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Abstract

Grb2-associated regulator of Erk/MAPK (GAREM), is an adaptor protein related to the several cell growth factor
receptor-signaling. The GAREM family has two subtypes, GAREM1 and GAREM2, both encoded in the human and
mouse genome. Recent genome-wide research identified GAREM?2 as a candidate of neurodegenerative diseases.
Here, we use knockout (KO) mice to show the role of GAREM?2, that is highly expressed in the brain. According to
the comprehensive behavioral battery, they exhibited less anxiety both in elevated plus maze and open field tests,
mildly increased social approaching behavior in the reciprocal social interaction test, and longer latency to
immobility in the tail suspension test as compared to wild-type (WT). Additionally, the extension of neurites in the
primary cultured neurons was suppressed in ones derived from GAREM2 KO mice. Furthermore, we also identified
Intersectin, as a binding partner of GAREM2 in this study. Intersectin is also a multi-domain adaptor protein that
regulates endocytosis and cell signaling, which can potentially alter the subcellular localization of GAREM2. The
important molecules, such as the neurotrophin receptor and Erk family, that are involved in the signaling pathway
of the neural cell growth in the mouse brain, have been reported to participate in emotional behavior. As GAREM
plays a role in the cellular growth factor receptor signaling pathway, GAREM2 may have a common role related to
the transduction of Erk signaling in the higher brain functions.
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Introduction

Adaptor proteins mediate protein—protein or protein—
phospholipid interaction through their representative
functional domain such as SH2 (Src-homology 2), SH3,
pleckstrin homology, and phosphotyrosine binding
domains [1, 2]. These interactions are indispensable for
signaling pathways of various cellular growth factors at
the plasma membrane to the nucleus [3, 4]. Malfunction
of some adaptor proteins by genetic alteration are closely
linked to human disease; thus, numerous adaptor
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proteins have been identified and characterized for their
physiological functions. Among these, Grb2 (growth fac-
tor receptor-bound protein 2), Gab (Grb2-associated-
binding protein) and IRS1 (insulin receptor substrate 1)
have been characterized precisely. They play significant
role in physiological functions such as cell growth and
differentiation, and are also implicated in the pathology
of several human diseases [5—10]. In mammals, the Gab
and IRS families include subtypes with functional differ-
ences, classified as per their expression in various organs
[11-13]. The three subtypes of Gab 1-3 are widely
expressed in various mammalian tissues. Using individ-
ual Gab knockout (KO) mice, abnormal Gab protein sig-
naling has been linked to cancer, cardiovascular disease,
and inflammatory disorders [14-17]. As compared to
over 20 years of work on these adaptor proteins, Grb2-
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assocaiated regulator of Erk/MAPK (GAREM) family
that we found has been analyzed in this decade [18, 19].
Therefore, precise characteristics and aspects of this
family are still unknown.

Previously, we performed proteomic analysis of tyro-
sine phosphorylation using the epidermal growth factor
(EGF)-treated A431 cell line, which highly expresses
EGF receptor (EGFR) in human epidermoid carcinoma
[20-22]. GAREM1 (or FAM59A) was originally identi-
fied as tyrosine phosphorylated protein in our phospho-
proteomics studies, expressed ubiquitously in human
tissues and a wide variety of cultured cells [18]. Then,
the homologue of this molecule, GAREM2 (or FAM59B)
that is highly expressed in mammalian brain tissue was
also studied [19]. Even from the analysis using the cul-
tured cells, the molecular mechanism of GAREM family
involved in growth factor signaling has been relatively
well-studied by biochemical and cell biology approaches.

In the growth factor-stimulated cells, the binding of
GAREM to SH3 domain of Grb2 is mediated through its
proline-rich motif, and to SH2 domain of Shp2 (Src
homology 2-containing protein tyrosine phosphatase 2)
via its tyrosine phosphorylated ITIM (immunoreceptor
tyrosine-based inhibitory motifs) [23, 24]. Consequently,
the expression of GAREM has an effect on regulating
the activation of Erk.

In addition to these common characters of both GAREM
subtypes, subcellular localization of each subtype was differ-
ent, depending on the nuclear localization sequence, as
seen in only GAREMI. Furthermore, the mechanism of
GAREM1-specific nuclear localization cooperated with its
binding protein, 14—3-3¢ has been characterized [25]. How-
ever, the physiological functions of each GAREM subtype
in human and mouse body are still obscured.

Unlike biochemical studies, however, smart innovation
in biological and biomedical research, especially in
genome-wide screening technology that uses new- gen-
eration sequencers, have revealed numerous novel genes
related to various diseases [26—28]. On the meanwhile,
GAREM?2 has been identified as a new positive effecter
related for two neurodegenerative diseases—Alzheimer’s
and Huntington’s disease [29].

To elucidate the physiological functions of GAREM2
and its relationship with human diseases, studies using
its KO mice are necessary. In this study, we generated
GAREM2-difficient mice and conducted comprehensive
behavioral battery.

Materials and methods

Generation of KO mice

The GAREM2 conditional KO mice (Accession No.
CDB1256K; http://www2.clstriken.jp/arg/mutant%20mice%2
Olisthtml) were generated as described (http://www2.clst.
rikenjp/arg/methods.html). The mouse GAREM2 gene
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comprises 6 exons located in chromosome 5 B1. The target-
ing vector was designed to delete exon4 containing the
proline-rich region with a frt/PGK-Neo-pA/frt/loxP/exon4/
loxP cassette (http://www2.clstrikenjp/arg/cassette.html),
and the targeting vector was constructed as described
(http://www2.clst.riken jp/arg/protocol.html). Southern blot
analyses with a 5’ probe were performed using genome
DNA derived from wild-type (WT) TT2 ES cells [30] and
homologous recombinant clones. Next, 102k base pairs
(kbp) from a WT and 8.8 kbp from a mutant were analyzed
by Southern blotting using a digoxigenin labeling and detec-
tion system (Roche). Chimeric mice were obtained from two
distinct clones and mated with C57BL/6] female mice. The
heterozygous offspring were identified by genomic PCR and
Southern blotting analysis with a 5" probe as indicated in
Fig. 1a. To delete the region of the target genomic GAREM2
gene (exon 4) between both loxP sequences, we crossbred
the heterozygous mice with CAG-Cre mice [31] to create
global knockout GAREM2 mice. Following this, we cross-
bred the heterozygous mice with CAG-FLP mice [32] to
delete the neomycin-resistance gene between both FRT
sequences from the germline. These offspring were identi-
fied by genomic PCR (5'- GACAGCTTAAGAGGAAGG
GACTGG-3’; forward primer: P1, 5'- CACGGAGCCT
CCGTGGTC-3'; reverse primer: P2). The expected sizes
of DNA fragments were 1242 bp from the WT and 289 bp
from the mutant in genomic PCR experiments (Fig. 1b).

All protocols for the animal use and experiments were
reviewed and approved by the Animal Care Committees of
the Prefectural University of Hiroshima, and the Institutional
Animal Care and Use Committee (IACUC) of RIKEN Kobe,
and Wako Branch. All efforts were made to minimize animal
suffering. Mice were housed under specific pathogen-free
(SPF) conditions at 24 +2°C in a room with a 12-h light/
dark cycle (light on at 8:00 a.m. and off at 8:00 p.m.) and had
access to autoclaved food and water ad libitum.

Behavioral test battery

Animals and experimental design

The mice used for the behavioral test battery were gen-
erated by in vitro fertilization (IVF) after backcrossing
for next 10 generations using the C57BL/6] reference
strain. All experimental mice were male GAREM2 KOs,
and WT littermates were used as the controls. They
were housed as two pairs of WT and GAREM2 KO
mice. The behavioral test battery was performed for the
screening of mouse behavioral phenotype and comprised
the order that is thought that there is less stress to give
mice (Fig. 2a) [33]. Unless otherwise noted, all behav-
ioral tests performed in sound proof rooms, at about
100 Ix and the mice were habituated for at least 30 min
in the test rooms before all behavioral tests. After each
session, the apparatuses were carefully cleaned with a so-
lution of 70% ethanol or water to remove any odor cues.
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Fig. 1 Disruption of the GAREM2 gene in mice. a Schematic representation of the GAREM?2 targeting vector, the mouse GAREM2 gene, the
targeted allele, and the deleted allele. A neomycin-resistance gene with a Pgk1 promoter and polyadenylation signal (PrNeopA), FRT sequences,
and the loxP sequences are shown by open boxes, dark triangles, and filled triangles, respectively. PrDT-ApA is a diphtheria toxin A fragment
gene with a MC1 promoter and rabbit 3-globin gene poly A signal for negative selection [50 = 30]. Positions of probes used for Southern blotting
analyses with Hincll are also shown. The targeted alleles after Cre-recombination are shown at the bottom. b Southern blotting analysis of mouse
tail genomic DNA of WT and chimeric mouse with the targeted allele. The 8.1 kbp band corresponds to the WT allele, and the 10.2 kbp band
corresponds to the targeted allele involving the neomycin gene. ¢ Genotyping mice by PCR after mating with CAG-Cre transgenic mouse. Mice
or MEF were routinely genotyped by PCR using two primers {P1 and P2}. The P1/P2 primer set yielded the 1242 bp product from the WT and the
289 bp product from the mutant allele. d Characterization of mouse GAREM2 protein. Detection of endogenous mouse GAREM2 with anti-
GAREM?2 antibody. Protein expression of GAREM2 (upper), and -actin (lower) in mouse tissues. Endogenous GAREM?2 in the WT lysate is
indicated by an arrow. Total cell lysate (20 ug) of heart, brain, and Liver from male WT and KO mice at 8 weeks of age were separated by SDS-
PAGE and analyzed by immunoblotting with each antibody (right panels). e Expression of GAREM2 in nine brain regions. The nine brain regions
were dissected and sampled from adult WT (left) and KO (right) male mice, and the total cell lysates were separated by SDS-PAGE and
immunoblotted with an 3-actin loading control (bottom panel). FLAG59Bfull indicates the total cell lysate of COS-7 cells transfected with FLAG-
tagged GAREM2, which was immunoprecipitated with anti-FLAG antibody and used as a positive control

General health and neurological screen (GHNS) was a somatometric test that allowed the researchers, to
A general health and neurological screen were con- practice mice handling, as well as allowing habituation
ducted, as previously described [34]. The experiment of the mice to the researchers. We investigated the state
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a
age (weeks) Behaviral test (Measurement items)
1:General Health/Neurological Screen (Whisker, Coat state, Body weight, and so on)
6 2:Elevated Plus maze (Anxiety-like behavior)
3:Neuro Muscular test (Muscle strength, Neuroreflex)
4:Light/Dark transition (Anxiety-like behavior)
7 5:0pen Field test (Motor activity, Anxiety-like behavior)
6:Hot Plate (Pain sensitivity)
8 7:Y maze (Spontaneous alternation performance)
8:Direct Social Interaction (Social behavior)
9:Rotarod (Coordinated movement, Motor learning)
9 10:3Chamber Social Interaction (Social behavior)
10 11:Self Grooming(Spontaneous activity)
1" 12:Nobel Object Recognition test (Reference memory)
13:Acoustic response / Pre-pulse inhibition (Audition, Startle reaction)
12 14:Tail Suspension test (Model in depression)
12-14 15:Morris Water Maze (Reference memory, Working memory, Learning ability)
15 16:Fear Conditioning (Contextual memory, Attention)
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Fig. 2 Behavioral battery list and overview of the results in GAREM2 KO mice. a The test name, measurement items for each test, and the date
and age of the mice are shown. The results with difference in trend (p < 0.05 and g < 0.1) between WT and KO mice are indicated in bold. The
results with no significant difference are shown in Additional file 2. b GAREM2 KO mice showed normal general health condition (GHNS). Graph
showing the body weights of GAREM2 KO and WT mice. The body weight of the mice was measured, and the state of whiskers and coat were
also noted. ¢ Body weight changes in GAREM2 KO mice and WT mice during the behavioral test battery. N =16 for each genotype. Error bars
indicate SEM, and two-way repeated measures ANOVA was used for statistical analysis

of the whiskers, coat (presence of bald patches), righting
reflex, ear twitch response and body weight of the mice.

Elevated plus maze test

The experiment was performed to assess anxiety-like be-
havior of mice and was conducted as previously de-
scribed [35, 36]. The elevated plus maze consisted of
two open arms (25 x 5 cm) and two enclosed arms of the
same size, with 15 cm high transparent walls. The arms
and central square were made of white plastic plates and
were elevated to a height of 50 cm above the floor. To
minimize the likelihood of animals falling from the ap-
paratus, 5 mm high Plexiglas ledges surrounded the open
arms. Arms of the same type were arranged at opposite
sides to each other. At first, each mouse was placed in

the central square of the maze (5 x 5 cm) facing the left side
enclosed arms. Time spent in each of the arms was re-
corded for 10 min. Data acquisition and analysis were per-
formed automatically using Image EP software (Time EP2
for Elevated Plus Maze, O Hara & Co., Tokyo, Japan).

Open field test

Locomotor activity of mice was measured using an open
field (OF) test. Each subject was allowed to move freely
in the open field apparatus (50 x 50 x 30 cm; O’Hara &
Co.) equipped with photocells (beam spacing 2.5cm,
beam diameter 4 mm, beam frequency 50 Hz) for detect-
ing vertical activity of subject mouse. Total distance
traveled, vertical activity (rearing measured by counting
the number of photobeam interruptions), time spent in
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the center area of the open field were recorded for 120
min by Time OFCR4 (O’hara & Co.). The center area
was defined as an inner section whose perimeter was 10
cm away from each of the walls. Anxiety index was
calculated as the time spent in the center area: total dis-
tance ratio in first 15 min [36].

Direct social interaction test (one-chamber social
interaction test)

The reciprocal social interaction test was performed with
a modified procedure from a previous study [37, 38].
Firstly, habituation to the open field was performed for
each mouse, 10 min prior to the test session. Two mice
of identical genotypes housed in different cages were
placed in a chamber (50 x 50 x 50 cm; O’'Hara & Co.)
with dim light (101x) and were allowed to move freely
for 10 min. These two mice were not only identical of
genotype but also of same age and sex and, had similar
body weight. In this test, a pair of mice was used as a
sample. Images were captured at the frame rate of two
per second by a CCD camera located above the field. If
the two mice contacted each other or stayed near, it was
defined as “Direct interaction time” and “Approached
time”, respectively. To avoid observer bias, the analysis
of each time was performed automatically using home-
made macro in the Image] software.

Tail suspension test

The tail suspension test was performed to evaluate mouse
depressive-like behavior [39]. At first, the subject mouse
tail was fixed on the metal plate with adhesive tape, which
was placed approximately 1 cm from the tip of the tail and
suspended 30 cm above the floor in a visually isolated
chamber. Immobile behavior was recorded for 10 min.
Data acquisition and analysis were performed automatic-
ally using Image TS software (O’'Hara & Co.). Latency to
the first bout of immobility was defined as more than 5
segment of time spent immobile [40].

Statistical analysis

Behavioral data were obtained automatically by custom-
ized software (O’Hara & Co.). Statistical analysis was con-
ducted using StatView Ver 5.0 (SAS Institute, Cary, NC,
USA). Data were analyzed by a two-way analysis of vari-
ance (ANOVA), two-way repeated-measures ANOVA, or
unpaired t-test. Unless otherwise noted, p values donate
the genotype effect. The criterion for significance was set
at p <0.05.

Neuronal primary culture of mouse hippocampus

Hippocampal neurons were obtained from the embry-
onic brains at embryonic age 17.5days (E 17.5) of
GAREM2 heterozygous female mice that were bred with
GAREM2 heterozygous male mice. The hippocampi of
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the embryonic brains were dissected briefly in calcium
and magnesium free Hank’s Buffered Salt Solution
(CME-HBSS) on ice under an optical microscope (SZX7,
Olympus, Tokyo, Japan). The hippocampi were dissoci-
ated with Neuron Dissociation Solutions (code: 291-78,
001, Wako, Tokyo, Japan) according to the manufac-
turer’s protocol (www.sumibe.co.jp/ww-attaches/110.
pdf). The dissociated neurons were seeded in Neural
Plating Medium (NPM), Minimum Essential Media
(MEM; Gibco) containing 5% fetal bovine serum (FBS),
2 mM L-glutamine, 0.6% D-glucose, 100 U/mL penicillin
and 100 pg/mL streptomycin. Between 4 and 6h after
seeding, the neurons were cultured in a humidified incu-
bator at 37 °C and 5% CO,. The medium was changed to
Neuronal Maintenance Medium (NMM), neurobasal
containing 1x MACS NeuroBrew-21 (50x stock solution,
Miltenyi Biotec), 0.5 mM L-glutamine, 100 U/mL penicil-
lin and 100 pg/mL streptomycin. The neurons were cul-
tured in an incubator.

Analysis of neurite outgrowth

To measure the length of neurites, and to maintain the
viability of the hippocampal primary cultured neurons,
the neurons were seeded on to coverslips in 12-well
plates that were pre-coated with poly-L-lysine (PLL) (di-
luted to 0.1 mg/mL with 0.1 M borate buffer) (Sigma) at
a density of 5.0 x 10* cells/well. The dissociated cells
were counted by using the TC20 Automated Cell Coun-
ter (CatNO.#145-0101, BioRad). On in vitro day 3
(DIV3), cells were fixed with 4% paraformaldehyde and
2% sucrose in 0.1 M phosphate-buffered saline (PBS)
and then processed for immunocytochemistry. The im-
munostained neurons were observed and scanned using
the VS120-S5-] slide scanner (Olympus) and converted
into each image to analyze neurites using OlyVIA 2.9.
(Olympus) software and Image]. The length of neurite
was measured with Neuron] [41]. Statistical analysis was
conducted using StatView Ver. 5.0.

Immunocytochemistry and confocal microscopy analyses

Neurons were fixed with 4% paraformaldehyde/0.1 M
PBS for 15-20 min at room temperature. The cells were
washed twice with 0.1 M PBS and three times 0.3% Tri-
ton X-100 diluted with 0.1 M PBS (PBST). Cells were
blocked with 5% normal goat serum diluted with PBST
for 1h at room temperature. The neurons were incu-
bated with primary antibodies diluted with the blocking
buffer overnight at 4 °C. The primary antibodies used for
this study were anti-Map 2 chicken polyclonal antibodies
(1:5000) (Cat. No. ab5392, Abcam, UK) and anti-Tau
rabbit polyclonal antibodies (1:500) (Cat. No. ab64193,
Abcam). The neurons were washed with PBST three
times and then incubated with secondary antibodies
diluted with the blocking buffer for 2h at room


http://www.sumibe.co.jp/ww-attaches/110.pdf
http://www.sumibe.co.jp/ww-attaches/110.pdf

Nishino et al. Molecular Brain (2019) 12:94

temperature. The secondary antibodies used for this study
were the anti-chicken goat IgY conjugated with Alexa
Fluor 488 (1:1000) (Cat. No. ab150169, Abcam) and anti-
rabbit goat IgG conjugated with Alexa Fluor 568 (1:500)
(Cat. No. A-11019, Invitrogen, USA). The cells were
washed with PBST three times, 0.1 M PBS three times,
and 0.1 M phosphate buffer once. Following this, the neu-
rons seeded on the coverslips were mounted on glass slide
using VECTASHIELD Mounting Medium with DAPI
(Cat. No. NC9524612, Vector Laboratories, USA).

To express GFP-fused intersectin2 (ITSN2) [42] in the
cultured cells, the full-length human GAREM2 cDNA
was inserted into a pEGFP-C3 vector [19] was described
previously. Transfected and non-transfected cells were
fixed with 5% formaldehyde in phosphate-buffered saline
(PBS) for 10 min, washed with PBS, permeabilized with
0.1% Triton X-100 in PBS for 10 min, and then washed
with PBS once more. Following a blocking step with 3%
bovine serum albumin in PBS for 30 min, the primary
antibodies, as illustrated in the Fig. 6, were applied for 1
h. After washing with PBS, the cells were incubated with
the appropriate secondary antibodies conjugated with
Alexa fluorescent dyes (Molecular Probes) for 45 min. If
necessary, the nuclei were simultaneously stained with
2 M Hoechst 33342 (Molecular Probes). Finally, the
cells were rinsed three times with PBS and mounted
onto microscope slides with ProLong Antifade reagents
(Molecular Probes). Images were captured using an
Olympus BX51 fluorescence microscope or an FV10i-
LIV laser scanning confocal microscope with a 10, and
60 x 1.0 numerical aperture Plan Apo objective. The fig-
ures were prepared using Adobe Photoshop.

Immunoprecipitation and immunoblot analysis

The following procedures were carried out at 0—4°C.
The mouse brains (dissected to eight regions (Fig. le) in
1x Hank’s Buffered Salt Solution) and the cultured cells
were lysed in a lysis buffer containing 20 mM Tris (hy-
droxymethyl) aminomethane (Tris)-HCI (pH 7.5), 1 mM
EDTA, 10 mM dithiothreitol (DTT), 1% Triton X-100,
150mM NaCl, 10mM NaF, 1mM Na3VO,, and a
complete protease inhibitor cocktail (Roche) to produce
a total-cell lysate (TCL). For the immunoprecipitation
experiments, the TCL was centrifuged, and the super-
natant was incubated for 2h with either the mouse
GAREM?2 antibody or an anti-FLAG affinity gel (Sigma).
Protein G-Sepharose (GE Healthcare Life Sciences) was
added, and the resulting mixture was rotated at 4 °C for
1h. The beads were subsequently washed three times
with the lysis buffer. The processed samples were boiled
in sodium dodecyl sulfate (SDS) sample buffer, separated
by SDS-polyacrylamide gel electrophoresis (PAGE), and
transferred onto an Immobilon-P membrane (Millipore).
Immunoblot analysis was carried out using primary
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antibodies, as described in the figure legends. Immunore-
active bands were visualized using horseradish peroxidase-
conjugated anti-rabbit or anti-mouse IgG and ECL re-
agent (GE Healthcare Life Sciences).

Reagent, cell culture, antibodies and transfection

COS-7 and SH-SY5Y cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS, 100 pg/mL streptomycin, and 100 U/mL
penicillin. Plasmid transfection into COS-7 cells was car-
ried out by electroporation using a Gene Pulser (Bio-
Rad). Preparation of the polyclonal anti-GAREM?2 has
been described previously [19]. The anti-FLAG M2,
anti-ITSN1 and 2 (Sigma) were obtained commercially.

Cloning of the SH-SY5Y stable cell line

The c¢cDNA for expression of the N-terminal FLAG-
tagged GAREM2 was inserted into pQCIXP (TAKARA-
Clontech), and the resulting plasmid was used for gener-
ating retrovirus expression vector. The empty vector was
used as a control. The packaging cells (AmphoPackTM-
293 cell line; TAKARA-Clontech), were transfected with
the appropriate retroviral expression construct by elec-
troporation. Culture supernatants were collected after
48 h post-transfection and centrifuged. SH-SY5Y cells
were infected with the viral supernatants in the presence
of 8 ug/ml Polybrene (Sigma) for 12 h, after which the
medium was changed. Following infection, cells were se-
lected with 2 pg/ml puromycin.

Statistical analysis

The data obtained in this study are expressed as mean +
standard error (S.E.). Statistically significances of the dif-
ferences were determined by comparing between groups
using one-way analysis of variance (ANOVA) and the
Tukey-Kramer test. A P-value <0.05 was regarded as
significant. To control type I error in behavioral battery,
we calculated q value which is an extension of a quantity
called the false discovery rate as a multiple hypothesis
correction [43]. Each q value was shown in figures when
p value was less than 0.1. All statistical results were
shown in Additional file 1: Table S1.

Results

Generation of conditional GAREM2 KO mice

To investigate the role of GAREM?2 in mice, we gener-
ated a conditional null allele of GAREM?2 gene. Target-
ing of GAREM2 gene was performed by introducing a
frt/PGK-Neo-pA/frt/loxP/exon4/loxP cassette into in-
tron 2 and loxP sites into intron 4 regions through hom-
ologous recombination in mouse TT2 ES cells (Fig. 1a).
Germline transmission was confirmed by PCR and
Southern blotting analysis (Fig. 1b). We generated the
global KO by mating GAREM?2-floxed mice with CAG-
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Cre transgenic mice, which express Cre recombinase
ubiquitously, allowing for the generation of GAREM2 */~
mice. After deleting the neomycin-resistance gene by
crossbreeding with CAG-FLP mice, heterozygous mice
were then intercrossed to produce homozygotes. The
mutation deleted a region including the neomycin-
resistance gene and exon4 was confirmed by genomic
PCR (Fig. 1c). GAREM2 KO mice were viable and fertile,
and showed no obvious differences compared with WT
mice in the 12 weeks following birth. We have previously
reported that GAREM?2 is highly expressed in the brain.
Using mouse GAREM2-specific antibody, we detected a
GAREM2 protein band in the lysate of whole brain of
mouse but not in that of KO mouse (Fig. 1d). To eluci-
date the expression of GAREM2 in detailed regions of
the brain, we performed western blotting analysis. The
brain of adult WT male mice were dissected into nine
regions and the total lysates were used for immunoblot-
ting with an anti-GAREM2 antibody. The results
suggested that the GAREM2 protein may be expressed
in all nine regions of the brain (Fig. 1e).

GAREM2 KO mice were born without complications
and exhibited normal physiological development. How-
ever, we observed that the KO mice were sensitive to
sounds and objects, e.g., researchers’ hands, in compari-
son with other mice. Therefore, we performed mice
behavioral analysis (behavioral test battery) with the
GAREM2 KO mice to characterize the phenotype of its
behavior.

GAREM2 KO mice showed normal general health
Figure 2a shows the list and the summary of the results
of mouse behavioral test battery performed in this study.
Sixteen male mice representing each genotype were
used. The body weight evaluations suggested that
GAREM?2 KO and WT mice had almost the same body
weight (Fig. 2b). No physical abnormalities were seen in
any mice. Therefore, the effect of knocking out
GAREM?2 did not bring about any physical abnormalities
in mice. Moreover, the body weights of GAREM2 KO
and WT mice during the behavioral test battery were
similar (Fig. 2c).

GAREM2 KO mice exhibited reduced anxiety-like behavior
in the elevated plus maze (EPM) test, and tended to be
higher social interaction

In an EPM test, the longer time spent in the open arms
indicated the low anxiety levels in mice. The time (%)
spent in the open arms by GAREM2 KO mice was trend
to be increased compared to WT mice (Fig. 3a and b).
Our results of the EPM test suggested that, GAREM2
KO mice demonstrated lower anxiety compared with
WT mice.

Page 7 of 13

In the direct social interaction test, the combined total
of closed time and direct interaction time and was de-
noted as “social interaction time”. It can be seen that,
GAREM2 KO mice tended to have longer periods of
closed time than WT mice (Fig. 3c). However, the two
groups did not differ in the direct time and social inter-
action time (Fig. 3d and e). Therefore, GAREM2 KO
mice had mildly high social approaching behavior.

GAREM2 KO mice exhibited increased exploratory activity
and reduced novelty-induced anxiety

The measured parameters of total travelled distance,
time spent in the center area and rearing number for
total duration time (120 min) were not shown to differ
greatly between GAREM2 KO and WT mice in the open
field test (Fig. 4a-c). However, the analysis of the first 15
min, often regarded as the most important period in a
new environment, GAREM2 KO mice had a trend to
spend longer time in the center area, and the number of
the KO mice rearing was more than that of WT mice
(Fig. 4d and e). In the open field test, the time spent in
the center area and rearing number are used as indexes
for novelty-induced anxiety and exploratory locomotor
activity, respectively. In addition, we utilized the ratio of
center/total locomotor activity to assess anxiety.
GAREM2 KO mice presented a higher anxiety index
compared to the WT mice (Fig. 4g). In the open field
test, the higher anxiety index indicates the lower the
anxiety in the mouse. Consequently, GAREM2 KO mice
were more active and exhibited lower anxiety than the
WT mice.

GAREM2 KO mice exhibited longer latency to immobile
behavior than WT mice

GAREM2 KO mice were subjected to the tail suspension
test, a mouse behavior test for validating the susceptibil-
ity for depressive stress. We verified depression like be-
havior by two parameters including total time of
immobility and latency to first bout of immobile (5s <).
No significant differences in immobility (%) were de-
tected between the two genotypes (Fig. 5a and b). How-
ever, the latency to the first incidence of immobility in
GAREM2 KO mice showed a tendency to be longer than
in WT mice (Fig. 5¢).

GAREM2 regulated neurite outgrowth, and effects of ITSN
on the subcellular localization of GAREM2

According to behavioral tests, loss of GAREM2 causes
some emotional changes in mouse. We also performed
morphological analyses in cellular level to elucidate the
mechanism of these behavioral phenotypes. Although
the GAREM2 protein is distributed in widespread of the
mouse whole brain, apparent abnormalities of brain
structure were not detected (data not shown). In the
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previous study, the result of knockdown experiments
using small interfering RNA (siRNA) in a neuroblastoma
cell line (SH-SY5Y) suggested that GAREM2 is a regula-
tor of IGF-1-induced neurite outgrowth [19]. Therefore,
we analyzed neurite outgrowth with GAREM2 KO
mouse primary cultured hippocampal neurons. The total
length of neurites (including axons and dendrites) in the
primary cultured neurons of GAREM2 KO mice was
shorter than WT neurons (Fig. 6a and b).

Grb2 and Shp2 have been identified to bind to
GAREM2 in our hands. Additionally, it has been re-
ported that GAREM2 was a candidate of the binding
partner of ITSN family that is a multi-domain scaffold
protein by yeast two hybrid system [44]. In the present
study, we confirmed the interactions between ITSN and
GAREM?2 protein in mammalian cultured cells. To iden-
tify the protein binding to GAREM2 in neuronal cells,
we have established the SH-SY5Y cell line stably

expressing FLAG-GAREM2. Interestingly, the FLAG-
GAREM?2 expressing cells induced the neurite out-
growth in the normal growth medium (Fig. 6c). In these
cell lines, association of GAREM2 and both ITSN sub-
types was confirmed by immunoprecipitation (Fig. 6d).

According to the analysis of KO mice, ITSN1 has an
essential and novel role in axonal growth at the cortical
midline as well as in spatial learning [45]. ITSN is a
dynamin-binding protein implicated in numerous func-
tions of the nervous system, including synapse formation
and endocytosis. Therefore, both ITSN1 and 2 are local-
ized is in the cytosol forming an endosomal vesicle. The
FLAG-GAREM2 in COS-7 cells transfected with only its
expression vector was widely distributed in the cytosol
(Fig. 6e). Additionally, we observed an interesting
phenomenon wherein ITSN2 was colocalized with
GAREM? at the vesicle formed in COS-7 cells express-
ing both FLAG-GAREM?2 and GFP- ITSN2 (Fig. 6f).
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Discussion
As the characteristic of each subtype of GAREM is simi-
lar, no difference in the phenotype of GAREM2 deficient
mice might be expected by complementation of loss of
GAREM2 by GAREMI1 that is also expressed in the
brain. However, comprehensive behavioral battery ana-
lysis indicated GAREM2 KO mice exhibited low anxiety-
like behavior in the EPM test (Fig. 3a and b), tended to
higher social approaching behavior (Fig. 3c-e), and in-
creased exploratory activity / reduced novelty-induced
anxiety in the open field test (Fig. 4). Moreover, the
results of the tail suspension test also suggested that
GAREM2 KO mice exhibit increased activity (Fig. 5).
Immobility during the tail suspension test is used as the
indicator of despair or “depression-like” behavior,
whereas persistent struggling can indicate hyperactivity
or manic-like responses in mice [46]. Although we could
not detect the statistical difference for multiple hypoth-
esis testing in most of these behavioral results, except
for anxiety index in the open field test (Fig. 4g),
GAREM2 KO mice consistently tended to be less anxiety
in different tests. These phenotypical differences could
be associated with the one of the roles of GAREM2. The
similar phenotypes of emotional behavioral alteration
have been observed in the KO mice of p75NTR [47],
Braf [48], Erk 1[49] and Erk2 [50].

The results of the morphological analysis of hippocam-
pal primary cultured neurons in GAREM2 KO mice

showed that GAREM2 regulates neurite outgrowth in
neurons. Recent report described that GAREM2 has
been identified as a candidate molecule of neurodegen-
erative diseases [29]. During our observation period of
the behavioral tests, no significant defects were seen in
the brain structure until 20 weeks after birth (data not
shown). Further studies using older mice are needed to
elucidate the relationship between the function of
GAREM and Alzheimer’s and Huntington’s diseases.
Age- and region-dependent expression profiling of each
GAREM subtype is important to understand their func-
tions in the brain. Our biochemical studies using a
specific antibody revealed that GAREM?2 expresses in all
regions of mouse brain. However, the immunohisto-
chemical staining sections of the mouse brain could not
be performed owing to the cross-reaction and high-
background of the specific antibody against each
GAREM subtype. Currently, we are attempting generate
a monoclonal antibody with high specificity for each
GAREM subtype for immunohistochemical experiments.
We have also established GAREMI-difficient and
GAREMI1- and GAREM2-double KO mice, and are
currently studying their phenotypes. Generation of mice
deficient in both GAREM1 and GAREM2 might eluci-
date a possible redundancy of these two scaffolding
proteins and reveal their function in mice.

Although some significant differences between WT
and KO mice were seen in the behavior tests, molecular
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J

mechanism of this phenomenon is still unclear. In order
to address this issue, it is critical to identify a specific
binding-partner of GAREM2 in the brain. The yeast
two-hybrid results from a previous study suggested that
ITSN1 and 2 were binding partners of GAREM2 [44]. In
this study, we demonstrated that both ITSN subtypes
bind to GAREM2 in the cultured and brain cells. Fur-
thermore, the subcellular localization of GAREM2 was
dramatically influence with the ITSN expression. There-
fore, this result suggests that GAREM2 and ITSN family
cooperate in the function of mouse brain.

The ITSN family is one of the scaffold proteins related
to the Reelin pathway to regulate neuronal migration
and synaptic plasticity in hippocampus [51]. The ITSN1
KO mice and the double KO (ITSN1 and 2) mice lack

corpora callosa and exhibit a fiber tract deficiency in the
regions that cross the medial longitudinal fissure. The
results of the behavioral test (Morris water maze) sug-
gested that ITSN1 is significant for learning and memory
[45]. Therefore, in future studies, we intend to perform
morphological analysis using brain sections of GAREM2
KO mice. Furthermore, we are interested in in vivo stud-
ies to explore the relationship between GAREM?2 and its
binding partners, included in the ITSN family.

In addition to ITSN family, 14-3-3 family was also
identified as a GAREM-binding protein [25]. As both
GAREM subtypes contain the consensus phosphoryl-
ation site for binding to 14-3-3, it could have potential
effects on GAREM function. In general, the 14-3-3
domain interacts with many binding partners in a
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phosphorylation dependent manner and regulates the
function or subcellular localization of its target proteins
[52]. GAREM2 have two conserved phosphorylation
dependent 14-3-3-binding sites. The sequences neigh-
boring the serine 502 (S502) residue and threonine 588
(T588) residue of GAREM2 are RLSSSP and RALTEP,
respectively. These are good matches for consensus
binding sites of the 14-3-3 family member, RXXpho-
sphoS/TXP (where X is any amino acid residue) [53].
The 14-3-3 proteins were originally discovered as a fam-
ily of proteins that are highly expressed in the brain, that
bind and regulate several key molecules related to
neurodegenerative disease such as Alzheimer’s and
Parkinson’s [54]. Therefore, it is possible to speculate
that 14-3-3 proteins play important roles in pathogen-
esis through regulating the subcellular localization of
GAREM protein.

GAREM2 may have a role in higher brain functions
regulating the Erk signaling pathway with its binding
proteins. This study may help to elucidate the link be-
tween GAREM2 and emotional behavior, and reveal
GAREM?2 as a therapeutic target for neurogenerative
disease.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/513041-019-0512-x.

Additional file 1. All results of statistical analysis in behavioral data.

Additional file 2. The results of behavioral battery with no significant
difference.

Abbreviations

EGF: Epidermal growth factor; Erk: Extracellular signal-regulated kinase;
GAREM: Grb2-associated regulator of Erk/MAPK; Grb2: Growth factor receptor-
bound protein 2; MAPK: Mitogen-activated protein kinase

Acknowledgements

This work was supported in part by JSPS KAKENHI grant numbers 17 K07341
to HK.

TT is supported by KAKENHI (16H06316, 16H06463) from Japan Society of
Promotion of Science and Ministry of Education, Culture, Sports, Science, and
Technology, Intramural Research Grant for Neurological and Psychiatric
Disorders of NCNP, the Takeda Science Foundation and Smoking Research
Foundation.

Authors’ contributions

Performed experiments — TN, KT, AM, TA, TF and HK. Experimental design
and analysis — TN, KT, HKi, KK, TT and SI. Manuscript preparation — TN, KT, TT
and HK. All authors read and approved the final manuscript.

Funding
JSPS KAKENHI grant numbers 17 K07341 to HK and 16H06316, 16H06463 to
TT.

Availability of data and materials
The datasets supporting the conclusion of this study are included in this
article.

Ethics approval
This study does not involve human participants, human data or human
tissues. All protocols for the animal use and experiments were reviewed and

Page 12 of 13

approved by the Animal Care Committees of the Prefectural University of
Hiroshima, and the Institutional Animal Care and Use Committee (IACUC) of
RIKEN Kobe, and Wako Branch.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'The Faculty of Life and Environmental Sciences, Prefectural University of
Hiroshima, 5562 Nanatsuka, Shobara, Hiroshima 727-0023, Japan. 2RIKEN Brain
Science Institute, Wako, Saitama 351-0198, Japan. *Laboratory for Animal
Resources and Genetic Engineering, RIKEN Center for Biosystems Dynamics
Research, 2-2-3 Minatojima Minami-machi, Chuou-ku, Kobe 650-0047, Japan.
“Department of Cell Pharmacology, Nagoya University Graduate School of
Medicine, Nagoya, Aichi 466-8550, Japan. *Department of Physiology and
Cell Biology, Kobe University Graduate School of Medicine, Chuo, Kobe
650-0017, Japan.

Received: 4 July 2019 Accepted: 13 October 2019
Published online: 12 November 2019

References

1. Seet BT, Dikic |, Zhou MM, Pawson T. Reading protein modifications with
interaction domains. Nat Rev Mol Cell Biol. 2006;7:473-83.

2. DiNitto JP, Lambright DG. Membrane and juxtamembrane targeting by PH
and PTB domains. Biochim Biophys Acta. 1761;2006:850-67.

3. Lemmon MA, Schlessinger J. Cell signaling by receptor tyrosine kinases. Cell.
2010;141:1117-34.

4. Lemmon MA, Freed DM, Schlessinger J, Kiyatkin A. The dark side of cell
signaling: positive roles for negative regulators. Cell. 2016;164:1172-84.

5. Tomas A, Futter CE, Eden ER. EGF receptor trafficking: consequences for
signaling and cancer. Trends Cell Biol. 2014;24:26-34.

6. Morlacchi P, Robertson FM, Klostergaard J, McMurray JS. Targeting SH2
domains in breast cancer. Future Med Chem. 2014;6:1909-26.

7. Verma S, Vaughan T, Bunting KD. Gab adapter proteins as therapeutic
targets for hematologic disease. Adv Hematol. 2012;2012:380635.

8. Adams SJ, Aydin IT, Celebi JT. GAB2--a scaffolding protein in cancer. Mol
Cancer Res. 2012;10:1265-70.

9. Simister PC, Feller SM. Order and disorder in large multi-site docking
proteins of the gab family--implications for signalling complex formation
and inhibitor design strategies. Mol BioSyst. 2012,8:33-46.

10.  Shaw LM. The insulin receptor substrate (IRS) proteins: at the intersection of
metabolism and cancer. Cell Cycle. 2011;10:1750-6.

11. Liu'Y, Rohrschneider LR. The gift of gab. FEBS Lett. 2002,515:1-7.

12. White MF. IRS proteins and the common path to diabetes. Am J Physiol
Endocrinol Metab. 2002;283:413-22.

13. Gu H, Neel BG. The “gab” in signal transduction. Trends Cell Biol. 2003;13:
122-30.

14. Itoh M, Yoshida Y, Nishida K, Narimatsu M, Hibi H, Hirano T. Role of Gabl in
heart, placenta, and skin development and growth factor—and cytokine-
induced extracellular signal-regulated kinase mitogen—activated protein
kinase activation. Mol Cell Biol. 2000;20:3695-704.

15. Sachs M, Brohmann H, Zechner D, Mdller T, Hulsken J, Walther |, et al.
Essential role of Gab1 for signaling by the c-met receptor in vivo. J Cell Biol.
2000;150:1375-84.

16. Nishida K, Wang L, Morii E, Park SJ, Narimatsu M, Itoh S, et al. Requirement
of Gab2 for mast cell development and KitL/c-kit signaling. Blood. 2002;99:
1866-9.

17. Seiffert M, Custodio JM, Wolf |, Harkey M, Liu Y, Blattman JN, et al. Mol Cell
Biol. 2003,23:2415-24.

18. Tashiro K, Tsunematsu T, Okubo H, Ohta T, Sano E, Yamauchi E, et al.
GAREM, a novel adaptor protein for growth factor receptor-bound
protein 2, contributes to cellular transformation through the activation
of extracellularsignal-regulated kinase signaling. J Biol Chem. 2009;284:
20206-14.

19. Taniguchi T, Tanaka S, Ishii A, Watanabe M, Fujitani N, Sugeo A, et al. A
brain-specific Grb2-associated regulator of extracellular signal-regulated
kinase (Erk)/mitogen-activated protein kinase (MAPK) (GAREM) subtype,


https://doi.org/10.1186/s13041-019-0512-x
https://doi.org/10.1186/s13041-019-0512-x

Nishino et al. Molecular Brain

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

(2019) 12:94

GAREM?2, contributes to neurite outgrowth of neuroblastoma cells by
regulating Erk signaling. J Biol Chem. 2013;288:29934-42.

Konishi H, Tashiro K, Murata Y, Nabeshi H, Yamauchi E, Taniguchi H. CFBP is
a novel tyrosine-phosphorylated protein that might function as a regulator
of CIN85/CD2AP. J Biol Chem. 2006;281:28919-31.

Tashiro K, Konishi H, Sano E, Nabeshi H, Yamauchi E, Taniguchi H.
Suppression of the ligand-mediated downregulation of epidermal growth
factor receptor by Ymer, a novel tyrosine phosphorylated and ubiquitinated
protein. J Biol Chem. 2006;281:24612-22.

Sano E, Shono S, Tashiro K, Konishi H, Yamauchi E, Taniguchi H. Novel
tyrosine phosphorylated and cardiolipin-binding protein CLPABP
functions as mitochondrial RNA granule. Biochim Biophys Acta. 1783;
2008:1036-47.

Mannell H, Krotz F. SHP-2 regulates growth factor dependent vascular
signalling and function. Mini Rev Med Chem. 2012;14:471-83.

Pinheiro da Silva F, Aloulou M, Benhamou M, Monteiro RC. Inhibitory [TAMs:
a matter of life and death. Trends Immunol. 2008;29:66-73.

Nishino T, Matsunaga R, Konishi H. Functional relationship between CABIT,
SAM and 14-3-3 binding domains of GAREM1 that play a role in its
subcellular localization. Biochem Biophys Res Commun. 2015;464:616-21.
Imperial R, Toor OM, Hussain A, Subramanian J, Masood A. Comprehensive
pancancer genomic analysis reveals (RTK)-RAS-RAF-MEK as a key
dysregulated pathway in cancer: its clinical implications. Semin Cancer Biol.
2019,54:14-28.

Kruglyak KM, Lin E, Ong FS. Next-generation sequencing and applications to
the diagnosis and treatment of lung Cancer. Adv Exp Med Biol. 2016;890:
123-36.

Abbosh PH, McConkey DJ, Plimack ER. Targeting signaling transduction
pathways in bladder Cancer. Curr Oncol Rep. 2015;17:58.

Narayanan M, Huynh JL, Wang K, Yang X, Yoo S, McElwee J, et al. Common
dysregulation network in the human prefrontal cortex underlies two
neurodegenerative diseases. Mol Syst Biol. 2014;10:743.

Yagi T, Tokunaga T, Furuta Y, Nada S, Yoshida M, Tsukada T, et al. A novel
ES cell line, TT2, with high germline-differentiating potency. Anal Biochem.
1993,214:70-6.

Matsumura H, Hasuwa H, Inoue N, lkawa M, Okabe M. Lineage-specific cell
disruption in living mice by Cre-mediated expression of diphtheria toxin a
chain. Biochem Biophys Res Commun. 2004;321:275-9.

Kanki H, Suzuki H, Itohara S. High-efficiency CAG-FLPe deleter mice in
C57BL/6J background. Exp Anim. 2006;55:137-41.

Miyakawa T, Yared E, Pak JH, Huang FL, Huang KP, Crawley JN. Neurogranin
null mutant mice display performance deficits on spatial learning tasks with
anxiety related components. Hippocampus. 2001;11:763-75.

Miyakawa T, Yamada M, Duttaroy A, Wess J. Hyperactivity and intact
hippocampus-dependent learning in mice lacking the M1 muscarinic
acetylcholine receptor. J Neurosci. 2001;21:5239-50.

Komada M, Takao K, Miyakawa T. Elevated plus maze for mice. J Vis Exp.
2008;22:1088.

Tamada K, Tomonaga S, Hatanaka F, Nakai N, Takao KT, Miyakawa T, et al.
Decreased Exploratory Activity in a Mouse Model of 15q Duplication
Syndrome; Implications for Disturbance of Serotonin Signaling. PLoS One.
2010;15:¢15126.

Tanda K, Nishi A, Matsuo N, Nakanishi K, Yamasaki N, Sugimoto T, et al.
Abnormal social behavior, hyperactivity, impaired remote spatial memory,
and increased D1-mediated dopaminergic signaling in neuronal nitric oxide
synthase knockout mice. Mol Brain. 2009;2:19.

Kishimoto K, Nomura J, Ellegood J, Fukumoto K, Lerch JP, Moreno-De-Luca
D, et al. Behavioral and neuroanatomical analyses in a genetic mouse
model of 2g13 duplication. Genes Cells. 2017;5:436-51.

Steru L, Chermat R, Thierry B, Simon P. The tail suspension test: a new
method for screening antidepressants in mice. Psychopharmacology. 1985;
85:367-70.

Lascone DM, Padidam S, Pyfer MS, Zhang X, Zhao L, Chin J. Impairments in
neurogenesis are not tightly linked to depressive behavior in a transgenic
mouse model of Alzheimer's disease. PLoS One. 2013;8:€79651.

Meijering E, Jacob M, Sarria JC, Steiner P, Hirling H, Unser M. Design and
validation of a tool for neurite tracing and analysis in fluorescence
microscopy images. Cytometry A. 2004,58:167-76.

Nishimura T, Yamaguchi T, Tokunaga A, Hara A, Hamaguchi T, Kato K; et al.
Role of numb in dendritic spine development with a Cdc42 GEF Intersectin
and EphB2. Mol Biol Cell. 2006;17:1273-85.

43.

45.

46.

47.

48.

49.

50.

52.

53.

54.

Page 13 of 13

Storey JD, Tibshirani R. Statistical significance for genomewide studies. Proc
Natl Acad Sci. 2003;100:9440-5.

Wong KA, Wilson J, Russo A, Wang L, Okur MN, Wang X, et al. Intersectin
(ITSN) family of scaffolds function as molecular hubs in protein interaction
networks. PLoS One. 2012;7:¢36023.

Sengar AS, Ellegood J, Yiu AP, Wang H, Wang W, Juneja SC, et al. Vertebrate
intersectin is repurposed to facilitate cortical midline connectivity and
higher order cognition. J Neurosci. 2013;33:4055-65.

Barbier E, Wang JB, et al. Anti-depressant and anxiolytic like behaviors in
PKCI/HINTT knockout mice associated with elevated plasma corticosterone
level. BMC Neurosci. 2009;10:132.

Puschban Z, Sah A, Grutsch |, Singewald N, Dechant G. Reduced anxiety-like
behavior and altered hippocampal morphology in female p75NTR(exon IV
—/—) mice. Front Behav Neurosci. 2016;10:103.

Wefers B, Hitz C, Holter SM, Trimbach D, Hansen J, Weber P, et al. MAPK
signaling determines anxiety in the juvenile mouse brain but depression-
like behavior in adults. PLoS One. 2012,7:¢35035.

Selcher JC, Nekrasova T, Paylor R, Landreth GE, Sweatt JD. Mice lacking the
ERK1 isoform of MAP kinase are unimpaired in emotional learning. Learn
Mem. 2001;8:11-9.

Satoh Y, Endo S, Nakata T, Kobayashi Y, Yamada K, lkeda T, et al. ERK2
contributes to the control of social behaviors in mice. J Neurosci. 2011;31:
11953-67.

Jakob B, Kochlamazashvili G, Japel M, Gauhar A, Bock HH, Maritzen T, et al.
Intersectin 1 is a component of the Reelin pathway to regulate neuronal
migration and synaptic plasticity in the hippocampus. Proc Natl Acad Sci.
2017;114:5533-8.

Pennington KL, Chan TY, Torres MP, Andersen JL. The dynamic and stress-
adaptive signaling hub of 14-3-3: emerging mechanisms of regulation and
context-dependent protein-protein interactions. Oncogene. 2018;37:5587-604.
Aitken A. Post-translational modification of 14-3-3 isoforms and regulation
of cellular function. Semin Cell Dev Biol. 2011;22:673-80.

Dougherty MK, Morrison DK. Unlocking the code of 14-3-3. J Cell Sci. 2004;
117:1875-84.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Introduction
	Materials and methods
	Generation of KO mice
	Behavioral test battery
	Animals and experimental design
	General health and neurological screen (GHNS)
	Elevated plus maze test
	Open field test
	Direct social interaction test (one-chamber social interaction test)
	Tail suspension test
	Statistical analysis

	Neuronal primary culture of mouse hippocampus
	Analysis of neurite outgrowth
	Immunocytochemistry and confocal microscopy analyses
	Immunoprecipitation and immunoblot analysis
	Reagent, cell culture, antibodies and transfection
	Cloning of the SH-SY5Y stable cell line
	Statistical analysis

	Results
	Generation of conditional GAREM2 KO mice
	GAREM2 KO mice showed normal general health
	GAREM2 KO mice exhibited reduced anxiety-like behavior in the elevated plus maze (EPM) test, and tended to be higher social interaction
	GAREM2 KO mice exhibited increased exploratory activity and reduced novelty-induced anxiety
	GAREM2 KO mice exhibited longer latency to immobile behavior than WT mice
	GAREM2 regulated neurite outgrowth, and effects of ITSN on the subcellular localization of GAREM2

	Discussion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

