure 3a). The mutation
was absent in the 6500 exomes sequenced by the National
Heart, Lung, and Blood Institute exome project and our 574
in-house control exomes. Reverse transcriptase-PCR and sequencing
revealed aberrant splicing in which 82bp intronic sequences
were retained by the use of a cryptic splice donor site within
intron 10, generating a premature stop codon (p.Leu278*)
(Figures 3b and c¢).

Although the brain magnetic resonance imaging at 11 years of
age showed iron deposition in the globus pallidus and the
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substantia nigra, clinical features showed no aggravation at this time.
Thus, there is no correlation between iron deposition and clinical
phenotype. The fact that iron deposition preceded neurological
decline is important information for elucidating BPAN pathogenesis
that is caused by autophagy impairment.

The patient showed regression and stabilization, and fulfilled
four of the main revised RTT diagnostic criteria,! indicating
that she clinically showed typical RIT. In autopsied RTT brains,
tyrosine hydroxylase activity is reduced in the substantia nigra, and
may cause hypofunction of the nigrostriatal dopamine neurons
involved in modulating posture and locomotion.” Dystonia and
parkinsonism are also seen in older RTT patients as well as BPAN.®



Therefore, substantia nigra dysfunction might be involved in
both RIT and BPAN, facilitating our understanding of the
pathomechanism of RTT caused by MECP2 mutations. We
recommend that WDR45 should be checked in RTT patients
without MECP2 mutation.
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