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Abstract Magedl is a member of the type II melanoma
antigen (MAGE) family of proteins, which is highly con-
served in the brain between mouse and human. Recently,
Maged] has been reported to be involved in depression and
impaired sexual behavior. However, the role of Magedl in
learning and memory remains unknown. The aim of the
present study was therefore to investigate whether Maged1
deficiency can impair learning and memory formation. By
behavioral tests and electrophysiological recording, we ob-
served that 5—6-month-old Maged1 knockout mice displayed
the reduced basal synaptic transmission, pronounced hippo-
campal dysfunction, impaired spatial learning, and a deficit in
long-term potentiation induction. Data from immunohisto-
chemical and Western blot showed the reduced dendritic spine
density and the number of synapses in the hippocampus of the
Maged! knockout mice, and Maged] deficiency prevented
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the interaction of Magedl with cAMP response element-
binding protein (CREB). Furthermore, by chromatin immu-
noprecipitation and luciferase assay, we observed the down-
regulated activity of CREB and the suppressed CREB-
dependent transcription after deficiency of Magedl, which
lead to the decreased levels of brain-derived neurotrophic
factor. Taken together, our results provide the evidence that
Maged! is involved in synaptic transmission and
hippocampus-dependent learning and memory formation.

Keywords Maged! - Learning and memory - BDNF -
CREB - Synaptic plasticity

Introduction

The melanoma antigen (MAGE) family of proteins is well
known for being tumor-specific antigens and comprised of
more than 60 genes [1]. These genes (>50) share a highly
conserved ~190-amino-acid MAGE homology domain
(MHD) [2, 3]. The distinct expression patterns of MAGE
genes divide the MAGE family into two types: type I and
type II. Type I MAGEs are highly expressed cancer antigens
and play an important role in tumorigenesis and cancer cell
survival [4, 5]. Type Il MAGEs are widely expressed in a
variety of tissues during development [6]. The structure of
type II MAGE proteins is more complicated: in addition to
MHD, many contain other domains that provide these proteins
with other potential functions. Maged1 is a member of type 11
MAGEs, which is first identified as a binding partner to the
intracellular domain of p75 neurotrophin receptor facilitating
neuronal apoptosis [7, 8]. It has also been reported to act as a
transcriptional regulator by interacting with transcription fac-
tors and thereby mediating several functions ranging from
apoptosis, cell-cycle progression, cell adhesion, and angio-
genesis to developmental morphogenesis [7, 9—14].
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Maged| is expressed throughout the neural tube during the
carly stage of neurogenesis and is restricted within the ven-
tricular zone, subplate, and cortical plate during the later stage
of neurogenesis [15]. Recent studies have suggested a func-
tional relevance for Magedl activity in the brain [16-18].
Maged! interacts with a specific group of nuclear receptors
that regulate the amplitude of the mammalian circadian clock
[16] and is involved in depression-like behavior through mod-
ulating the ubiquitylation of serotonin transporters [17],
whereas loss of Magedl results in deficits of social
interactions and impairs sexual behavior by reducing
the production of mature oxytocin in the hypothalamus
of mice [18]. Thus, we hypothesized that Magedl is
involved in cognition function, which remains largely to
be determined. The purpose of the present study was to
investigate whether Magedl deficiency can impair syn-
aptic plasticity, learning, and memory.

Materials and Methods
Animals

The male Maged] knockout (Maged] ") mice used in the
present study have been previously described [15]. Magedl is
X-linked; therefore, Maged1 "~ and wild-type (WT) male
littermates are generated by crossing Maged1™~ females with
WT C57BL/6 J males. All experiments were done with mice
backcrossed for >15 generations on a C57BL/6 J genetic
background. Animal studies were carried out in an
Association for Assessment and Accreditation of Laboratory
Animal Care International-credited specific pathogen-free an-
imal facility, and all animal protocols were approved by the
Animal Care and Use Committee of the Model Animal
Research Center.

Electrophysiological Analysis

Electrophysiological recording was performed as previously
described [19]. Briefly, transverse hippocampal slices
(400 pum thick) were prepared from 5—6-month-old male
mice. After decapitation, the brain was removed and placed
in oxygenated (95 % O,/5 % CO,) artificial cerebrospinal
fluid (ACSF) at 4 °C. Slices were cut using a Leica
VT1000S vibratome (Leica Instruments Ltd., Wetzlar,
Germany) and maintained at 32 °C for 1 h in a holding
chamber filled with oxygenated ACSF. After an equilibration
period of at least 2 h at room temperature, a single slice was
transferred to the recording chamber where it was held be-
tween two nylon nets and continuously perfused with oxy-
genated ACSF (23-25 °C) at a flow rate of 2.5-3 ml/min.

Golgi Impregnation

Golgi-Cox-stained brains were cut to 200-pm-thick cross
sections using a vibratome and analyzed using the Olympus
FV1000 microscope and Olympus software. The number of
spines on the apical and basal dendrites of hippocampal CA 1
pyramidal neurons was counted by a researcher who was
blinded to the genotype. For each experimental group, a
minimum of ten cells per slice were analyzed.

Immunohistochemistry

Immunohistochemical analysis was performed as described
previously [19]. Briefly, anti-synaptophysin (SVP)-38 anti-
bodies were used at a 1:2,000 dilution (Sigma) and confocal
images (1 pm) were scanned from brain sections. Brain sec-
tions that had the strongest intensity were scanned first. All
other images included in the analysis were scanned using the
same settings. Staining was quantified using the Leica
software.

Immunoprecipitation and Immunoblotting

The hippocampus was collected and lysed. For immunopre-
cipitation, tissue homogenates (400 pg of protein) were dilut-
ed fourfold with immunoprecipitation buffer containing as
described before [20]. Samples were preincubated for 1 h with
25 ul protein A/G-Sepharose CL-4B (Amersham Pharmacia,
Buckinghamshire, UK) and then centrifuged to remove any
nonspecific adhesion to the A/G. The supernatant was incu-
bated with 2—4 g of anti-cAMP response element-binding
protein (CREB) (Cell Signaling, 9104) antibody for 4 h or
overnight at 4 °C. Protein A/G-Sepharose (25 pl) was then
added, and the incubation continued for 2 h. Samples were
centrifuged at 4,000xg, and the pellets were washed three
times with immunoprecipitation buffer. Bound proteins were
eluted by adding 2x sample buffer and boiled at 100 °C for
5 min. Samples were then centrifuged, and supernatants were
used for immunoblotting.

For immunoblotting, tissue homogenates were subjected to
10 % SDS-PAGE and electrotransferred onto a PVDF mem-
brane (Amersham Pharmacia). The membrane was probed
with anti-SVP (1:5,000, Sigma), anti-brain-derived neuro-
trophic factor (BDNF) (1:500, Santa Cruz), anti-CREB
(1:1,000, Cell Signaling), [3-actin (1:500, Santa Cruz), or
GAPDH (1:1,000, Santa Cruz) antibodies at 4 °C overnight.

Real-Time PCR
Total RNA was extracted using TRIzol (Invitrogen), and
random hexamers were used to prime reverse-transcription

reactions with SuperScript III (Invitrogen). Real-time quanti-
tative PCR was performed using an ABI 7300 detection
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system (Applied Biosystems) with SYBR Green I reagents
(Takara). The primers were the same as reported earlier
[19], and all other primers, including primers for real-
time PCR, are listed below. Transcript levels for each
gene were normalized to GAPDH cDNA levels accord-
ing to standard procedures. Data were derived from
three independent amplifications.

BDNF: 5'-atgggactctggagagectgaa-3'; 3'-gccagccaattetet

ttttge-5'

Mecp2: 5'-aagtctggccgatctgetgg-3'; 3'-atttgggcttcttaggt
ggtttc-5'

Bmall: 5'-tggagggactccagacattc-3'; 3'-tgggactactggatce
ttgg-5'

CREB: 5'-ctacaccagcttccecggt-3'; 3'-acggaaacagecgagete-5'

Maged1: 5'-agaacttacgaccctcaccta-3'; 3'-aagataatgcccag
aatcact-5'

GAPDH: 5'-ctcccaggaagaccetgctt-3'; 3'-ggaacagggagga
gcagaga-5'

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed with
mouse brain fixed with 4 % paraformaldehyde (PFA) solution
and stored at —80 °C before use. Brains were cut into small
(~1 mm”) pieces and chemically cross-linked by 1 % PFA in
PBS solution for 15 min at room temperature and then ho-
mogenized, resuspended, and lysed in TNN lysis buffer (100
mM Tris/HCI pH 8.0, 250 mM NaCl, 0.5 % NP-40) with
RNAse, followed by digestion of chromatin DNA with mi-
crococcal nuclease (Neb). TNN lysates were then incubated
with nuclease for 10-15 min at 37 °C (1 pl, 2,000 U) plus 1 ml
lysate plus 10 pl of 0.5 M CaCl,. The reaction was stopped
with 100 pl of 0.5 M EDTA on ice and then sonicated to shear
cross-linked DNA. We used a Branson S450 digital sonifier at
20 % power and delivered ten 30-s pulses (60-s pause between
pulses) during which all samples were immersed in an ice
bath. The resulting whole-cell extract was incubated overnight
at 4 °C with 30 pl of Dynal Protein G magnetic beads that had
been preincubated with 5 pg of the appropriate antibody.
Beads were washed five times with TNN lysis buffer and
once with 1x ChIP buffer. Bound complexes were eluted from
the beads by heating to 65 °C. Whole-cell extract DNA
(reserved from the sonication step) was treated to reverse
cross-link. Immunoprecipitated DNA and whole-cell extract
DNA were then purified by treatment with 50 mM NaCl and
proteinase K for 2 h at 65 °C with rotation. Purified DNA
samples were normalized and subjected to PCR analysis.
Antibodies used for pulldowns were CREB which was from
Cell Signaling and Maged1 which was from Oncogene. After
immunoprecipitation, recovered chromatin fragments were
subjected to semiquantitative PCR or real-time PCR for 40 cy-
cles, using primer pairs specific for 150-500-bp segments as
described in Table 1.
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Table 1 Sequences of ChIP quantitative real-time PCR primers

Gene Sense primer Antisense primer

bdnf Pl 5'-tgatcatcactcacgaccacg-3'  5'-cagcctctctctgagecagttacg-3'
bdnfPIV  5'-gcgceggaattctgattetggtaat-3'  5'-gagagggctccacgctgecttgacg-3'
atf4 5'-gtgataacctggeagcettcg-3'  5'-ggggtaactgtggcgttaga-3’

Neurexin 1 5'-cagggcctttgtcctgaata-3’  5'-gctttgaatggggttttgag-3'

egrl 5'-gtgcccaccactettggat-3' 5'-cgaatcggcctctatttcaa-3'
prkcz 5'-tgttgagtctgggccete-3' 5'-cctggeeteeggace-3'
Grin2a S'-tcggcettggactgatacgtg-3'  S'-aggatagactgeccctgeac-3'
Grin2b S'-ccttaggaaggggacgcttt-3'  5'-ggcaattaagggttgggttc-3’

Cell Cultures and Transient Transfection

HEK293 cells were grown in DMEM medium supplemented
with 10 % fetal bovine serum at 37 °C and 5 % CO, as
described previously. The cells were transiently transfected
with equal molar amounts of various luciferase-fusion con-
structs or pGL3-basic in serum-free growth media using
Lipofectamine-Plus reagent according to the manufacturer’s
protocol (Invitrogen). pRL-tK (Promega) containing the
Renilla luciferase gene was cotransfected in order to normal-
ize transfection efficiencies. For experiments that examined
the effects of exogenously expressed Magedl, mutant
Maged! fragment, luciferase-fusion reporter constructs, and
pRL-tK were cotransfected. The transfected cells were then
lysed 48 h after transfection, and the luciferase activities of the
cells’ lysates were determined using the dual-luciferase re-
porter assay system (Promega).

Fear-Conditioning Tests

Context-Dependent Fear Conditioning Training consists of a
3-min exposure of mice to the conditioning box (context)
followed by a foot shock (2 s, 0.7 mA). The memory test
was performed 24 h later by reexposing the mice for 3 min
into the conditioning context. Freezing, defined as a lack of
movement except for breathing associated with a crouching
posture, was recorded every 10 s by two trained observers
(who were blinded to the experimental conditions) over a
period of 3 min (a total of 18 sampling intervals). The number
of observations indicating freezing obtained as a mean from
both observers was expressed as a percentage of the total
number of observations.

Tone-Dependent Fear Conditioning Training consisted ofa 3-
min exposure of mice to the conditioning box, followed by a
tone (30 s, 20 kHz, 75 dB) and a foot shock (2 s, 0.7 mA). The
memory test was performed 24 h later by exposing the mice
for 3 min to a novel context followed by an additional 3-min
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exposure to a tone (10 kHz, 75 dB). Freezing was recorded
every 10 s by the two nonbiased observers as described above.

Morris Water Maze Test

The water maze paradigm was performed in a circular tank
(diameter 1.2 m) filled with opaque water. A platform
(11 emx 11 cm) was submerged below the water’s surface in
the center of the target quadrant. The swimming path of the
mice was recorded by a video camera and analyzed by soft-
ware. For each training session, the mice were placed into the
maze consecutively from four random points of the tank. Mice
were allowed to search for the platform for 60 s. If the mice
did not find the platform within 60 s, they were gently guided
to it. Mice were allowed to remain on the platform for 15 s.
Three training trials were performed every day, and the laten-
cy for each trial was recorded for analysis. During the memory
test (probe test), the platform was removed from the tank, and
the mice were allowed to swim in the maze for 60 s.

Statistical Analysis

Data are shown as means=SEM. Comparisons were per-
formed by Student’s ¢ test or two-way analysis of variance
followed by the Duncan new multiple range method or

Newman-Keuls test, as appropriate. A p value of <0.05 was
considered as statistically significant.

Results

Deficiency in Magedl Reduced Learning and Memory
Formation

To directly evaluate the physiological role of Maged1 in the
brain, the Maged] ™~ mice were trained using Pavlovian fear-
conditioning paradigms prior to a memory test 24 h later. The
Maged] ™~ mice showed the decreased freezing behavior in
both context- and tone-dependent fear learning compared with
the WT mice (Fig. 1a, b, p=0.036 and p=0.015, respectively).
The reduction in freezing behavior of the Maged1 '~ mice was
not attributed to motor defects or impaired pain sensation
because the WT mice and the Maged] "~ mice had similar
responses to electric foot shock at baseline and after training
(Fig. 1c¢).

To further evaluate the integrity of hippocampus-
dependent memory formation in the Magedl ™ mice, the
Morris water maze paradigm was utilized. The Magedl
mice showed an increased escape latency throughout the
training process at days 5 and 6 (Fig. 1d, p=0.041 and p=
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Fig. 1 Maged! deficiency reduces learning and memory formation. a, b
Maged1™~ mice showed significantly decreased freezing behavior during
the context- and tone-dependent memory tests compared with the WT
mice (Magedlf/ -, n=14; WT, n=19). ¢ The responses to electric shock
(ES) did not differ between the WT mice and Magedl "~ mice at baseline
and after training. d The Magedl™ mice showed increased escape

latency throughout the training process in the Morris water maze at days
5 and 6 compared with the WT mice. e The Maged]l ™ mice spent less
time in the target quadrant at day 7 than the WT mice (O, opposite
quadrant; R, right quadrant; L, left quadrant; 7, target quadrant). f Visual
function and swimming ability were not affected in the Maged1 ™ mice.
Data are shown as means+SEM; *p<0.05 compared with the WT mice
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0.031, respectively). A probe trial was further performed to
quantify the time spent in each quadrant of the swimming pool
when the hidden platform was removed from the pool. The
Magedl ™~ mice spent less time in the target quadrant than the
WT mice at day 7 (Fig. le, p=0.042). Comparable visual and
motor functions were observed between the Magedl™ and
WT mice in the visible platform test (Fig. 1f).

Deficiency in Maged1 Decreased Dendritic Spine Density

The synapse is widely assumed to be the cellular site for
learning and memory. We therefore assessed whether
Magedl regulates the density of dendritic spines and
synapse numbers. The density of dendritic spines along
individual dendrites of hippocampal CAl pyramidal
neurons and dentate gyrus granule cells was reduced
in the Magedl”~ mice compared with the WT mice
(»=0.005, Fig. 2a). The spine shape was not affected
by the expression of Magedl. The presynaptic terminals
of functional synapses were reduced in the CAl stratum

Fig. 2 Maged|1 deficiency a
decreases dendritic spine density.
a Representative images of Golgi
staining in the CA1 region of the
hippocampus. The density of
dendritic spines was less in the
Maged] ™ mice (Magedl ", n=
21 slices; WT, n=23 slices; scale
bar=10 um). b Representative
confocal images of the SVP-
immunoreactive signal in the

radiatum of the Maged1 ™~ mice compared with the WT mice
(Fig. 2b, ¢, p=0.007 and p=0.006, respectively).

Deficiency in Maged1 Impaired Hippocampal Synaptic
Plasticity

The reduction of dendrite spines in the Magedl ™ mice
prompted us to investigate whether the induction of synaptic
plasticity was affected in the Maged1™” mice. We recorded
field excitatory postsynaptic potentials (fEPSPs) from CAl
pyramidal cells in acute hippocampal slices from the mice.
Input-output curves were determined using measurements of
fEPSP slope in response to a series of stimulation intensities
from0.2to 1.0 mA (0.2,0.3,0.4,0.5,0.6,0.7,0.8, and 1 mA),
demonstrating that the Maged1 '~ mice exhibited a significant
decrease in the input-output relationship compared with the
WT mice (Fig. 3a). Secondly, we determined whether the
Schaffer CA3-CA1 hippocampal collateral pathway had any
deficits in activity-dependent synaptic plasticity by measuring
long-term potentiation (LTP). LTP was induced by two trains
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Fig.3 Maged] deficiency impaired hippocampal synaptic plasticity. a The
amplitude of the evoked fEPSP was significantly decreased in the
Magedl ™~ mice compared with the WT mice. b No difference was
observed in paired-pulse facilitation (PPF) between the Magedl ™~ mice
and WT mice. ¢ LTP induced by two HFS in the CA1 region was impaired
in the Maged1 ™~ mice. By 40 min, the fEPSP from the Maged] ™~ mice
decayed to the baseline (n=9 slices, 102.2+5.4 % compared with baseline)
whereas fEPSP from the WT mice remained potentiated (n=9 slices, 130.6
+4.9 % compared with baseline). /nsert in ¢ shows superimposed sample
sweeps from the first 5 min (gray) and last 5 min (black) of the recording.
Data are shown as means+SEM; *p<0.05 compared with the WT mice

of high-frequency stimulation (HFS). After recording a stable
baseline, HFS was applied to fibers of the CA3 presynaptic
neurons, and fEPSP was recorded extracellularly in the stra-
tum radiatum of the CA1 region for 90 min poststimulation.
Short-term synaptic plasticity, measured as posttetanic poten-
tiation after HFS, was unchanged in the Magedl "~ mice.
However, comparison of the Maged1 ™~ mice to the WT mice
revealed a significant decrease in LTP 90 min after LTP
induction (WT: 136.4 % versus Magedl ' 101.9 % at

90 min after HFS application, p=0.021; Fig. 3c). No signifi-
cant difference was observed in paired-pulse facilitation be-
tween the WT mice and Magedl ™ mice (Fig. 3b).

Deficiency in Maged1 Regulated CREB Activity

To further gain insight into the molecular mechanism underlying
the plasticity and memory impairments of the Maged1 ™ mice,
we examined the expression of genes involved in learning and
memory. In particular, we focused on BDNF and CREB, as these
two genes have been shown to play critical roles in synaptic
plasticity and, at the cellular level, to positively modulate synapse
formation [21]. We found that both mRNA and protein levels of
BDNF were significantly decreased in the Maged] "~ mice
hippocampus compared with the WT mice hippocampus
(Fig. 4a, b), while the mRNA and protein levels of CREB were
not changed in the Maged1™ mice (Fig. 4a, c). We next assayed
the interaction between CREB proteins and Magedl. We ob-
served the co-immunoprecipitation of Maged1 with CREB in the
brain of the WT mice, but not in the Maged1 ™ mice (Fig. 4d).
Because the expression of CREB was not altered in the
Magedl "~ mice, one possible explanation for the decreased
levels of BDNF is that CREB activity is downregulated. To
determine if Magedl regulated the CREB activity, we carried
out a cell line-based CREB activity reporter assay using a lucif-
erase reporter driven by a minimal promoter with CREB-binding
upstream elements. Compared with co-transfection of vector
alone, co-transfection of Magedl with CRE-Luc resulted in a
significant increase in CREB activity that was blocked if
ShRNApfagear Was delivered together with Magedl (Fig. 4e,
p=0.001).

Deficiency in Maged] Inhibited CREB-Dependent
Transcription

We next performed ChIP and assayed, by q-PCR, the extent to
which the following promoter regions were occupied by
CREB: BDNF, Atf, Nrxn, Grin, Prkcz, and Erg-1. In each
case, we found the decreased levels of promoter occupancy in
the Magedl "~ samples (Fig. 5a). Consistent with this, in the
Maged] ™ mice, the amount of Maged! binding to BDNF1
and BDNF4 was also reduced (Fig. 5b).

Maged] Interacted with CREB Through a Hexapeptide
Repeat Region

We then investigated which domain was responsible for the
activation of CREB and binding to CREB. The primary structure
of Maged1 comprises a MAGE/necdin homology domain and a
unique 25-hexapeptide repeat region. Mutant proteins were con-
structed that had deletions in the characterized domains (Fig. 6a).
Deletion of the unique repeat region completely abolished the
ability of Maged]1 to co-activate CREB activity (Fig. 6b).
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Fig. 4 Maged1 enhances the
transcriptional activity of CREB.
a Real-time PCR showed that the
level of BDNF and Bmalll
mRNA was reduced in the
hippocampus from the Maged1 ™~
mice (n=3 per group). b
Representative western blots are
shown in the upper panel. The
level of BDNF was decreased in
the hippocampus of the Maged1™
~ mice (n=3 per group). ¢ The
CREB level was not changed in
the hippocampus of the Maged1 ™
" mice. d Magedl deficiency b
impaired the interaction of
Maged1 and CREB. No co-
immunoprecipitation of Maged1
with CREB was observed in the
Magedl ™ mice. e Maged1
positively regulated CREB-
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Truncated Magedl was further assayed for interaction with
CREB by co-immunoprecipitation. Deletion of the hexapeptide
repeats was found to block the interaction of Magedl and CREB
(Fig. 6c).

Discussion
The MAGE genes encode many proteins that control cell
cycle, differentiation, and survival. In the present study, we

provided the following evidence that Maged 1 was required for

@ Springer

memory formation in mice: (1) Maged! regulates both syn-
apse formation and transmission. Loss of Maged1 expression
reduces the number of dendritic spines. This results in reduced
spatial learning capacities in the Maged1™~ mice. (2) Maged1
is further required for the regulation of CREB activity. In the
absence of Maged|1, the interaction of Maged1 with CREB is
prevented, leading to the downregulation of CREB-dependent
transcription. (3) The 25-hexapeptide repeat region in Maged1
is essential for the interaction of Magedl with CREB. In
HEK293T cells transfected with truncated Maged1, deletion
of the unique repeat region completely abolished the ability of
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Maged1™" mice. Following ChIP with CREB antibody from the WT or
Magedl ™ mice, a quantitative real-time PCR analysis was performed for
the presence of specific CREB target genes. b After ChIP with antibodies
to Maged] from the hippocampus, a quantitative real-time PCR analysis
was performed for the presence of specific BDNF1 and 4. Data are shown
as means+SEM; *p<0.05 compared with the WT mice

Maged1 to co-activate the CRE promoter, while the constructs
in which the MAGE domain was deleted retained co-activation
ability. Taken together, our data showed that Magedl binds
with CREB and regulates CREB-dependent transcription.
Interfering with this binding leads to impaired learning and
memory in mice.

Recent data showed that Magedl was involved in
depression-like behavior and the disruption of community
interactions through its ability to regulate the serotonin trans-
porter ubiquitylation and the mature oxytocin production,
respectively [16, 17]. Consistently, similar depression-like
phenotypes were observed in the present study (data not
shown). Although Mouri et al. reported unchanged cognitive
functions in their fear-conditioning test, this may be attribut-
able to the differences in the age of the animals tested (5—
6 months in the present study and 7 weeks in Mouri’s study)
and the stimulation protocol (one foot shock of 0.7 mA in the
present study and four foot shocks of 0.6 mA in Mouri’s
study). Indeed, the impaired learning and memory was also
observed in patients who had depression or a related disorder

and impaired learning and memory is one of the clinical
symptoms used for the diagnosis of these diseases. In the
present study, we also observed the decreased levels of
BDNF, which is one important factor in learning and memory
and is reported to be reduced in the brain of patients suffering
from depression. Furthermore, it was expected that there should
be more neurons in the Magedl "~ mice because Maged! is a
binding partner for the p75 neurotrophin receptors [7, 8].
However, there were decreased BDNF levels, and thus a
reduction of ligand, as found in the brains of Maged1 ™ mice.
This suggested the possibility that, in addition to the direct
effects of Magedl on serotonin transporter, oxytocin and a
BDNF decrease could also contribute to the phenotypes ob-
served in the Magedl ™~ mice.

Maged1 which is discovered in bone marrow stromal cells,
also known as DIxin-1 or NRAGE, is a member of the type II
MAGE-D family and contains a unique domain of 25 consec-
utive hexapeptide repeats with a consensus sequence of
tryptophan-glutamine-x-proline-x-x (WQxPxx, where x is
any amino acid) that is hypothesized to be instrumental in its
function [7, 15, 22, 23]. Maged1 functions as an adaptor that
mediates multiple apoptotic pathways through distinct input
signals, such as bone morphogenetic protein, Ror receptor
kinases, the anti-apoptotic factor CHE-1, and the axon guid-
ance receptor UNC5SH [10, 24-26]. Through binding with
RING domain protein XIAP and TAP proteins, Magedl me-
diates p38 activation and thus facilitates the apoptosis of
neural progenitors [14, 24]. Furthermore, Maged1 was report-
ed to regulate DIx/Msx-mediated transcription by cooperating
with necdin, another MAGE family protein [27, 28]. The high
intensity of Maged1 signals is detected in progenitor cells in
the neuroepithelia and subventricular regions in the develop-
ing embryo and is also detected in most adult tissues, predom-
inantly in the cortex, hippocampus, olfactory bulb, hypotha-
lamic and amygdaloidal nuclei in adult mice [11, 18, 29].
Previous studies reported that Maged 1 knockout mice showed
depressive-like behavior, disruption of community interac-
tions, and impairments of circadian rhythm, further demon-
strating the functional importance of Maged! in neurons.

Here, we observed that Maged1 interacted with CREB and
regulated learning and memory, which found to be the addi-
tional functions of Magedl in the central nervous system.
Memory formation begins with the activation of signalling
pathways at the membrane of dendritic spines. The signalling
cascades reach the nucleus, where transcription factor func-
tions are modulated that results in changes in gene expression.
Newly synthesized proteins cause long-term changes in cell
function, such as the growth and maturation of new dendritic
spines. During memory formation, the CRE-mediated regula-
tion of gene transcription is one of the important ways the
organisms adapt to environments. Transcription factors from
the CREB/CRE modulator (CREM)/activating transcription
factor 1 (ATF-1) gene family bind to CREs in the promoter
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Fig. 6 Maged| interacts with
CREB through a hexapeptide
repeat region. Construct strategies
for truncated Flag-tagged
Maged]1. b Effects of truncated
Maged1 on CREB activity in
HEK 293 T cells. Magedl lacking
the 25 hexapeptide repeats
(Magedl AB) impaired the
ability to activate CRE promoter.
¢ Co-immunoprecipitation assays
of HEK 293 T cells using Flag-
tagged truncated Maged1 as
indicated. Deletion of the unique
hexapeptide repeat domain
abolished the interaction between
Magedl and CREB. Data are
shown as means+=SEM;
**¥p<0.001 compared with the
vector group; ##p<0.01
compared with the Maged1 group
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regions of different genes and mediate the response of the cell
to extracellular stimuli [30-32]. CREB was the first charac-
terized CRE-binding factor [33, 34]. Numerous studies have
established a strong connection between CREB and neuronal
plasticity [35-38]. Loss-of-function manipulations of the most
abundant CREB isoforms expressed in the mouse brain
(CREB&/A) resulted in impaired LTP and deficits in several
types of memories, including spatial, contextual, and cued
memory [39—42]. These results were then followed by many
studies which confirmed the essential role of CREB in mem-
ory in numerous additional species, brain regions, and learn-
ing systems. Several reports also described that the overex-
pression of activated forms of CREB resulted in the enhance-
ment of long-term memory [43—47]. However, Balschun et al.
[48] generated a mouse in which the expression of all CREB
isoforms was either absent or limited and found no effect on
late-phase LTP. The observation that different genetic manip-
ulations of CREB produce diverse effects on learning and
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memory indicated that CREB functioned as a rate-limiting
“molecular switch” in its biochemical pathway.

Taken together, as a multifunctional protein, after having
withdrawn from the cell cycle, Maged1 could perform alter-
native “non-canonical functions” that regulate neuronal plas-
ticity by modulating CREB-related transcription, including
the expression of BDNF. This would then impair synapses
and thus impair learning and memory. A more profound
understanding of the Magedl mechanism by which Maged1
enhances transcriptional activity can provide an excellent
model system to gain better insight into the mechanisms of
learning and memory and the pathophysiology of associated
diseases.
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