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using model animals.

Our major research interest is the molecular mechanisms of higher brain functions
in mammals such as emotion, and learning and memory. We are especially focus-
ing on the roles of functional molecules localized in synapses, for instance, neuro-
transmitter receptors, signal transduction molecules and adhesion molecules, in
neuronal information processing. We are examining receptor functions, synaptic
transmission and plasticity, and their roles in the whole animal with electrophysi-
ological, biochemical, molecular genetic and behavioral approaches. We are also
trying to elucidate fundamental aspects of psychiatrical and neurological disorders

1. The adhesion molecule cadherin 11 is essen-
tial for acquisition of normal hearing ability
through middle ear development in the mouse

Yuji Kiyama, Yayoi S. Kikkawa', Tatsuya Yama-
soba' and Toshiya Manabe: 'Department of Oto-
rhinolaryngology, Faculty of Medicine, University
of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8655, Japan

Cadherin 11 (Cdh11), a member of the cadherin
adhesion molecule family, is expressed in various
regions of the brain as well as the head and ear. To
gain further insights into the roles of Cdhll in the
development of the ear, we performed behavioral
tests using Cdhll knockout (KO) mice. KO mice
showed reduced acoustic startle responses and in-
creased thresholds for auditory brainstem respon-
ses, indicating moderate hearing loss. The auditory
bulla volume and ratio of air-filled to non-air-filled
space in the middle ear cavity were reduced in KO
mice, potentially causing conductive hearing loss.
Furthermore, residual mesenchymal and inflamma-
tory cells were observed in the middle ear cavity of

KO mice. Cdhl11 was expressed in developing mes-
enchymal cells just before the start of cavitation, in-
dicating that Cdhll may be directly involved in
middle ear cavitation. Since the auditory bulla is
derived from the neural crest, the regulation of
neural crest-derived cells by Cdhl1l may be respon-
sible for structural development. This mutant
mouse may be a promising animal model for eluci-
dating the causes of conductive hearing loss and
otitis media.

2. AMPA receptor activation-independent anti-
depressant actions of ketamine metabolite

Shizuka Kobayashi, Kenji Hashimoto’ and Toshiya
Manabe: *Division of Clinical Neuroscience, Chiba
University Center for Forensic Mental Health, 1-8-
1 Inohana, Chiba 260-8670, Japan

Ketamine, an N-methyl-D-aspartate receptor an-
tagonist, exerts robust antidepressant effects in pa-
tients with treatment-resistant depression. The pre-
cise mechanisms underlying ketamine's anti-
depressant actions remain unclear, although previ-
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ous research suggests that o-amino-3-hydroxy-5-
methyl - 4 - isoxazole = propionic acid receptor
(AMPAR) activation plays a role. We investigated
whether (S)-norketamine and (R)-norketamine, the
two main metabolites of (R,S)-ketamine, also played
a significant role in ketamine's antidepressant ef-
fects and whether the effects were mediated by
AMPARs. Cellular mechanisms of antidepressant
action of norketamine enantiomers were examined
in mice. (S)-Norketamine had more potent anti-
depressant effects than (R)-norketamine in inflam-
mation and chronic social defeat stress models. Fur-
thermore, (S)-norketamine induced more beneficial
effects on decreased dendritic spine density and
synaptogenesis in the prefrontal cortex and hip-
pocampus compared with (R)-norketamine. Unex-
pectedly, AMPAR antagonists did not block the
antidepressant effects of (S)-norketamine. The elec-
trophysiological data showed that, although (S)-
norketamine inhibited N-methyl-D-aspartate recep-
tor-mediated synaptic currents, (S)-norketamine did
not enhance AMPAR-mediated neurotransmission
in hippocampal neurons. Furthermore, (S)-norketa-
mine improved reductions in brain-derived neu-
rotrophic factor-tropomyosin receptor kinase B sig-
naling in the prefrontal cortex of mice susceptible
to chronic social defeat stress, whereas the tropo-
myosin receptor kinase B antagonist and a mecha-
nistic target of rapamycin inhibitor blocked the
antidepressant effects of (S)-norketamine. In con-
trast to (S)-ketamine, (S)-norketamine did not cause
behavioral abnormalities, such as prepulse inhibi-
tion deficits, reward effects, loss of parvalbumin
immunoreactivity in the medial prefrontal cortex,
or baseline y-band oscillation increase. Our data

identified a novel AMPAR activation-independent
mechanism underlying the antidepressant effects of
(S)-norketamine. (S)-Norketamine and its prodrugs
could be novel antidepressants without the detri-
mental side effects of (S)-ketamine.

3. Combating herpesvirus encephalitis by poten-
tiating a TLR3-mTOR axis

Takahiko Chimura, Ryota Sato’, Yasushi Kawagu-
chi’, Kensuke Miyake’ and Toshiya Manabe: *Divi-
sion of Innate Immunity, Department of Microbi-
ology and Immunology. ‘Division of Molecular Vi-
rology, Department of Microbiology and Immuno-

logy.

TLR3 is a sensor of double-stranded RNA that is
indispensable for defense against infection with
herpes simplex virus type 1 (HSV-1) in the brain.
We found here that TLR3 was required for innate
immune responses to HSV-1 in neurons and astro-
cytes. During infection with HSV-1, TLR3 recruited
the metabolic checkpoint kinase complex mTORC2,
which led to the induction of chemokines and traf-
ficking of TLR3 to the cell periphery. Such traffick-
ing enabled the activation of molecules (including
mTORCI1) required for the induction of type I inter-
ferons. Intracranial infection of mice with HSV-1
was exacerbated by impairment of TLR3 responses
with an inhibitor of mTOR and was significantly
‘rescued' by potentiation of TLR3 responses with an
agonistic antibody to TLR3. These results suggest
that the TLR3-mTORC2 axis might be a therapeutic
target through which to combat herpes simplex en-
cephalitis.

Publications
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moto, Y., Kondo, K., Fujimoto, C., Iwasaki, S.,
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Psychiat. 84: 591-600.
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The aims of the ongoing research projects in our laboratory are to elucidate the
requlatory mechanisms of intracellular signal transduction systems responsible for
cell-fate decisions, such as MAP kinase cascades and Stress granules. Perturba-
tion of these signaling systems is involved in a variety of life-threatening diseases,
including cancer, autoimmune diseases, neurodegenerative disorders and type 2
diabetes. Our laboratory also aims to develop new diagnostic or therapeutic tools
for currently intractable disorders in which these pathways are involved.

1. Ildentification of novel substrates of human
mitogen-activated protein kinases.

Seina Oe, Hisashi Mori-izumi, Natusno Suzuki,
Sho Tanaka, Takanaori Nakamura, Yuji Kubota,
and Mutsuhiro Takekawa

Sequential activation of protein kinases within
MAPK cascades is an evolutionary-conserved
mechanism of intracellular signaling among eukary-
otes. In mammals, at least three distinct subfamilies
of MAPKSs are present, namely, ERK, JNK, and p38.
While the classical ERK MAPK is mainly activated
by growth factors and mitogens, two relatively
newly identified MAPKs, p38 and JNK, are prefer-
entially activated by various environmental stresses
(e.g., ultraviolet-light and y irradiation, oxidative
stress, DNA-damaging reagents, osmotic stress, and
pro-inflammatory cytokines). Therefore, p38 and
JNK MAPKSs are collectively called stress-activated
protein kinases (SAPKs). Each of these MAPK cas-
cades can regulate several different and sometimes
overlapping biological functions. In general, the
ERK pathway mediates growth-promoting and anti-
apoptotic signaling, while the p38 and JNK path-
ways play crucial roles in cellular stress responses
such as growth arrest and apoptosis. In addition,

the p38 and JNK pathways are involved in inflam-
matory responses. Perturbation of these crucial sig-
nal transduction pathways is involved in the patho-
physiology of various life-threatening diseases, in-
cluding cancer, autoimmune diseases, and neurode-
generative disorders.

Since these MAPKSs exert their biological effects
through the phosphorylation of their substrate pro-
teins, the identification of which is a prerequisite
for the understanding of regulatory mechanisms of
critical biological phenomena. By developing a
novel screening strategy, we have isolated several
new MAPK substrate proteins from human cDNA
libraries. These substrates include regulatory mole-
cules for the expression of growth-promoting genes
and for centrosome duplication, and several Ser/Thr
protein kinases that regulate inflammation and cell
death. We confirmed that these molecules were in-
deed directly phosphorylated by one (or more) of
the human MAPKSs in vitro as well as in vivo in re-
sponse to mitogenic and/or stress stimuli. Thus,
these molecules are bona fide substrates of MAPKs.
The biological functions of these novel substrate
proteins are currently under investigation in our
laboratory.
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2. Ildentification of novel genes whose expres-
sion is controlled by MAPK signaling path-
ways.

Yuji Kubota, Noriko Nishizumi-Tokai, Yusuke
Takagi, Shiho Hirose, Yukari Shiozaki, and
Mutsuhiro Takekawa

The initial cellular response to various environ-
mental cues, such as growth factors, environmental
stresses, and cytokines, is the transcriptional regula-
tion of a set of genes that control a wide variety of
biological functions. It is well known that MAPK
signaling pathways play crucial roles in this proc-
ess. Previous studies have shown that MAPKs di-
rectly phosphorylate and activate a bunch of tran-
scription factors and regulators. For instance, the
transcription factor ELK-1, which is a member of
the ternary complex factor (TCF) subfamily, is a
substrate of ERK. TCFs interact with a second tran-
scription factor, serum response factor (SRF), and
these two transcription factors jointly bind and acti-
vate serum response elements (SREs) in the pro-
moters of immediately early genes (IEGs). More-
over, upon stress stimulation, p38 and JNK MAPKs
directly phosphorylate activating transcription fac-
tor 2 (ATF2). ATF2 binds either to CRE response
elements as a homodimer, or to both AP-1 and CRE
sequences as a heterodimer, in which ATF2 forms a
complex with other members of the ATF family or
with Jun/Fos family members, thereby inducing tar-
get gene expression.

We have previously shown that TGFp-induced p
38 activation elicits the transcriptional activation of
a tumor angiogenesis inhibitor TSP1 and that the
perturbation of this signaling is involved in the de-
velopment of human pancreatic cancer. In this year,
we comprehensively searched for human genes
whose expression is transcriptionally regulated by
the MAPK pathways, and have succeeded in identi-
fying dozens of such genes. Interestingly, these
transcripts include not only protein-coding mRNAs
but also various non-coding, functional RNAs. The
roles of these MAPK-dependent transcripts in the
regulation of cell fate decisions are currently under
investigation in our laboratory.

3. Development of a novel method for the detec-
tion of O-GlcNAc-modified proteins by lectin
affinity gel electrophoresis.

Yuji Kubota, Ko
Takekawa

Fujioka, and Mutsuhiro

O-linked B-N-acetyl-glucosamine modification
(O-GlcNAcylation) is a protein post-translational
modifications (PTMs) that regulate various proper-
ties of proteins such as their stability, subcellular
localization, and catalytic activity. O-GlcNAcylation

is the result of a reaction in which a single-sugar,
N-acetylglucosamine (GlcNAc), is conjugated to the
hydroxyl moiety of a serine or a threonine residue
of cytoplasmic and nuclear proteins, thereby dra-
matically altering the molecular functions of these
proteins. O-GlcNAcylation is dynamically and re-
versibly regulated by only two enzymes: O-GlcNAc
transferase (OGT) and O-GlcNAcase (OGA). OGT
catalyzes the addition of a GlcNAc moiety from a
uridine diphosphate (UDP)-GIcNAc to target pro-
teins, while OGA removes O-GlcNAc from the
modified proteins. Since both O-GlcNAcylation and
phosphorylation occur at serine and threonine resi-
dues, these two types of PTMs are mutually exclu-
sive on the same target site. Indeed, various cellular
proteins have been demonstrated to show dynamic
crosstalk between O-GlcNAcylation and phospho-
rylation. Despite recent advances in understanding
the importance of O-GlcNAcylation in diverse
physiological processes, stoichiometric analysis of
only a few O-GIcNAc proteins has been reported.
The main reasons for such few reports are the high
cost and the time-consuming processes required by
conventional methods for quantification of protein
O-GlcNAcylation. In addition, the O-GIcNAc moi-
ety tends to be released from the modified peptide
in collision-induced dissociation (CID) in mass-
spectrometric analysis, which limits evaluation of
the O-GlcNAcylation level of a specific protein by
using this method. Hence, the development of
novel methods for quantitative analysis of protein
O-GlcNAcylation remains an important challenge.
To overcome this drawback, we established a
novel technique for the separation of cellular O-
GlcNAcylated proteins by incorporating wheat
germ agglutinin (WGA), a lectin from Triticum vul-
garis, into an electrophoretic gel. WGA has multiple
GlcNAc-binding sites, and the dimerized form of
this protein is highly resistant to protein denaturing
conditions including acidic environments, cha-
otropic agents, and high temperature. This year, we
developed a new electrophoretic method, termed
WGA-SDS-PAGE, that separates O-GlcNAcylated
and unmodified proteins, thereby allowing the de-
tection and quantification of O-GlcNAcylated pro-
teins. Electrophoresis of cell lysates through a gel
containing copolymerized WGA selectively induced
retardation of the mobility of O-GlcNAcylated pro-
teins, thereby allowing the simultaneous visualiza-
tion of both the O-GlcNAcylated and the unmodi-
fied forms of proteins. Using this novel method, we
successfully detected and quantified the O-GlcNA-
cylation status of several proteins that regulate criti-
cal cellular functions such as signal transduction
pathways and nuclear-cytoplasmic transport of
mRNA and proteins. Therefore, this method en-
ables the quantitative detection of O-GIcNAcylated
proteins and is thus useful for the analysis of bio-
logical phenomena in which protein O-GlcNAcyla-
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tion is involved.

4. Role of stress granule assembly in cellular
stress response

Natsuha Hashimoto, Daisuke Yoshioka, Mari
Taguchi, Daichi Fujikawa, Takanaori Nakamura,
and Mutsuhiro Takekawa

When confronted with environmental stresses,
cells either activate defense mechanisms to survive
or initiate apoptosis, depending on the level and
type of stress. One of the major cellular defense
mechanisms is the assembly of stress granules
(SGs). SGs are cytoplasmic ribonucleoprotein foci
that appear when eukaryotic cells are exposed to
specific types of stress such as ER stress, heat
shock, hypoxia, arsenite or viral infection. The core
components of SGs are large aggregates of stalled
translation pre-initiation complexes that contain
mRNA, 40S ribosomal subunits, translation initia-
tion factors and several RNA-binding proteins
(RBPs). In general, the assembly of SGs is triggered
by stress-induced phosphorylation of elF2a, and re-
quires self-aggregation of certain RBPs such as TIA
1 or G3BP. In cells under various stresses, elF2a is
phosphorylated by a number of different stress-
sensing kinases including PKR. Phosphorylation of
elF20. suppresses productive translation initiation
by preventing formation of the elF2-GTP-Met-
tRNAi complex. Under the stress conditions, spe-
cific RBPs such as G3BP, instead of the ternary
complex, interact with an mRNA in the 43S com-
plex, leading to the assembly of a translationally
stalled 48S complex. Self-oligomerization of RBPs
then promotes the aggregation of these 485 com-
plexes at discrete cytoplasmic foci termed SGs.
Therefore, both RNA binding and self-oligomeriza-
tion of these RBPs are crucial for the assembly of
SGs.

SGs serve as sites for mRNA storage and triage.
While housekeeping mRNAs are recruited to and
sequestered into SGs during stress, certain mRNAs
encoding proteins involved in stress tolerance are
excluded from SGs. Therefore, by assembling SGs,
cells temporarily reduce the synthesis of house-
keeping proteins to prevent accumulation of mis-
folded proteins, and optimize translation of stress-
responsive anti-apoptotic mRNAs. Besides mRNA
sorting and translational suppression, SGs sequester
several apoptosis regulatory factors into granules
and thereby inhibit stress-induced cell death. We
have previously reported that when cells are ex-
posed to a SG-inducing stress, the signaling adap-
tor protein RACKI1 is sequestered into SGs, and this
sequestration inhibits the SAPK pathways and sub-
sequent apoptosis. Thus, formation of SGs serves as
a cellular adaptive defense mechanism and protects
cells from apoptosis under adverse conditions, by

regulating mRNA translation as well as by seques-
tering signaling molecules. This year, by develop-
ing a strategy to identify the molecules that reside
in SGs, we discovered novel SG-components in-
cluding nucleotide-binding proteins, cytoskeletal
proteins, and signaling molecules (e.g., kinases,
scaffold proteins, and transcriptional regulators). By
analyzing some of these SG-components, we eluci-
dated the molecular mechanism as to how SG as-
sembly suppresses stress-induced apoptosis.

5. Elucidation of the physiological functions of
MCRIP1, an ERK substrate, during epithelial-
to-mesenchymal transition and embryonic de-
velopment.

Hisashi

Takanori Nakamura, and

Mutsuhiro Takekawa

Mori-izumi,

We have recently identified a novel ERK sub-
strate, designated MCRIP1, which mediates func-
tional crosstalk between ERK signaling and CtBP-
mediated gene silencing. MCRIP1 is a previously
uncharacterized protein, but is highly conserved in
all vertebrates. CtBP is recruited to the promoter
elements by interacting with the DNA-binding tran-
scriptional repressor ZEB1. We found that MCRIP1
binds to CtBP, thereby competitively inhibiting
CtBP-ZEB1 interaction. However, when phospho-
rylated by ERK, MCRIP1 dissociates from CtBP, al-
lowing CtBP to interact with ZEB1. In this manner,
the CtBP complex is then recruited to, and silences
the E-cadherin promoter by inducing histone modi-
fications. Expression of a constitutively-CtBP-bind-
ing MCRIP1 mutant profoundly inhibited ERK-in-
duced EMT. These results delineate a molecular
mechanism by which ERK signaling induces epige-
netic silencing of tumor suppressive genes. This
year, to more comprehensively identify the genes
whose expression is regulated under the control of
MCRIP1, we performed transcriptome analyses of
cells that stable express either wild-type or a phos-
phorylation-defective mutant of MCRIP1. Further-
more, by establishing gene-engineered mice, we in-
vestigated the physiological function of MCRIP1 in
the epigenetic regulation of gene expression during
embryonic development.

6. Regulation of the MTK1 MAPKKK by a family
of GADD45 proteins

Saeko Kawataki, Mamiko Komori, Yukari Shio-
zaki, Takanori Nakamura, Hisashi Mori-izumi,
and Mutsuhiro Takekawa

The MTK1 MAPKKK is a selective mediator for
the stress-responsive p38 and JNK signaling. Al-
though its C-terminal kinase domain is homologous
to other stress-activated MAPKKKSs, its N-terminal
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regulatory domain has only limited similarity, sug-
gesting that the regulatory mechanism of MTK1 is
unique. Indeed, we have previously identified three
GADD45 family proteins (GADD45a/B/y) as activa-
tors of MTK1. All GADD45 family genes are in-
duced by various stress stimuli such as UV irradia-
tion and DNA-damaging reagents, although the op-
timal stress stimuli for each gene are different. En-
forced expression of any of these GADD45 proteins
in cells leads to the activation of MTK1 and its
downstream p38 and JNK MAPKs. GADD45-medi-
ated activation of SAPK pathways is important par-
ticularly in the late phase of cellular stress re-
sponses, because it requires transcriptional induc-
tion and protein synthesis of GADD45 prior to acti-
vation of MTKI1. Thus, GADD45-mediated MTK1
activation provokes prolonged activation of p38
and JNK signaling, which is, in some cases, critical
for induction of apoptotic cell death. Indeed, over-
expression of each individual GADD45 protein in
cells induces prolonged p38/JNK activity and subse-
quent apoptotic cell death. Thus, the stress-induc-
ible GADD45 proteins are critical signal transducers
that convert various extracellular stress stimuli into
intracellular SAPK signaling through activation of
MTKI.

Previous studies have demonstrated that GADD
45-MTK1 signaling is involved in various biological
processes during embryogenesis. Mice deficient in

MTK1 develop highly penetrant neural tube defects
and exencephaly, which are associated with abnor-
mal apoptosis in neuroepithelia. Embryos homozy-
gous for a kinase-dead MTK1 mutation exhibit a
dramatic loss of phosphorylation of MKK3/6 in
various tissues and display neural tube defects,
skeletal malformations and dysregulated placental
development. Moreover, during male genital differ-
entiation, GADD45y-mediated MTK1 activation
leads to the expression of the Y-chromosome-linked
gene SRY, a key molecule for initiation of the male
differentiation program. Accordingly, both mice de-
ficient in GADD45y and those lacking MTK1 show
reduced expression of male-specific gonadal mark-
ers and complete male-to-female sex reversal. While
GADD45-MTK1 signaling plays pleiotropic roles
during embryogenesis, it also functions in adult tis-
sues. We have previously demonstrated that activa-
tion of the GADD45-MTK1 signaling system con-
tributes to stress-induced apoptosis, TGFp-mediated
TSP1 expression, and IFN-y production from Thl
cells. This year, we further examined physiological
function of MTKI1 in various biological processes
and uncovered the new roles of MTKI in cellular
stress responses, immune reactions, and cell cycle
control. Thus, MTK1-inducing signaling regulates
not only embryonic development but also various
cellular functions in postnatal tissues.
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