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Missense mutations in the DNA-binding/dimerization
domain of NFIX cause Sotos-like features

Yuriko Yonedal!, Hirotomo Saitsu!, Mayumi Touyama?, Yoshio Makita®, Akie Miyamoto®, Keisuke Hamada®,
Naohiro Kurotakié, Hiroaki Tomita’, Kiyomi Nishiyama', Yoshinori Tsurusaki!, Hiroshi Doi!, Noriko Miyake!,
Kazuhiro Ogata®, Kenji Naritomi® and Naomichi Matsumoto!

Sotos syndrome is characterized by prenatal and postnatal overgrowth, characteristic craniofacial features and mental
retardation. Haploinsufficiency of NSD1I causes Sotos syndrome. Recently, two microdeletions encompassing Nuclear Factor I-X
(NFIX) and a nonsense mutation in NFIX have been found in three individuals with Sotos-like overgrowth features, suggesting
possible involvements of NFIX abnormalities in Sotos-like features. Interestingly, seven frameshift and two splice site mutations
in NFIX have also been found in nine individuals with Marshall-Smith syndrome. In this study, 48 individuals who were
suspected as Sotos syndrome but showing no NSD1 abnormalities were examined for NFIX mutations by high-resolution melt
analysis. We identified two heterozygous missense mutations in the DNA-binding/dimerization domain of the NFIX protein. Both
mutations occurred at evolutionally conserved amino acids. The ¢.179T > C (p.Leu60Pro) mutation occurred de novo and the
¢.362G>C (p.Argl21Pro) mutation was inherited from possibly affected mother. Both mutations were absent in 250 healthy
Japanese controls. Our study revealed that missense mutations in NFIX were able to cause Sotos-like features. Mutations in
DNA-binding/dimerization domain of NFIX protein also suggest that the transcriptional regulation is abnormally fluctuated
because of NFIX abnormalities. In individuals with Sotos-like features unrelated to NSD1 changes, genetic testing of NFIX

should be considered.

Journal of Human Genetics (2012) 57, 207-211; doi:10.1038/jhg.2012.7; published online 2 February 2012
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INTRODUCTION

Sotos syndrome (MIM #117550) is an overgrowth syndrome
characterized by tall stature and/or macrocephaly, distinctive facial
appearance and mental retardation.! A de novo t(5;8)(q35q24.1)
translocation in a patient with Sotos syndrome revealed disruption
of NSDI at 5g35. Subsequent identification of nonsense, frameshift
and submicroscopic deletion mutations of NSDI in patients with
Sotos syndrome clearly showed that haploinsufficiency of NSDI causes
Sotos syndrome.? NSDI encodes nuclear receptor-binding SET
domain protein 1, which functions as a histone methyltransferase
that activates and represses transcription through chromatin modifi-
cation.? The diagnosis of Sotos syndrome is established by confirming
NSD1I abnormalities,? and abnormalities of NSD1 causes up to 90% of
Sotos syndrome cases. However, a part of patients with suspected
Sotos syndrome are known to show no abnormalities in NSDI,?
suggesting involvement of another gene.

Recently it was reported that two patients with Sotos-like over-
growth features possessed microdeletions encompassing Nuclear Fac-
tor I-X (NFIX) at 19p13.2. In addition, a nonsense mutation in NFIX
was identified in one patient with Sotos-like features.® Interestingly,
frameshift and donor-splice site mutations were also identified in
Marshall-Smith syndrome (MIM 602535) that is osteochondysplasia
syndrome characterized by accelerated skeletal maturation, relative
failure to thrive, respiratory difficulties, mental retardation and
unusual facial features.” Therefore, NFIX mutations could cause either
Sotos-like features or Marshall-Smith syndrome. Whereas the tran-
scripts possessing the nonsense mutation in a patient with Sotos-like
features suffered from the nonsense-mediated mRNA decay, tran-
scripts of mutated alleles (by a donor-spice site and two frameshift
mutations) in patients with Marshall-Smith syndrome escaped from
the nonsense-mediated mRNA decay surveillance and could be
translated, suggesting that haploinsufficiency of NFIX leads to
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Sotos-like features and dominant-negative effects of the truncated
NFIX proteins cause Marshall-Smith syndrome.®

In this study, we screened for NFIX mutations in 48 Japanese
patients who were suspected as Sotos syndrome, but showed neither
deletions nor mutations in NSDI. Detailed genetic and clinical data
are presented.

MATERIALS AND METHODS

Subjects

A total of 48 patients suspected as Sotos syndrome were analyzed for NFIX
mutations. NSDI investigation by sequencing and fluorescent i situ hybridiza-
tion analysis was negative in these patients. In this study, the patients presenting
with cardinal features of Sotos syndrome (specific craniofacial features,
intellectual disability and overgrowth to same extent) but showing no NSDI
abnormalities are referred as those with ‘Sotos-like features. Experimental
protocols were approved by the Committee for Ethical issues at Yokohama City
University School of Medicine. All individuals were investigated in agreement
with the requirements of Japanese regulations.

Mutation analysis

Genomic DNA was isolated from peripheral blood leukocytes according to
standard methods. DNA for mutation screening was amplified by illustra
GenomiPhi V2 DNA Amplification Kit (GE Healthcare, Buckinghamshire,
UK). Sequencing of exon 1 and high-resolution melting curve (HRM) analysis
of exon 2-9 covering the NFIX coding region (GenBank accession number
NM_002501.2) were performed. For exon 1, the 12 ul PCR mixture contained
30ng DNA, 0.3 um each primer, 0.4 mM each ANTP, 1x PCR buffer for KOD
FX and 0.3 U KOD FX polymerase (Toyobo, Osaka, Japan). For exons 29, real-
time PCR and HRM analysis were serially performed in 12 pl mixture on
Rotor-Gene Q (QIAGEN, Hilden, Germany). For exon 7, the PCR mixture
contained 30 ng DNA, 0.3 i each primer, 0.4 mM each dNTP, 0.36 ul SYTO9
(Invitrogen, Carlsbad, CA, USA), 0.4 mM each ANTP, 1x PCR buffer for KOD
FX and 0.3 U KOD FX polymerase (Toyobo). For the remaining exons, the PCR
mixture contained 30 ng DNA, 0.25 M each primer, 0.36 ul SYTQ9 (Invitro-
gen), 0.2mM each dNTP, 1x ExTaq buffer and 0.375U ExTaq HS (Takara,
Otsu, Japan). Primers and conditions of PCR are shown in Supplementary
Table 1. The PCR products showing an aberrant melting curve were sequenced.
All the novel mutations in DNA amplified by GenomiPhi were verified by
sequencing of PCR products using genomic DNA as a template. Mutations
were checked in 250 Japanese normal controls (500 alleles) by HRM analysis.

Parentage testing

For the family showing de novo mutations, parentage was confirmed by
microsatellite analysis as previously described.® Biological parentage was judged
if more than four informative markers were compatible and other uninforma-
tive markers showed no discrepancies.

Prediction of functional effect

The effect of the mutations for protein features was predicted by following web-
based prediction tools: SIFT (hutp:/sift.jcviorg/), PolyPhen (http://genetics.
bwh.harvard.edu/pph/), PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/),
Mutation Taster (http://www.mutationtaster.org/) and Align GVGD (http:/
agvgd.iarc.fr/agvgd_input.php).

RESULTS

NFIX mutations

Two heterozygous missense mutations were identified. The ¢.179T>C
(p-Leu0Pro) mutation in patient 1 were not found in her parents,
Indicating that the mutation occurred de novo (Figure 1a). Biological
parentage was confirmed by several microsatellite markers (data not
shown). The ¢362G>C (p.Argl21Pro) mutation in patient 2 was
found in his mother (Figure 1a). These two mutations occurred at
evolutionary conserved amino acids (Figure 1b) and were absent in
250 Japanese normal controls. Interestingly, the missense changes were
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located in DNA-binding/dimerization domain of the NFIX protein
(Figure 1c). Evaluation with web-based prediction tools strongly
suggested that these substitutions are pathogenic (Supplementary
Table 2).

Clinical information of the patients

Patient 1 is a product of unrelated healthy parents. The body weight at
birth was 2816 g (—0.6 s.d.), height 48.8 cm (0 s.d.) and OFC 33.5¢cm
(+0.3 5.d.). Neonatal hypotonia was recognized. At 17 months of age,
her weight was 9.24 kg (—0.5 s.d.), height 84.9cm (+2 s5.d.) and OFC
48cm (+1.2 s.d.). The facial appearance showed long/narrow and
triangular face, high forehead, midface hypoplasia, prominent ears,
epicanthal folds, strabismus, down-slanting palpebral fissures, short
nose with anteverted nares, prominent long philtrum, everted lower
lip and narrow palate (Figure 1d). Large hands/feet, prominent
fingertips, pectus excavatum were also noted. Her primary dentition
started at 7 months of age and was completed by 17 months of age.
Bone age was estimated as 3 years at 17 months of age and as 5 years at
3 years of age. Bullet-shaped phalanges, which are typical features of
Marshall-Smith syndrome, were not observed. She was initially
diagnosed as Sotos syndrome. She showed mental retardation and
severe developmental delay with developmental quotients of 19.
Scoliosis was noted at 18 months of age and surgically treated for
several times. Complex partial seizures were noted at 4 years of age
and were controlled with phenytoin and zonisamide. At present (17
years of age), prognathia was observed (Figure le). Her weight was
40kg (~2 s.d.) and height 156.5cm (—0.2 s.d.).

Patient 2 is a male at age of 20 years. The birth weight was 2938 g
(—0.4 s.d.), height 51cm (+0.8 s.d.) and OFC 35.5cm (+1.4 s.d.).
Respiratory insufficiency was noted, but no visceral malformations
were pointed out. Bilateral tubing therapy was performed for recur-
rent bilateral exudative otitis media at 4 years of age. At 14 years of
age, his weight was 58.1kg (+0.6 s.d.) and height 185.7 cm (+3.5 s.d.).
Mental retardation was evident as the IQ score (Tanaka—Binet intelli-
gence test) was 59. Craniofacial features included high forehead,
down-slanting palpebral fissures and prognathia. He was suspected
as Sotos syndrome. His mother showed tall stature, suggesting that
¢.362G>C led to overgrowth in the mother. Unfortunately, further
details of clinical features in the mother are unavailable. Clinical
information of two patients is summarized in Table 1.

DISCUSSION

NFIX is a member of the nuclear factor I (NFI) family proteins, which
are implicated as site-specific DNA-binding proteins known to func-
tion in viral DNA replication and gene expression regulation.® NFI
proteins form homo- or heterodimers and bind to the palindromic
DNA consensus sequence through its N-terminal DNA-binding/
dimerization domain.!® Point mutations in DNA-binding/dimeriza-
tion domain of NFI protein have been shown to cause loss of
dimerization, DNA-binding and replication activities,'’ highlighting
the importance of structural integrity of DNA-binding/dimerization
domain. It has been reported that the DNA binding domain of
SMADs and NFI transcription factors shared considerable structural
similarity, and the secondary structure of the DNA-binding domain of
NFI was estimated based on that of SMADs.!? In this study, we
identified two heterozygous missense mutations, the c.179T>C
(p.Leu60Pro) and the ¢.362G>C (p.Argl21Pro), in the DNA-bind-
ing/dimerization domain. Of note, two mutations are estimated to be
localized within o-helical region of DNA-binding domain and at
evolutionally conserved amino acids between SMADs and NFL!2 In
addition, two mutations cause substitutions to a proline residue,
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Figure 1 Missense mutations in NFIX in individuals with Sotos-like features. (@) Electropherogram of family 1 (left) and family 2 (right). The ¢.179T>C
(p.Leu60Pro) mutation occured de novo. The ¢.362G>C (p.Argl21Pro) mutation was inherited from his mother. (b) An amino-acid sequence alignments of
NFIX protein including amino-acid positions 60 and 121. Protein sequences were obtained through the NCBI protein database and multiple sequence
alignment was performed by CLUSTALW web site (http://clustalw.ddbj.nig.ac.jp/). (¢) Schematic representation of NFIX consisting of nine exons. UTR and
coding exons are indicated by open and filled rectangles, respectively. The location of mutations is indicated by red (¢.179T>C) and blue (c.362G>C) dots.
At the bottom, C-terminal DNA-binding/dimerization domain and N-terminal transactivation/repression domain are depicted. Both the ¢.179T>C and
¢.362G>C mutations are located in exon 2 encoding a part of DNA-binding/dimerization domain. (d) Facial appearance of patient 1 at 17 months of age,
showing long/narrow and triangular face, down slanting, short nose with anteverted nares and everted lower lip. (e) At 17 years of age, prognathia was noted

in patient 1.

which is a unique amino acid characterized by imino radical. Proline
has a pyrrolidine ring that restricts the available conformational space;
therefore, it has effects on chain conformation and the process of
protein folding.! Thus, it is very likely that two mutations could affect
DNA-binding activity of NFIX protein through conformational

changes of the DNA-binding domain.

Because NFIX mutations could cause both Marshall-Smith syn-
drome and Sotos-like features,® it is great concern to which of them
two patients with missense mutations could be classified. Main clinical
features of Sotos syndrome are childhood overgrowth including tall
stature and/or macrocephaly, characteristic face and mental retarda-

tion. Other minor features are scoliosis, hypotonia in infancy, seizures,
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Table 1 Clinical features of two patients with missense mutations in NFIX

Reported by Malan et al.8

Patient 1 Patient 2 Patient A Patient B Patient C
Genetics NFIX deletion/mutation c.179T>C c.362G>C del 19p13.3 del 19p13.3 c.568C>T
Epidemiology Age at last evaluation (years) 17 14 14 10 27
Sex F M M M F
Mat/pat age 48/52 72 31/33 25/30 31/31
Prenatal growth Birth weight (g) 2816 (-0.6s.d) 2938 (~-0.4 s.d.) 4500 (>95) 3110 (10-50) 3600 (50-30)
Birth height (cm) 48.8 (0s.d) 51 (+0.8 s.d.) 53 (95) 49 (50) 62 (95)
OFC (cm) 33.5(+0.3 s.d) 355 (+1.4 s.d) 38 (>95) 33.5(10) 37.5 (>95)
Postnatal growth Weight (kg) 9.24 (-0.5s.d.)? 58.1 (+0.6 5.d.)? >P98 >P98 > P98
Height (cm) 84.9 (+2 s.d.)? 185.7 (+3.5 5.d.)° > P98 >P98 > P98
Development B
SS Autistic traits -~ - + + +
Behavioral anomalies NA - + + +
Motor retardation + + + - -
Hypotonia + + -
Overlapped Mental retardation + + + + +
Degree of delay DQ19 1042 NA NA NA
Speech delay + + + + +
First words (months) 24 18 NA NA NA
Craniofacial features
SS Long/narrow face + - + + +
Down-slanting palpebral fissures + + + - +
Small mouth NA - + - 4
Prognathia + + + - -
Overlapped High forehead + + + + +
MSS Everted lower lip + - + - +
Underdeveloped midface + - NA NA NA
Proptosis NA - NA NA NA
Short nose + - NA NA NA
Prominent premaxilla NA - . NA NA NA
Gum hypertrophy +¢ — NA NA NA
Retrognathia — - NA NA NA
Eyes
SS Hypermotropia - - + + -
Strabismus + - + - i +
Nystagmus - - - - +
Astigmatism NA NA - + —
MSS Myopia NA - NA NA NA
Blue sclerae NA - NA NA NA
Musculo-skeletal abnormalities
SS Abdominal wall hypotonia - - + — +
Pectus excavatum + - + + -
Coxa valga - - + + -
Overlapped Scoliosis + - + - +
Advanced bone age + NA + + +
MSS Abnormal bone maturation NA NA NA NA NA
Bone fractures - - NA NA NA
Kyphosis - - NA NA NA
Umbilical hernia - - NA NA NA

Abbreviztions: F, female; M, male; Mat/pat, maternal/paternal; MSS, Marshall-Smith syndrome; NA, not ascertained; OFC, Occipitofrontal circumference; SS, Sotot’s syndrome.
Growth of patients 1 and 2 is indicated with s.d. and that of patients in the report of Malan ef a8 is indicated with percentile.

2At 17 months.

PAt 14 years.

“Suggested the possibility of the adverse drug reaction.
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cardiac defect and genitourinary anomalies.’ On the other hand, main
clinical features of Marshall-Smith syndrome are moderate to severe
developmental delay with absent or limited speech, unusual behavior,
disharmonic bone maturation, respiratory compromise secondary to
upper airway obstruction, short stature and kyphoscoliosis.!* One
of remarkable differences between Sotos syndrome and Marshall-
Smith syndrome is facial appearances. Although both syndromes has
high forehead, Sotos syndrome has a long/narrow face, triangular
shaped face with a prominent chin, down-slanting of the palpebral
fissures, -5 whereas Marshall-Smith syndrome has proptosis, under-
developed midface and prominent premaxilla./* In patient 1,
although some characteristic features of Marshall-Smith syndrome
such as everted lower lip, short nose and midface hypoplasia were
observed, overall facial appearance, overgrowth features at 17 month
of age, scoliosis, hypotonia and seizures were consistent with Sotos
syndrome. Similarly, in patient 2, the facial appearance, tall stature and
macrocephaly were consistent with Sotos syndrome. In both patients,
their body weights were relatively low in comparison with their
heights. This is consistent with the fact that, throughout childhood
and early adolescence, the height was usually more significantly
increased than weight in Sotos patients.!® In addition, our patients
did not show respiratory difficulties, one of specific features in
Marshall-Smith syndrome, which cause early death in the neonatal
period or early infancy.” Thus missense mutations in the DNA-
binding/dimerization domain, which may lead to loss of transcrip-
tional regulation by NFIX protein, could cause Sotos-like syndrome in
two patients.

Many clinical features including tall statue, mental retardation,
speech delay and high forehead are shared between our patients and
three patients reported by Malan et al.® with NFIX abnormalities. The
recognizable difference is autistic traits. Autistic traits are not observed
in our patients but all of Malan et al’s® patients. Thus there is a
possibility that autistic traits are caused by haploinsufficiency of NFIX
in Malan et al’s® patients, but not by misssense mutations in the DNA-
binding/dimerization domain. However, identification of a greater
number of cases with NFIX mutations is required to confirm this
hypothesis.

In conclusion, our report provides further evidences that NFIX is
a causative gene for Sotos-like features. Abnormalities of NSDI are
found in majority of Sotos syndrome cases and aberration of other
genes including NFIX may be found in the minority of Sotos
syndrome/Sotos-like features. Genetic testing of NFIX should be
considered in such patients if no NSDI abnormalities were identified.

Missense mutations in the DNA-binding/dimerization domain
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Objectives: Mood stabilizers influence the morphology, chemotaxis,
and survival of neurons, which are considered to be related to the mood-
stabilizing effects of these drugs. Although previous studies suggest glial
abnormalities in patients with bipolar disorder and an effect of mood
stabilizers on certain genes in astrocytes, less is known about the effects
of mood stabilizers in astrocytes than in neurons. The present study
identifies a common underlying response to mood stabilizers in
astrocytes.

Methods: Human astrocyte-derived cells (U-87 MG) were treated with
the four most commonly used mood stabilizers (lithium, valproic acid,
carbamazepine, and lamotrigine) and subjected to microarray gene
expression analyses. The most prominently regulated genes were
validated by gRT-PCR and western blot analysis. The intercellular
localization of one of these regulated genes, fasciculation and elongation
protein zeta 1 (FEZ1), was evaluated by immunofluorescence staining.

Results: The microarray data indicated that FEZ1 was the only gene
commonly induced by the four mood stabilizers in human astrocyte-
derived cells. An independent experiment confirmed astrocytic FEZ1
induction at both the transcript and protein levels following mood
stabilizer treatments. FEZ1 localized to the cytoplasm of transformed
and primary astrocytes from the human adult brain.

Conclusions: Our data suggest that FEZ1 may play important roles in
human astrocytes, and that mood stabilizers might exert their
cytoprotective and mood-stabilizing effects by inducing FEZ1 expression
in astrocytes.
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Mood stabilizers, such as lithium (Li), valproic
acid (VPA), carbamazepine (CBZ), and lamotri-
gine (LTG), are effective in ameliorating manic
and depressive symptoms and in preventing the
relapse and recurrence of bipolar disorder (BD).
Mood stabilizers have significant effects on the
cell survival, morphology, and chemotaxis of
neuronal cells, and the neuroprotective effects of
mood stabilizers are considered to be related to
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might pose a conflict of interest in connection with this manuscript.
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the mood-stabilizing effects of the drugs (1). For
example, Li, VPA, and CBZ inhibit growth cone
collapse and increase the spread area of growth
cones (2). Various molecules, such as B-arrestin 2,
glycogen synthase kinase-3 and phosphatidylino-
sitol signaling pathways, and histone deacetylases,
have been suggested as candidate targets of mood
stabilizers (3-7). Evidence also suggests that the
drugs exert mood-stabilizing and neuroprotective
effects by altering the transcriptional regulation
of various genes in the brain, including B-cell
lymphoma 2 (BCL2) and ionotropic glutamate
receptors type AMPA 1 (GRIAl) and type



AMPA 2 (GRIA2) (8, 9), potentially as down-
stream effectors of the target molecules of mood
stabilizers.

Since these previous studies investigating the
molecular mechanisms of mood stabilizers focused
primarily on neuronal cells and used either neuro-
nal cells or brain tissues, which are heterogeneous
mixtures of various types of neuronal, glial, and
vascular cells, the biological effects of mood
stabilizers on astrocytes remain largely unknown.
Since the function of astrocytes includes regulation
of the extracellular concentrations of ion and
neurotransmitters, modification of synaptic effi-
cacy, maintenance of the blood-brain barrier, and
structural as well as trophic support of neurons
and oligodendrocytes (10-14), it is reasonable to
expect that mood stabilizers may exert at least part
of their mood-stabilizing and neuroprotective
effects by affecting these astrocytic functions.
Indeed, some studies suggest the potential involve-
ment of astrocytes in the pathogenesis of BD.
Many postmortem brain studies of patients with
BD have demonstrated abnormalities in the density
and shape of glial cells, as well as decreased levels
of the astrocyte marker, glial fibrillary acidic
protein (GFAP) (15). Glia are markedly reduced
in the subgenual prefrontal cortex of patients with
BD, and this reduction is most prominent in
patients with familial BD (16). Mean glial density
is significantly reduced in sublayers IIlc and Vb of
the prefrontal cortex in patients with BD, whereas
the mean size of glial cell bodies is increased in
layers T and ITlc, which can be attributed to the
increased density of extra-large glia in those layers
(17). Although previous studies have also shown
that the density and size of cortical neurons are
reduced in mood disorders, these neuronal reduc-
tions are more subtle compared to the glial
alterations (18). Furthermore, astrocyte-specific
GFAP transcripts are significantly decreased in
white matter, and tend to be decreased in gray
matter of the anterior cingulate cortex of patients
with BD (19). The decrease in GFAP expression
was confirmed in a proteomic study of the frontal
cortex of patients with BD (20). S100B, which is
produced and secreted by astrocytes, is signifi-
cantly increased in the serum of patients during
episodes of manic and depressive states (21). S100B
exerts trophic and/or toxic effects on neuronal and
glial cells depending on its concentration and has
been reported to be a susceptibility gene for a
subgroup of BD patients presenting with psychotic
symptoms (22). Thus, while current evidence is not
conclusive, it does seem to suggest that a dysfunc-
tion or a loss of astrocytes may at least in part
underlie the pathogenesis of BD.

Mood stabilizers induce astrocytic FEZ1

Moreover, several studies have shown that mood
stabilizers exert biological effects on astrocytes. Li
has been shown to suppress the extracellular
signal-regulated protein kinase pathway (23),
whereas VPA increases the expression of neuro-
trophic factors in astrocytes (24). Li, VPA, and
CBZ decrease myo-inositol uptake activity (25) and
kainate receptor subunit GluR6 (GRIK?2) expres-
sion in astrocytes (26), whereas Li, VPA, and CBZ
increase the pH and cytosolic phospholipase A2
(cPLA2) levels in astrocytes (27, 28). It is worth
noting that while these mood stabilizers have
distinct chemical characteristics, they affect com-
mon molecular and cellular pathways in astrocytes.

Taken together, these studies suggest glial abnor-
malities in patients with BD and an effect of mood
stabilizers on certain genes in astrocytes. However,
the effects of mood stabilizers on astrocytes have
been much less characterized compared to their
effects on neuronal cells. To identify the most
prominent biological effect of mood stabilizers on
human astrocytes, we conducted microarray-based
comprehensive gene expression analyses of a
human astrocyte cell line treated with four major
mood stabilizers, Li, VPA, CBZ, and LTG, and
corresponding controls. We found a transcriptional
regulation that was unique to each mood stabilizer
and common molecules that were regulated by all
four mood stabilizers. Fasciculation and elongation
protein zeta 1 (FEZ1) was the only gene that was
upregulated by all four mood stabilizers at both the
mRNA and the protein expression levels. This
finding points to FEZ1 as a candidate gene involved
in the mechanism responsible for the mood-stabi-
lizing effect of the tested drugs.

Materials and methods
Cell lines and cultures

The astrocyte-derived human cell line U-87 MG
and the neuron-derived human cell line SK-N-SH
were purchased from the American Type Culture
Collection. The human oligodendroglioma cell line
(OL) was a gift from Dr. Juan Carlos De La Torre
from the Scripps Research Institute, La Jolla, CA,
USA. Primary astrocytes from the human brain
cortex (ACBRI 371) were purchased from Applied
Cell Biology Research Institute, Kirkland, WA,
USA. For the microarray studies, U-87 MG cells
(6 x 10® cells) were suspended in 30 ml of Modified
Eagle’s Medium [(MEM) Sigma-Aldrich, St. Louis,
MO, USA] containing 10% inactive fetal bovine
serum (Biological Industries, Beit-Haemek, Israel)
and divided into six plastic T75 cell culture flasks
(Nalge Nunc Int., Rochester, NY, USA). Li (Kanto
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Chemical, Tokyo, Japan) and VPA (Sigma-
Aldrich) were dissolved directly in MEM at ther-
apeutic concentrations of 0.75 mM and 0.5 mM,
respectively. Cells cultured in non-treated (drug-
free) MEM were used as controls to evaluate the
effects of Li and VPA. The water-insoluble agents
CBZ (Sigma-Aldrich) and LTG (Sigma-Aldrich)
were dissolved in 100% dimethyl sulfoxide
(DMSO) at 33.3 mM and 3.33 mM, respectively
(666.6 times the final concentrations) and then
resuspended into MEM at 50 pM and 5 uM,
respectively, each of which is within the therapeutic
range. Since the final DMSO concentration of
CBZ- and LTG-containing MEM was 0.15%,
control cells were cultured in MEM containing
0.15% DMSO. U-87 MG cells were evenly split
- into six flasks in MEM and maintained at 37°Cina
humidified atmosphere containing 5% CO, for
18 hours. The media were replaced with MEM
which included Li-, VPA-, CBZ-, LTG-, DMSO-
containing, or non-treated MEM and cultured in
the same chamber for five days. After a week of
exposure to each condition, the media were
removed from each flask, and the cells were washed
and collected in phosphate buffered saline. To
distinguish the biological effects of the mood
stabilizers from artifacts, all of the experimental
procedures were replicated following completion of
the first set of experiments, and two sets of six types
of cultured cells were subjected to the following
microarray experiments. To validate the micro-
array expression data by quantitative real-time
PCR (gRT-PCR), U-87 MG cells (1 x 10® cells)
were cultured in the six different media in the
presence or absence of mood stabilizers for five
days, in the same manner as in the microarray
experiment. For each conditioned medium, the cell
culture was replicated in six independent T75 flasks
(in total, 6 types of media x 6 replicates = 36
samples). To evaluate the effect of high-dose mood
stabilizer treatments on protein levels by western
blot, cells were cultured for five days with higher
concentrations (near the maximum limit of the
therapeutic ranges) of Li, VPA, CBZ, or LTG
(1.2mM, 1 mM, 100 uM, and 50 pM, respec-
tively). Given the limited quantity of ACBRI371
cells, U-87 MG cells were used for microarray and
gRT-PCR analyses, while ACBRI371 cells were
used -only to determine FEZ!l localization by
immunocytochemistry.

RNA extraction and microarray experiments

Total RNA was extracted, DNase-digested, and
purified using the RNeasy Mini Kit, RNase-free
DNase I, and the RNeasy MinElute Cleanup Kit
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(Qiagen, Valencia, CA, USA). The RNA integrity
number (RIN) for each RNA sample was confirmed
to be>9.8 using the Agilent 2100 Bioanalyzer
(Agilent, Santa Clara, CA, USA), and the ribosomal
RNA S28/S18 ratio was>1.9. From the 12 total
RNA samples, biotinylated cRNA were synthesized
and applied to Illumina BeadChips according to the
manufacturer’s directions. In brief, biotinylated
cRNA was prepared from 500 ng of total RNA
using the Illumina Ambion RNA Amplification
Kit (Ambion, Austin, TX, USA). The biotinylated
cRNA samples were hybridized to Illumina Human-
6v2 Expression BeadChips (Illumina, San Diego,
CA, USA). Each BeadChip was washed and
scanned with Illumina Bead Station 500X.

Data analysis and selection criteria for mood-stabilizer-
regulated genes

The inter-array variation among 12 BeadChip
microarrays (for 6 types of media X experimental
duplication) was normalized using average normal-
ization after subtracting the background signal
intensities. The probability of observing a certain
signal intensity level for a set of beads lacking
specific probe-target hybridization was calculated
as the detection p-value for each probe. The above
procedure was performed using Illumina BeadStu-
dio 3.1 software (Illumina). Among the 48,701
transcripts designed on the BeadChip, 11,214 tran-
scripts with signal intensities > 20 and with detec-
tion p-values of < 0.05 in all of the 12 U-87 MG
samples were considered reliably detectable, and
the signal intensities of these transcripts in Li- and
VPA-treated cells and in non-treated cells were
compared. The signal intensities in CBZ- and
LTG-treated cells and in DMSO-treated cells were

.also compared. Transcripts with consistent fold

changes of > 1.2 or <-0.833 in both experimental
duplicates were defined as mood-stabilizer-induced
or mood-stabilizer-suppressed genes, respectively.
Changes in mRNA expression are consistent
among duplicated microarrays when altered genes
are selected with a cut-off fold change of > 1.2
or < 0.833, criteria widely used in microarray
analyses (29-31). The probability of observed
number of overlapping genes in proportion to the
expected number was calculated based on hyper-
geometric distribution, and a p-value of < 0.05
was considered statistically significant. Assuming
that among the 48,701 probes, the number of
genes altered by drugs A and B are ‘a” and V’
respectively, and effects of treatments are irrelevant,
the expected number of overlapping genes between
the lists of genes altered by drugs A and B is
(a x b)/48,701.



Hierarchical clustering

To evaluate similarities between the effects of
mood stabilizers on expression profiles, the fold
change values for the signal intensities of mood-
stabilizer-treated samples, relative to the signal
intensities determined for the control sam-
ples (Li/non-treated control, VPA/non-treated
control, CBZ/DMSO-treated control, LTG/
DMSO-treated control), were log2 transformed
and subjected to an average linkage hierarchical
clustering analysis using Genesis software 1.7.5
(available at http://www.genome.tugraz.at). To
minimize the confounding effect of DMSO added
to CBZ, LTG, and the corresponding control
samples, 1,306 genes differentially expressed
between the non-treated and DMSO-treated control
samples with a fold change of > 1.2 or < 0.833in
at least one of the duplicated experiments were
eliminated from the analyses. Among the 11,214
reliably detectable transcripts (with signal intensities
> 20 and with detection p-values < 0.05inall 12 U-
87 MG samples), 9,908 transcripts, levels of which
were similar between DMSO-treated and untreated
samples, were subjected to hierarchical clustering
analysis.

Quantitative real-time PCR experiments

Total RNA was extracted from the 36 cell samples
[6 types of media (Li, VPA, CBZ, LTG, DMSO-
treated control, non-treated control) x 6 replicates]
in the same manner employed for the microarray
experiment and subjected to cDNA synthesis with
random primers using the SuperScript VILO
cDNA synthesis kit (Invitrogen, Carlsbad, CA,
USA). The relative copy number of each transcript
in each cDNA sample was measured using specific
primers and iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA) with a CFX96 real-time PCR
detection system (Bio-Rad). The PCR cycling
parameters were as follows: 3 min at 95°C, fol-
lowed by 40 cycles of 10 sec at 95°C and 30 sec at
the anmnealing temperatures of 55°C to 65°C
suitable for each primer set. The target genes were
selected based on the microarray data and B-actin
(ACTB) was used as an internal control for
normalization. The forward and reverse primers
for FEZ1 were 5-GGGACTGCATGAGAC
CATGT-3 and 5-TTGAGGGCTGTAGCCAG
ACT-3", respectively. The forward and reverse
primers for RNA binding motif protein 14
(RBM14) were 5-GCAAAGAAGTGAAGGG
CAAG-3" and - 5-AAAGCCTGCTGGTAGTC
GAA-3%, respectively. The forward and reverse
primers for ACTB were 5-CACACTGTGCC
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CATCTACGA-3 and 5-CCATCTCTTGCTC
GAAGTCC-3, respectively. Threshold cycles were
measured for triplicate samples. A standard curve
was constructed for each assay to adjust for
differences in the amplification efficiency between
primer sets. Differences in the abundance of target
genes relative to ACTB among Li-treated samples
(n = 6), VPA-treated samples (n = 6) and their
non-treated controls (n = 6) were evaluated by
one-way analysis of variance (ANOVA) followed
by the Dunnett post-hoc test. Likewise, differences
in target gene expression levels among CBZ-treated
samples (n = 6), LTG-treated samples (n = 6),
and their DMSO-treated controls (n = 6) were
evaluated by ANOVA.

Western blotting

U-87 MG cells treated with mood stabilizers and
control samples were homogenized in phosphate
buffered saline (PBS) containing Triton X-100,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), bovine serum albumin, gentamicin sul-
fate, and a proteinase inhibitor cocktail containing
4-(2-aminoethyl) benzenesulfonyl fluoride, aproti-
nin, leupeptin, bestatin, and pepstatin A (all from
Sigma-Aldrich). The supernatant obtained after
centrifugation (10,000 x g for 10 min at 4°C) was
subjected to sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and wes-
tern  blotting with the following primary
antibodies: polyclonal goat anti-FEZ1 antibody
(1:10000; Abcam, Cambridge, UK) and monoclo-
nal mouse anti-ACTB antibody (1:10000; Sigma-
Aldrich). The secondary antibodies employed were
horseradish peroxidase-conjugated anti-goat IgG
(1:2000; Dako, Glostrup, Denmark) and anti-
mouse IgG (1:5000; Jackson ImmunoResearch,
West Grove, PA, USA), respectively. Chemilumi-
nescence was detected using an Amersham ECL
Plus western blotting detection kit (GE Healthcare,

- Waukesha, WI, USA) and a LAS-1000 fumines-

cence image analyzer (Fujifilm, Tokyo, Japan), and
the results were quantified using Image] 1.42
software (http://rsb.info.nih.gov/ij/).

Immunestaining

FEZ1 protein has been shown to be preferentially
expressed in neurons but not in astrocytes or
oligodendrocytes in the rat brain (32). However,
the expression of FEZ1 protein in human brain-
derived cells has not been investigated. To deter-
mine the expression of FEZI proteins in human
brain astrocyte cells (U-87 MG and ACBRI 371),
neurons (SK-N-SH) and oligodendrocytes (OL)
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