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Mutation screening and assessment of the effect of genetic
variations on expression and RNA editing of serotonin
receptor 2C in the human brain

Miki Bundo, php,! Kazuya Iwamoto, phD,' Kazuo Yamada, MD, PhD,?
Takeo Yoshikawa, mMD, Php? and Tadafumi Kato, MD, PhD'*
Laboratory for Molecular Dynamics of Mental Disorders and *Laboratory for Molecular Psychiatry, RIKEN Brain Science

Institute, Saitama, Japan

Aim: Serotonin receptor 2C (HTR2C) has been pos-
tulated as being involved in the etiology or patho-
physiology of mental disorders such as bipolar
disorder, major depression and schizophrenia. We
previously revealed the altered mRNA expression and
RNA editing of HTR2C in the postmortem brains of
patients with mental disorders. Here we examined
the relationship between genetic variations and
expression level or RNA editing level of HTR2C in the
human brain.

Methods: We performed mutation screening. of the
HTR2C gene by sequencing all exons, exon-intron
boundaries, and promoter region in the same cohort

used for expression and RNA editing studies (n = 58).
Using the detected genetic variations, we examined
the relationship between genetic variations and
expression or RNA editing level.

Results and conclusion: We did not find novel muta-
tions or single nucleotide polymorphisms that were
specific to patients. Genotype and haplotype-based
analyses revealed that genetic variations of HTR2C
did not account for observed altered expression or
RNA editing level of HTR2C in the brain.

Key words: bipolar disorder, depression, HTR2C,
postmortem brain, schizophrenia.

EROTONIN IS A monoamine neurotransmitter

that plays important roles in regulation of mood,
appetite, sexual behavior and anxiety. Serotonin
receptor 2C (HTR2C) encodes a G protein-coupled
receptor that activates phospholipase C. Knock-out
mice for this gene showed various phenotypic and
behavioral alterations including seizure, enhanced
exploration of a novel environment, and dysregula-
tion of anxiety-related behaviors,*-® implicating the
involvement of this gene in the pathophysiology of
mental disorders. Several studies also reported the

*Correspondence: Tadafumi Kato, MD, PhD, Laboratory for
Molecular Dynamics of Mental Disorders, RIKEN Brain Science
Institute, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan. Email:
kato@brain.riken.jp

Received 10 March 2009; revised 13 October 2009; accepted 26
October 2009.
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significant associations between genetic variations of
HTR2C and major depression (MD), bipolar disorder
(BD),** increased risk for lifetime hospitalization in
schizophrenia (SZ),° and psychotic symptoms of
Alzheimer' s disease.”® Among the known 14 seroto-
nin receptors, HTR2C has a unique feature in that its
pre-mRNA undergoes adenosine-to-inosine (A-to-I)
RNA editing by adenosine deaminases.’ In A-to-l RNA
editing, the translation machinery recognizes inosine
as guanosine, resulting in changes in amino acid
sequences. In cases of HTR2C, there are five editable
positions (termed sites A to E) in exon 5 (Fig. 1),
which theoretically result in a generation of up to 24
different HTR2C, in terms of amino acid sequences.”°

In the studies using postmortem brains, decreased
expression of HTR2C was reported in patients with
$Z,'*'? and altered RNA editing in patients with SZ,**
MD,* and BD* as well as an animal model of depres-

- sion.'® Consistent with these results, we have also
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Figure 1. Genomic structure of the
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revealed decreased expression of HTR2C in brains of
patients with SZ and BD,!” and altered RNA editing
status in major depression and suicide victims.'® To
examine the possible cause of the altered status of
expression and RNA editing, we here performed
mutation screening of the HTR2C gene in the same
cohort used in previous studies. We then examined
the effect of genetic variations on expression and
RNA editing level of HTR2C in the brain.

METHODS

Postmortem samples

Postmortem liver samples corresponding to prefron-
tal cortex samples, using previous expression'’ and
RNA editing'® studies, were donated by the Stanley
Medical Research Institute (SMRI). This sample set,
called Consortium Collection, consisted of patients
with BD, MD and SZ, as well as control subjects. Each
diagnostic group consisted of 15 subjects. Diagnosis
had been made according to the DSM-IV criteria.
Detailed information about subjects are found else-
where.’® Of the 60 liver samples, we successfully
extracted genomic DNA from 58 samples (15 BD, 15
MD, 14 SZ, and 14 controls) by standard phenol-
chloroform extraction method.

Polymerase chain reaction and
DNA sequencing

To screen the mutations in the HTR2C genomic
region, we sequenced all exons, exon-intron bound-
aries, and the promoter region (Fig. 1). The poly-
merase chain reaction (PCR}-amplified regions,
primer pairs and PCR conditions are available upon
request. PCR products were sequenced with a BigDye
Terminator v3.1 Cycle Sequencing Kit and a 3730xl
DNA analyzer (Applied-Biosystems, Foster City, CA). '

© 2009 The Authors

serotonin receptor 2C (HTR2C) gene.
Exons are denoted by boxes, with
untranslated regions in white and
translated regions in black. SNP
detected in this study are indicated by
arrows. SNP are denoted as major
allele/minor allele. RNA editing sites
are indicated by a black bar.

The number of dinucleotide repeats at a microsatel-
lite (rs3834996) was determined by 3130xl Genetic
Analyzer (Applied Biosystems) using primers FAM-
labeled 5-TGCTGITTGTTGAAATGAAATG-3" and -
5-GTTTCTTGAGAGGGAAGGCTTTCTCAA-3’.

Data analysis

In the genotype- and haplotype-based analyses, one-
way ANOVA was conducted using the genotype or
haplotype as the factor variable, and expression level
or RNA editing efficiency as the dependent variable
using Spss 11.0J software (SPss Japan). In cases where
the number of informative genotypes or haplotypes
was too small (=2), we omitted that group from
the ANOVA. We employed the Student’s t-test for
two-group comparison. P < 0.05 was considered to
be significant. Previously determined HTR2C expres-
sion level'” and RNA editing efficiency’® in postmor-
tem prefrontal cortex (Brodmann's Area 10) were
used for data analysis. Of the five edited sites,
editing efficiency of two sites (sites A and D) were
available?® Power analysis was performed using
G*power software.”!

RESULTS

The genomic structure of the HTR2C gene (Xq24) is
shown in Fig. 1. We sequenced all six exons, exon-
intron boundaries and the promoter region (about
500 bp upstream region from exon 1) in a total of 58
subjects (15 BD, 15 MD, 14 SZ, and 14 controls). We
detected seven SNP and a dinucleotide (GT) repeat
polymorphism in these subjects (Fig. 1). All poly-
morphisms are known genetic variations and could
be found in the SNP database. Among them, the
1s3813929 (=795C/T) was reported to alter transcrip-
tional activities by in vitro reporter assays, and the
1s6318 (Cys238Ser) was shown to alter receptor activ-
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ity.?? First, we examined whether each of the eight
polymorphisms affected the mRNA expression or
RNA editing level of HTR2C in the brain. We did
not find significant effects of polymorphisms on
the expression level of HTR2C, including —-795C/T
(Fig. 2) and Cys23Ser functional polymorphisms
(data not shown). Similarly, we did not find signifi-
cant effects of genetic variations on the RNA editing
efficiency at site A or D (data not shown). We also
confirmed that there were no significant effects of
genetic variations on expression or RNA editing level
using only control subjects (data not shown).

We then performed haplotype-based analysis
using five polymorphisms in the promoter region
(SNP #1-5 in Fig.1}. We conducted ANOVA
using the three representative haplotype com-
binations (diplotypes; A(GT)1sGCG/A(GT)1sGCG
or A(GT)]ﬁGCG/-, A(GT)]GGCG/G(GT)BATC, and
G(GT)ATC/G(GT)1sATC  or G(GT)sATC/-) as
factor variables. However, we could not detect sig-
nificant differences of expression or RNA editing
efficiency across three diplotypes (Fig. 3). We then
performed haplotype-based analysis using all
detected polymorphisms (SNP #1-8 in Fig. 1) in the
HTR2C. Although there were 12 diplotypes within
58 subjects, six diplotypes were omitted from analy-
sis because of the small number of subjects (n < 2).
Using the remaining six diplotypes as factor vari-
ables, we performed ANOVA again. However, we
could not detect significant differences of expression
or RNA editing efficiency across haplotypes (data
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Figure 2. The 153813929 (-795C/T) genotype and serotonin
receptor 2C (HTR2C) mRNA expression level. In the box plot,
top, bottom, and middle bars represent maximum, minimum,
and median values, respectively. The top and bottom box rep-
resent third and first quartiles, respectively. Note that HTR2C is
located on the X chromosome.
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Figure 3. Promoter diplotype, mRNA expression level and RNA editing efficiency of the serotonin receptor 2C (HTR2C). Diplo-
types were constructed using five promoter SNP (SNP #1-5 in Fig. 1).
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not shown). We also examined the relationship
between expression level and RNA editing efficiency
of HTR2C in the brain, which was not addressed in
the previous studies, but we found no significant
correlations between them (R=0.118, P=0.450 for
site A, and R=0.163, P=0.297 for site D). Because
HTR2C is located on chromosome X, we then per-
formed the same analyses in male and female
groups, respectively. However, we did not find sig-
nificant relationship between these variables.

DISCUSSION

In the saméle set used in this study, HTR2C expres-
sion showed a 1.55-fold decrease in BD and a 1.46-
fold decrease in SZ.'” We also reported a tendency
toward an increase of RNA editing efficiency at site D
in MD subjects and at site A in suicide victims.'
Sequence analysis of HTR2C in the same cohort
revealed that genetic variations of HTR2C did not
affect the expression or RNA editing status in the
brain. A similar result with regard to HTR2C expres-
sion in the brain was also reported by Castensson
et al.'* They compared the effect of haplotypes, which
were similar to this study on the expression level of
HTR2C in the brain, and they did not find significant
differences either."

In contrast, in vitro reporter assays revealed that
promoter genotype or haplotype of HTR2C affected
the transcriptional activity.”*?® Among the studies,
McCarthy etal. and Hill etal. used the haplotype
constructs that were comparable to our study, for
reporter assays.”>?® They reported that haplotype
(GT)16GCG showed higher promoter activity than
(GT)1;ATC. The cause of discrepancy might be due to
the relatively small sample size (n = 58) in this study,
which lacks the statistical power to detect the small
effects. Indeed, power analysis revealed that, in our
sample size, we could detect a ‘large’ effect size
(f=0.4)% at the power of 0.55 in ANOVA. However, it
is also clear that the observed decreased expression of
HTR2C in brains of patients cannot be fully explained
by the genetic variations of HTR2C.

Therefore, other factors may be involved in the
observed altered expression and RNA editing statuses
of HTR2C in patients with mental disorders. Because
we did not detect correlations between expression
and the RNA editing level of HTR2C, independent
factors may contribute to their altered statuses in the
brain.

© 2009 The Authors
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Abstract Lithium and valproate are widely used as
effective mood stabilizers for the treatment of bipolar
disorder. To elucidate the common molecular effect of
these drugs on non-neuronal cells, we studied the gene
expression changes induced by these drugs. Lymphoblas-
toid cell cultures derived from lymphocytes harvested from
three healthy subjects were incubated in medium contain-
ing therapeutic concentrations of lithium (0.75 mM) or
valproate (100 pug ml™) for 7 days. Gene expression pro-
filing was performed using an Affymetrix HGU9SAV2
array containing approximately 12,000 probe sets. We
identified 44 and 416 genes that were regulated by lithium
and valproate, respectively. Most of the genes were not
conunonly affected by the two drugs. Among the 18 genes
commonly altered by both drugs, vascular endothelial
growth factor A (VEGFA), which is one of the VEGF gene
isoforms, showed the largest downregulation. Our findings
indicate that these two structurally dissimilar mood stabi-
lizers, lithium, and valproate, alter VEGFA expression.

Electronic supplementary material The online version of this
article (doi: 10.1007/500702-009-0340-8) contains supplementary
material, which is available to authorized users.

H. Sugawara - K. Iwamoto - M. Bundo - M. Ishiwata

1. Ueda - T. Kato ((50)

Laboratory for Molecular Dynamics of Mental Disorders,
RIKEN Brain Science Institute. 2-1 Hirosawa,

Wako, Saitama 351-0198, Japan

e-mail: Kato@brain.riken.jp

H. Sugawara - J. Ishigooka
Department of Psychiatry, Tokyo Women's Medical University,
Tokyo, Japan

C. Kakiuchi

Department of Neuropsychiatry, Graduate School of Medicine,
University of Tokyo, Tokyo, Japan

Published online: 01 December 2009

VEGFA might be a useful biomarker of their effects on
peripheral tissue.
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DNA microarray - Vascular endothelial growth factor A

Introduction

Bipolar disorder is a severe mental disorder characterized
by recurrent episodes of mania and depression. Although
the pathogenesis of bipolar disorder is unclear, mood sta-
bilizers such as lithium and valproate can prevent its
recurrence (Kato 2007). Lithium is the mainstay of treat-
ment for bipolar disorder in many countries, both for acute
mania and as prophylaxis for recurrent manic and depres-
sive states (Geddes et al. 2004).

The molecular mechanism of their clinical actions as mood
stabilizers has been extensively studied. Nonaka et al. (1998)
and Chen et al. (1999¢) demonstrated neuroprotective effects
of lithium and valproate. These two mood stabilizers exert the
same effects on neurons, such as growth cone enlargement
(Williams et al. 2002) and enhanced adult neurogenesis (Chen
et al. 2000; Hao et al. 2004). The effects may be mediated by
depletion of inositol (Williams et al. 2002), upregulation of
BCL-2 (Chen et al. 1999¢), inhibition of glycogen synthase
kinase 3b (Chen et al. 1999b; Klein and Melton 1996), altered
glutamate receptor trafficking (Du et al. 2003), upregulation
of BAG-1 (Zhou et al. 2005), inhibition of glucocorticoid
receptor function (Basta-Kaim et al. 2004), upregulation of
glutathione S-transferase (Cui et al. 2007), upregulation of
brain-derived nerve growth factor (Yasuda et al. 2009),
and activation of Notch signaling (Higashi et al. 2008).
Inhibition of histone deacetylase (Leng et al. 2008) might'
also have a role in the neuroprotective effect of valproate.

@ Springer
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In most of these studies, neuronal cell cultures or neu-
ronal cell lines were used, and very few studies examined
the effect of these drugs on peripheral tissues or non-neu-
ronal cell lines. The effects of these mood stabilizers on
non-neuronal cells might also play a role in their clinical
effects. Furthermore, a common molecular reaction
between neurons and peripheral blood cells relevant to
their clinical effects may be useful as a peripheral marker
of the therapeutic response.

Although the usefulness of blood-derived samples such
as lymphoblastoid cells (LCs) for studying mental disor-
ders and pharmacogenetics is controversial (Choy et al.
2008; Matigian et al. 2008), several gene expression pro-
filing studies of mental disorders have been performed
using lymphocytes or LCs (Kakiuchi et al. 2003, 2008;
Matigian et al. 2008; Sun et al. 2004; Vawter et al. 2004).
Various phenotypes, such as abnormal Ca*™ levels
{(Emamghoreishi et al. 1997; Kato et al. 2003), altered
endoplasmic reticulum stress response (Hayashi et al.
2009; Kakiuchi et al. 2003; So et al. 2007), and altered
inositol levels (Belmaker et al. 2002), have been reported
in LCs derived from patients with bipolar disorder.

Here we performed a comprehensive DNA microarray
analysis of genes regulated by lithium and valproate in the
LCs to identify their effects on peripheral tissue. Our
findings indicated that lithium and valproate have distinc-
tive as well as common effects on gene expression in LCs.
Among the genes whose altered expression was common to
lithium and valproate, vascular endothelial growth factor A
(VEGFA) was the most downregulated. VEGFA might be a
useful biomarker of their effects on peripheral tissue.

Materials and methods
Subjects

For DNA microarray and real-time quantitative reverse
transcription-polymerase chain reaction (RT-PCR), we
used LCs derived from three unrelated healthy Japanese
males (33, 42, and 49 years old). This study was approved
by the Research Ethics Committee of RIKEN.

Lymphoblastoid cell culture

Lymphocytes from peripheral blood cells were transformed
by Epstein—Barr virus using standard techniques as described
previously (Kato et al. 2003). Briefly, lymphocytes were
separated from peripheral blood and cultured with RPMI
1640 medium containing 20% fetal bovine serum (GIBCO,
Carlsbad, CA, USA), penicillin and streptomycin
(50 pg mi~" each), and supematant of the B95-8 cell culture
infected by Epstein—Barr virus. The cells were passaged every
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week until the cells showed stable growth. Thereafter, the
cells were passaged two or three times a week using similar
medium, except for the addition of 10% fetal bovine serum.
To investigate the effects of the mood stabilizers, we
used LCs derived from three unrelated healthy Japanese
men. The cells were cultured in medium containing ther-
apeutic concentrations of lithium (0.75 mM) and valproate
(100 pg ml™") or drug-free control medium for 7 days.

DNA microarray procedure

Total RNA was extracted using Trizol (Invitrogen, Carls-
bad, CA, USA) and cleaned using an RNeasy column
(Qiagen, Valencia, CA, USA). DNA microarray analysis
was performed according to the manufacturer’s protocol
(Affymetrix, Santa Clara, CA, USA) as described previously
(Iwamoto et al. 2004). Briefly, 8-10 pug total RNA was used
to synthesize cDNA by SuperScript II reverse transcriptase
(Invitrogen), which was then used to generate biotinylated
cRNA. cRNA was fragmented and first applied to the
TestChip (Affymetrix) to assess the sample quality, and then
applied to the HU95A V2 chip (Affymetrix), which contained
approximately 12,000 probe sets. The hybridization signal
on the chip was scanned using a scanner (HP GeneArray
scanner, Hewlett-Packard, Palo Alto, CA, USA), and pro-
cessed with microarray suite 5 (MASS, Affymetrix).

DNA microarray data analysis

DNA microarray raw data were imported into GeneSpring
GX10 software (Agilent Technologies, Santa Clara, CA,
USA). Data from each array were then normalized by
dividing each value by the median whole gene expression
value. We then conducted a principal component analysis
(PCA) to visualize the relationship among experiments using
the expression values of all probe sets on the array. To
examine quantitative expression changes in response to drug
treatment, we used probe sets whose flag statuses were
present or marginal in at least five of nine samples for sta-
tistical analysis. Of approximately 12,000 probe sets, 5,656
probe sets passed this filtering process. Genes that were
differentially expressed compared with control samples
were identified using one-way analysis of variance [ANOVA
(df = 2, lithium-treated, valproate-treated, and control
samples)] followed by post hoc Tukey's test. A P value of
less than 0.05 was considered significant. Genes with sig-
nificantly different levels of expression between drug-trea-
ted and control samples were selected. Gene ontology
analysis was performed using the Database for Annotation,
Visualization, and Integrated Discovery (DAVID) software
(Dennis et al. 2003; Huang da et al. 2009). The significantly
enriched terms were identified using Bonferroni’s correction
for multiple comparisons with a cutoff of P < 0.05.
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Real-time quantitative RT-PCR

After DNase I treatment, 5 pug total RNA was used for
cDNA synthesis by oligo(dT) 12-18 primer and Super-
Script II reverse ftranscriptase (Invitrogen). Real-time
" quantitative RT-PCR using SYBER/GREEN I dye (Applied
Biosystems, Foster City, CA, USA) was performed with
ABI PRISM 7900HT (Applied Biosystems). After dena-
turation at 95°C for 10 min, the PCR conditions were 95°C
for 45 s and 60°C for 45 s for 40 cycles. The comparative C;
method was used to quantify transcripts according to the
manufacturer’s protocol (User Bulletin #2, Applied Bio-
systems). Each sample was quantified in triplicate. Ampli-
fication of single products was confirmed by monitoring the
dissociation curve and by agarose gel electrophoresis. We
used the expression level of cofilin 1 as an internal control,
as validated previously (Iwamoto et al. 2004). Primer pairs
for cofilin 1 were reported previously (Iwamoto et al. 2004).
Primer pairs used for qRT-PCR were as follows: VEGFA,
5'-TACTGCCATCCAATCGAGACC-3 and 5'-GGTTTG
ATCCGCATAATCTGC-3'. Two-tailed paired t-tests were
used for the statistical analysis of the results of the control
and lithium or valproate-treated samples.

Results

LCs established from three unrelated male subjects were
cultured with therapeutic concentrations of lithium or
valproate. After 7 days calture, total RNA was extracted
from the cells and used for DNA microarray analysis. After
data normalization, we first performed a PCA to visualize
the relationship among the lithium- or valproate-treated
samples and control samples (Fig. 1). The lithium-treated
samples differed little from their respective control sam-
ples. On the other hand, the valproate-treated samples were
quite different from the control samples. These results
suggest the slight and drastic effects of lithium and val-
proate, respectively, on global gene expression in LCs in
our experimental condition.

To identify differentially expressed probe sets, we per-
formed an ANOVA followed by Tukey’s test. Lithium
induced altered expression in 44 probe sets, of which 17
were downregulated and 27 were upregulated (see Sup-
plementary Table 1). On the other hand, valproate induced
altered expression in 416 probe sets, of which 222 were
downregulated and 194 were upregulated (see Supplemen-
tary Table 2). The ten most downregulated and upregulated
probe sets affected by lithium and valproate treatment are
listed in Tables 1 and 2, respectively, as representatives.
Among the identified probe sets, the expression of 18 probe
sets was altered by both lithium and valproate. Alterations

1000 1000

800

Fig. 1 Results of the PCA analysis. X, ¥, and Z axes show the first,
second, and third components, respectively. White, gray, and black
spheres show control, lithium, and valproate-treated samples, respec-
tively. Each ellipse surrounds the data of the same individual

of all of these 18 probe sets were in the same direction
(Table 3).

A gene ontology analysis was then performed using the
DAVID software (Table 4). The differential gene expres-
sion induced by valproate was significantly enriched in
metabolic process-related and cellular process-related
terms in the biologic process category, and nucleic acid-
binding and protein-binding terms in the molecular func-
tion category. In the cellular component category, genes
seemed to be enriched in every part of the cell, including
the nucleus, cytoplasm, and organelles. We also performed
a gene ontology analysis of the differential gene expression
induced by lithium and that induced by both drugs. No
significant enrichment was observed, however, after mul-
tiple testing corrections, possibly due to the small number
of genes used for analysis (data not shown).

We also analyzed the expression level of VEGFA, which
was the gene most downregulated by both lithium and
valproate, using real-time quantitative RT-PCR (Fig. 2).
We confirmed significant downregulation of VEGFA in
valproate-treated LCs (P = 0.02). We also observed
downregulation of VEGFA in lithium-treated LCs, but this -
result was not significant (P == 0.21).

Discussion
Both lithium and valproate are widely used in the treatment

of bipolar disorder as mood stabilizers. These two struc-
turally unrelated drugs have similar clinical efficacy for

@ Springer
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Table 1 The ten genes most downregulated and upregulated by lithium

Probe ID Accession Fold change Gene symbol Gene title

2067_f_at D44466 -1.86 BAX BCL2-associated X protein

2065_s_at U67092 —1.70 BAX BCL2-associated X protein

37632_s_at U19599 -1.62 ZRF1 Zuotin related factor 1

38837_at 122473 —1.59 TXNDCI13 Thioredoxin domain containing 13

450_g_at 1.22475 —-1.57 CGRRF1 Cell growth regulator with ring finger domain 1

1997_s_at X78283 ~1.57 BAX BCL2-associated X protein

36639_at AC002985 —1.51 ADSL Adenylosuccinate lyase

36101_s_at AF060798 —145 VEGFA Vascular endothelial growth factor A

41003_at X79201 —1.37 PFDN4 Prefoldin subunit 4

34417 _at D63390 -1.35 DPY19L2P2 dpy-19-like 2 pseudogene 2 (C. elegans)

32445_at AF057160 2.03 PAFAH1B2 Platelet-activating factor acetylhydrolase, isoform Ib, beta subunit 30 kDa

31872 _at X98260 1.87 SSi8 Synovial sarcoma translocation, chromosome 18

38365_at X80754 1.72 PEX1 Peroxisome biogenesis factor 1

41601 _at D25547 1.68 - Transcribed locus

37837 _at AB020670 1.67 ADNP2 ADNP homeobox 2

940_g_at D87449 1.64 NF1 Neurofibromin | (neurofibromatosis, von Recklinghausen disease.
Watson disease)

37888 _at ABO07858 1.57 SLC35D1 Solute carrier family 35 (UDP-glucuronic acid/UDP-N-
acetylgalactosamine dual transporter), member D1

31804 _f _at Y 10055 1.50 SULTIAL Sulfotransferase -family, cytosolic, 1A, phenol-preferring, member 1

31868_at AF026086 147 STK16 Serine/threonine kinase 16

33731 _at AAS552140 1.47 SLC7A7 Solute carrier family 7 (cationic amino acid transporter, y+ system),

member 7

Among the 27 probe sets identified, the top ten downregulated and upregulated probe sets are listed as representative

bipolar disorder, and thus we searched for a common
molecular effect of these drugs. Although these drugs share
clinical efficacy for classical mania, valproate has specific
efficacy for irritable or dysphoric mania (Swann et al.
2002). Therefore, lithium and valproate may have common
and drug-specific molecular effects. At the gene expression
level in the LCs, the’effect of lithium was modest com-
pared with that of valproate. These two drugs showed
distinctive gene expression changes with altered expression
of only a very small number of common genes.

Gene expression changes induced by lithium

In our experiments, the effect of lithium on gene expres-
sion was relatively small. In recent studies, using mouse
brain (Du et al. 2003) or human neuronal cell lines treated
with lithium (Seelan et al. 2008), altered expression of
more genes was reported. These differences may reflect the
differences in the tissues or treatment methods used. The
expression of three different probe sets for BCL-2 associ-
ated X protein (BAX) was consistently downregulated by
lithium (Table 1). BAX is a BCL-2 family protein that
promotes apoptosis by enhancing cytochrome c release
(Graham et al. 2000). Several studies have reported that
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lithium upregulates anti-apoptotic BCL-2 and downregu-
lates pro-apoptotic BAX (Chen and Chuang 1999; Ghribi
et al. 2002; Somervaille et al. 2001). Our findings are
consistent with these findings in the brain and neuronal
cells.

On the other hand, the gene most upregulated by lithium
was platelet-activating factor acetylhydrolase, isoform 1b,
beta subunit (PAFAHIB2), which encodes one of the cat-
alytic subunits of the PAFAH1B complex, alpha2. The
PAFAHIB alpha complex is an enzyme composed of
alpha2, alphal encoded by PAFAHIB3, and Lisl encoded
by PAFAHIBI] (Hattori et al. 1993). Among them,
PAFAHIB3 has been identified as one of eight genes that
show specific alterations in the postmortem brains of
bipolar individuals (Nakatani et al. 2006). These enzymes
interact biochemically and genetically with the Reelin
(RELN) pathway, and RELN and Lis activities are impor-
tant for neuronal migration and cellular layer formation in
the brain (Assadi et al. 2003; Hirotsune et al. 1998). The
Pafahib alpha2 subunit encoded by the Pafahlb2 gene
reportedly does not affect cortical layer formation, but is
critically involved in the development of hydrocephalus in
double mutant mice defective in Reelin and Lis signaling
(Assadi et al. 2008). Considering the possible role of the
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Table 2 The ten genes most downregulated and upregulated by valproate

Probe ID Accession Fold change Gene symbol Gene title

39827_at AAS522530 -2.72 DDIT4 DNA-damage-inducible transcript 4

36398 _at ‘W28729 —-2.71 - Human retina cDNA

36101_s_at M63978 —2.52 VEGFA Vascular endothelial growth factor A

37326_at U93305 ~2.51 PLP2 Proteolipid protein 2 (colonic epithelium-enriched)
35530_f_at X92997 —2.45 - Immunoglobulin lambda locus

282 _at L16782 —2.45 MPHOSPHI M-phase phosphoprotein 1

40790_at ABQOO4066 . —2.28 BHLHRB2 Basic helix-loop-helix domain contéining, class B, 2
300_f_at* - -2.23 - -

40329_at AL031228 -2.23 SLC39A7 Solute carrier family 39 (zinc transporter). member 7
38010_at AF002697 -2.22 BNIP3 BCL2/adenovirus E1B 19 kDa interacting protein 3

35778 _at ABO11103 6.20 KIFSC Kinesin tamily member 5C

668 _s_at 122524 5.20 MMP7 Matrix metallopeptidase 7 (matrilysin, uterine)

36874 _at M26004 4.34 CR2 Complement component (3d/Epstein—Barr virus) receptor 2
1575_at M14758 3.85 ABCB1 ATP-binding cassette. sub-family B (MDR/TAP). member |
40862 _i_at X 15334 3.63 CKB Creatine kinase, brain

1358_s_at U22970 3.40 IFi6 Interteron, alpha-inducible protein 6

915_at M24594 3.09 IFIT! Interferon-induced protein with tetratricopeptide repeats |
32814 _at M24594 3.05 T Interferon-induced protein with tetratricopeptide repeats |
38584_at AF026939 2.89 IFIT3 Interferon-induced protein with tetratricopeptide repeats 3
33232 _at Al017574 2.85 CRIP1 Cysteine-rich protein 1 (intestinal)/hypothetical protein 1.OC100127933

Among the 416 probe sets identified, the top 10 downregulated and upregulated probe sets are listed as representative

2 300_f_at was not annotated

PAFAHIB2 gene in brain development, an increase in
PAFAHIB2 may contribute to the mechanism of action of
mood stabilizers, especially lithium.

Gene expression changes induced by valproate

Valproate is characterized as a histone deacetylase inhibi-
tor (Phiel et al. 2001). Histone deacetylases control the
transcription of a large number of genes by altering chro-
mosome dynamics, In the present study, the PCA revealed
more extensive gene expression alterations induced by
valproate than by lithium. Statistical analysis also revealed
that valproate affected a larger number of differentially
expressed probe sets than lithium. Gene ontology analysis
revealed that valproate affected the expression of genes
with wide-ranging biologic functions. Consistent with
previous studies in the brain (Bosetti et al. 2005; Chetcuti
et al. 2006), we determined that valproate also affects
multiple signaling pathways in LCs. BCL-2/adenovirus
EIB 19 kDa interacting protein (BNIP3) was one of the ten
most downregulated genes by valproate (Table 2). BNIP3,
which is a BCL-2 family member, is upregulated during
stress such as hypoxia and induces cell death by inducing
mitochondrial dysfunction (Kim et al. 2002; Vande Velde

et al. 2000). Downregulation of BNIP3 may also contribute
to the cytoprotective effect of valproate.

Altered gene expression commonly induced
by lithium and valproate

Eighteen probe sets were identified as differentially
expressed genes common to lithium and valproate. VEGFA,
strongly associated with angiogenesis in the VEGF gene
family (Ferrara 2002), was the gene most downregulated by
both lithium and valproate. The expression level of VEGFA
was significantly decreased by valproate, and tended to be
decreased by lithium in real time RT-PCR.

VEGF was initially identified as a critical regulator of
angiogenesis and a potent inducer of vascular permeability
in many types of tissues, including the blood brain barrier
(Ferrara et al. 2003; Gora-Kupilas and Josko 2005; Rigau
et al. 2007). VEGF also has neurogenic and neuroprotec-
tive effects (Jin et al. 2002; Schanzer et al. 2004; Storke-
baum et al. 2004). Recent studies indicate that VEGF may
be involved in the molecular mechanisms of the patho-
genesis and response to treatment for depression. In animal
studies, VEGF is induced by antidepressant drugs (Warner-
Schmidt and Duman 2007) and electroconvulsive shock
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Table 3 The list of common differentially expressed genes by lithium and valproate

Probe ID  Accession Fold change Gene symbol

Lithium Valproate

Gene title

Vascular endothelial growth factor A

Prefoldin subunit 4

dpy-19-like 2 pseudogene 2 (C. elegans)
Protein-L-isoaspartate (D-aspartate) O-methyltransferase
KIAA0947 protein

RNA (guanine-7-) methyltransferase

Synovial sarcoma translocation, chromosome 18

Neurofibromin 1 (neurofibromatosis. von Recklinghausen disease, Watson

disease)

Solute carrier family 35 (UDP-glucuronic acid/UDP-N-acetylgalactosamine

dual transporter), member D1

36101_s_at D44466 —145 —252  VEGFA
41003_at  X79201 137 —139  PFDN4
34417_at  AL049437 —135 —1.63  DPYI9L2P2
37737_at  H93123  —133 —146  PCMTI
41595_at  AF074382 —122 —125  KIAA0947
38073_at  M63978 —1.1S —1.16  RNMT
31872 at  D25547 187 183  SSI8
940_g_at  D87449 164 162  NFl
37888_at  AB007858 157 164  SLC35DI
38706_at Y1005 147 149  E2F4
381_s.at  AASS2140 145 190  PIK3CD
38945_at  X78710 134 166  MIFI
39434 at  ABO11164 133 14§

35783_at  AFO7IS04 130 157  VAMP3
41047_at  U41816 126 124 C9orfl6
36004_at  AIS85170 122 129  IKBKG
39858_s_at ABO23164 121 137  STXII
1314_at  DI2625 120 132 PSMDI

E2F transcription factor 4, p107/p130-binding

Phosphoinositide-3-kinase, catalytic, delta polypeptide

Metal-regulatory transcription factor 1

FAM21A/B/C/D Family with sequence similarity 21, member A/B/C/D

Vesicle-associated membrane protein 3 {cellubrevin)

Chromesome 9 open reading frame 16

Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma
Syntaxin {1

Proteasome (prosome, macropain) 26S subunit, non-ATPase, |

(Altar et al. 2004; Newton et al. 2003; Segi-Nishida et al.
2008). Clinical studies demonstrated a higher expression
level of VEGF mRNA and a decrease in these levels after
treatment with antidepressants was observed in the
peripheral leukocytes of depressed patients (Iga et al.
2007), but other studies reported conflicting results (Dome
et al. 2009; Ventriglia et al. 2009).

Lithium increases myocardial levels of VEGF following
ischemic insult (Kaga et al. 2006), promotes VEGF
expression in brain endothelium and astrocytes (Guo et al.
2009), and prevents VEGF reduction in immature neurons
of the hippocampus after chronic mild stress in rats (Silva
et al. 2007). VEGF is decreased in a human neuronal cell
line continuously maintained on therapeutic levels of lith-
ium (Seelan et al. 2008). In addition, valproate promotes
tumor growth arrest by downregulating VEGF (Gao et al.
2007; Zgouras et al. 2004).

In our experiments, both lithiom and valproate decreased
the gene expression of VEGFA. As described above, the
direction of VEGF expression changes differed across
studies. The discrepancy might be due to differences in the
experimental methodology, such as in vivo or in vitro, the
type of tissues, and treatment method. We used LCs derived
from peripheral blood lymphocytes, and therefore, our
findings suggest that the mechanisms of action of
these mood stabilizers may be mediated in part by their
effects on VEGF in non-neuronal cells. Valproate inhibits
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angiogenesis in endothelial cells, thereby protecting endo-
thelial cells from stress-induced apoptosis (Michaelis et al.
2006). It is possible that the common antiangiogenic effect
of lithium and valproate mediated by VEGF contributes to
the neuroprotective effects in bipolar disorder.

Limitations

Although we used LCs in our experiment, the effect of
mood stabilizers on non-neuronal cells might differ among
various tissues. In addition, because the difference in drug
sensitivity between non-neuronal cell and neuronal cell is
suggested (Chen et al. 1999a; Gilad and Gilad 2007), we
should examine lower and higher (toxic) dose of these
drugs to explain whether the results are based on the
treatment effects or toxic effects. The effects of mood
stabilizers on other non-neuronal cells should also be
stadied. In our experiment, we used LCs rather than fresh
lymphocytes because 1.Cs are easily handled and cellular
heterogeneity can be minimized. Whether this effect is also
detected in non-transformed peripheral lymphocytes and
can be used as a peripheral biomarker of the effects of
mood stabilizers requires further study. The microarray
data results did not cover the entire genome because the
number of probe sets contained in the HU95AV2 chip is
smaller than that of newer chip versions. Although we



