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RNG105 Deficiency Impairs the Dendritic Localization of
mRNAs for Na* /K" ATPase Subunit Isoforms and Leads
to the Degeneration of Neuronal Networks
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mRNA transport and local translation in dendrites play key roles in use-dependent synaptic modification and in higher-order brain
functions. RNG105, an RNA-binding protein, has previously been identified as a component of RNA granules that mediate dendritic
mRNA localization and local translation. Here, we demonstrate that RNG105 knock-out in mice reduces the dendritic localization of
mRNAs for Na */K ™ ATPase (NKA) subunit isoforms (i.e., a3, EXYD1, FXYD6, and FXYD7). The loss of dendritic mRNA localization is
accompanied by the loss of function of NKA in dendrites without affecting the NKA function in the soma. Furthermore, we show that
RNG105 deficiency affects the formation and maintenance of synapses and neuronal networks. These phenotypes are partly explained by
an inhibition of NKA, which is known to influence synaptic functions as well as susceptibility to neurotoxicity. The present study first
demonstrates the in vivo role of RNG105 in the dendritic localization of mRNAs and uncovers a novel link between dendritic mRNA
localization and the development and maintenance of functional networks.

Introduction

Transport of mRNAs and local control of translation in neuronal
dendrites are important cellular mechanisms of long-lasting syn-
aptic plasticity and memory (Martin et al., 2000; Sutton and
Schuman, 2006; Bramham and Wells, 2007), and the loss of these
control mechanisms is implicated in neuronal disorders (Bassell
and Kelic, 2004; Wang et al., 2007). Several mechanisms control
local translation, using eIF4E-binding proteins, eEF2, the fragile
X mental retardation protein (FMRP), and micro-RNAs (Jin et
al., 2004; Kelleher et al., 2004; Klann and Dever, 2004; Kindler et
al,, 2005). In addition, RNA granules play central roles in the
transport of mRNAs to dendrites and also in the control of
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local translation in a synaptic stimulation-dependent manner
(Krichevsky and Kosik, 2001; Kiebler and Bassell, 2006; Sossin
and DesGroseillers, 2006). These granules are densely packed
structures and translationally dormant, but they become less
compact during conversion into translating polysomes after syn-
aptic stimulation (Krichevsky and Kosik, 2001; Shiina et al.,
2005).

RNA granules consist of ribosomes, mRNA, translation fac-
tors, and RNA-binding proteins (Krichevsky and Kosik, 2001;
Kanai et al., 2004; Elvira et al., 2006) including RNG105 (Shiina et
al., 2005). RNG105 dissociates from RNA granules after synaptic
stimulation, which is accompanied by the induction of mRNA
reporter translation near the granules, suggesting its involvement
in local translation (Shiina et al., 2005). RNG105 is most abun-
dantly expressed in the brain, but is also expressed in actively
proliferating cells, so it is also known as cytoplasmic activation/
proliferation-associated protein-1 (Caprin-1) (Grill et al., 2004).
RNGI05 represses translation in vitro or when overexpressed in
cells, but removal of RNG105 does not increase the translation
rates (Shiina etal., 2005; Solomon et al., 2007). To understand the
precise role of RNG105, it is required to analyze in vivo functions
of RNG105.

Na*/K* ATPase (NKA) is a membrane-bound Na "/K ™
pump that maintains uneven distribution of Na * and K across
the cell membrane. Three isoforms of the catalytic « subunit,
al-3 (McGrail et al, 1991), and among seven isoforms
(FXYD1-7) of the y subunit that modulate NKA activity, FXYDI,
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6, and 7, are highly expressed in the brain (Geering, 2006),
whereas other members of FXYD proteins are expressed in other
tissues in a tissue-specific way. Some of the brain-expressed NKA
subunits are implicated in neuronal disorders (De Fusco et al.,
2003; de Carvalho Aguiar etal., 2004; Deng et al., 2007), which are
attributable to the role of NKA [e.g., its role in the propagation of
action potentials, defensive roles against excitotoxicity that in-
duces elevation of intracellular concentrations of Na * and Ca**
ions (Brines and Robbins, 1992; Mark et al., 1995; Kiedrowski et
al., 2004), and its roles in postsynaptic functions (Reich et al.,
2004; Zhang et al., 2009)].

In the present study, a range of RNG105-bound mRNAs in-
cluding NKA 3 and FXYD1 and 7 was identified using microar-
ray analysis. RNG105-deficient mice demonstrated that dendritic
localization of the mRNAs was reduced, and also that networks of
cultured neurons as well as synapse formation in the network
were impaired, which are reminiscent of the inhibition of NKA.
These results suggest an essential role of RNG105 in the dendritic
localization of mRNAs, particularly the NKA subunit isoform
mRNAs, to maintain dendritic properties for the development
and maintenance of functional networks.

Materials and Methods

Microarray analysis. RNG105-bound RNA was immunoprecipitated us-
ing the polyclonal anti-RNG105 antibody (Shiina et al., 2005) from ex-
tracts of mouse cerebral cortex as described previously (Shiina et al.,
2005). Control RNA was immunoprecipitated using a purified rabbit IgG
(Jackson ImmunoResearch). RNG105-bound RNA (~400 ng) and con-
trol RNA (~200 ng) were subjected to reverse transcription, amplifica-
tion, labeling, and microarray analyses using whole mouse genome oligo
DNA, which was done in cooperation with Agilent Technologies and
KURABO Industries using microarray devices from Agilent Technolo-
gies and Affymetrix, respectively. Genes whose ratios of RNG105-bound/
control RNA were >1.8 in both analyses were picked up, and the means
between the two analyses were calculated.

Gene ontology analysis was performed using the functional annota-
tion tool at the DAVID website (http://niaid.abcc.ncifcrf.gov/home.jsp)
(Huang et al., 2009).

Generation of RNG105 knock-out mice. The gene-targeting construct
was generated from an Rngl05 gene cloned from a 129Sv genomic li-
brary. The targeting vector contained a neomycin resistance gene flanked
by two Rngl05 genomic fragments: a 7.7 kb AvrII-NotI and a 1.2 kb
fragment amplified by PCR using primers 1 and 2 (supplemental Table 3,
available at www.jneurosci.org as supplemental material), which pro-
duced Mlul restriction sites at both ends of the fragment. The targeted
allele contained a deletion of the Rngl05 exon 1 (see Fig. 1).

IT2 embryonic stem cells were transfected with the targeting vector
and selected for G418 resistance. Surviving colonies were analyzed by
Southern blotting and PCR to identify homologous recombinants. Two
correctly targeted embryonic stem cell clones were microinjected into
C57BL/6] host blastocysts to generate chimeric mice, which were bred
with C57BL/6] mice to obtain heterozygous offspring. Heterozygotes
derived from both clones had transmitted the disrupted Rngl05 gene
locus. Homozygous knock-out fetuses were obtained by mating het-
erozygotes. Both lines of knock-out fetuses from the two clones showed
the same phenotype. Genotyping was performed using primers 3 and 4
(supplemental Table 3, available at www.jneurosci.org as supplemental
material), which amplified a 578 bp product from the wild-type allele,
and primers 5 and 6 (supplemental Table 3, available at www.jneurosci.
org as supplemental material), which amplified an 837 bp product from
the recombined allele (see Fig. 1).

Neuronal culture. Dissociated cerebral cortical neurons obtained from
individual littermates were plated at a density of 1.6 X 10° cells/cm * onto
poly-L-lysine-coated coverslips or glass-bottom culture dishes (MatTek)
in Neurobasal medium (Invitrogen) containing B27 supplement (In-
vitrogen). In Figures 3-5 and 6, A and B, neurons were cultured at low
cell density to separate neurites from each other. For transfection exper-
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iments, cortical neurons from embryonic day 15.5 (E15.5) mice were
cultured in MEM (Sigma-Aldrich) containing N2 supplement (Invitro-
gen) and 2% fetal bovine serum. The neurons were transfected with
vectors at 7-9 d in vitro (DIV) using the conventional calcium-phosphate
precipitation method. Alternatively, in Figure 6C and supplemental Figure
5C (available at www.jneurosci.org as supplemental material), transfection
was performed using a Nucleofector II system (Lonza Walkersville) before
the neurons were plated.

Cloning of mRNA 3'-untranslated regions into pKaede. 3'-Untranslated
regions (3'-UTRs) of NKA al, &2, and a3, and FXYD], 3, 5, 6, and 7
mRNAs were amplified by reverse transcription (RT)-PCR from mouse
cortex RNA using primers listed in supplemental Table 3 (available at
www.jneurosci.org as supplemental material) (primers 7-12) and cloned
into the KpnI/Notl sites or the Notl site of the pKaede-MCl1 vector
(MBL). Primary cultured neurons were cotransfected with each plasmid
and pDsRed2-N1 (Clontech), and Kaede fluorescence in DsRed2-
positive neurons was measured (supplemental Fig. 9, available at www.
jneurosci.org as supplemental material).

mRNA imaging. Plasmids for mRNAs containing 24 tandemly re-
peated MS2-binding sites were constructed by modifying the above
Kaede plasmids as follows: BamHI/BgII fragments from pSL-MS2-24X
(a generous gift from Dr. R. H. Singer, Albert Einstein College of Medi-
cine of Yeshiva University, Bronx, NY) were cloned into the BamHI site
of Kaede plasmids. The plasmids were digested with EcoRV, and then
self-ligated to delete approximately one-half of the Kaede. The origi-
nal pKaede-MC1 was used to construct the control mRNA plasmid.
Primary cultured neurons were cotransfected with each plasmid and
pMS2-GFP (a generous gift from Dr. R. H. Singer) to visualize the mRNA
localization. RNG105-mRFP1 (Shiina et al., 2005) was cotransfected to
visualize RNG105-containing RNA granules. Neurons were imaged us-
ing an Olympus IX71 inverted fluorescence microscope with a PlanApo
60X oil objective lens and a cooled CCD camera (ORCA-ER;
Hamamatsu) or a Delta Vision optical sectioning microscope (Applied
Precision) equipped with an IX70 microscope (Olympus) with a Pla-
nApo 60X oil objective lens.

Immunocytochemistry. Cultured neurons and fetal brain slices were
immunostained as described previously (Shiina et al., 2005). E17.5 cor-
texes (ventral side) from wild-type and Rngl05 '~ littermates were
coronally sliced and used. The antibodies are listed in supplemental Ta-
ble 4 (available at www.jneurosci.org as supplemental material). For
double staining with primary antibodies produced in the same animal
species, a Zenon IgG Labeling kit (Invitrogen) was used in accordance
with the manufacturer’s instructions. Images were acquired using an
Olympus FV500 confocal laser-scanning microscope with a PlanApo
60X oil objective lens or the Delta Vision optical sectioning microscope
with a PlanApo 60X oil objective lens.

The images were converted into binary images to quantify the mean
number and area of the clusters using NIH Image] software. To analyze
the fluorescence intensity of the clusters, the original images were mul-
tiplied by the binary images, and the mean pixel intensity in individual
clusters was measured using Photoshop software. This was then multi-
plied by the area for individual clusters and presented as fluorescence
intensity. For colocalization analysis, the mean pixel intensity of one
marker in individual clusters [=region of interest (ROI)] is represented
on the x-axis, and that of the other marker in the same ROI on the y-axis
(supplemental Fig. 6, available at www.jneurosci.org as supplemental
material). Original images were used for measurement of the y-axis pixel
intensity. Alternatively, the ratio of the area of the other marker in the
ROI to the ROI area was represented as colocalization (see Fig. 4 F).
Clusters in cell bodies were omitted from the above quantification. To
quantify the overlap between GluR1 and postsynaptic density-95 (PSD-
95) in the network area (see Fig. 7E, F), the overlap area was extracted
from the merged image of the original images multiplied by the binary
images, and the cumulative fluorescence intensity in the network and cell
body areas was measured using Photoshop software.

G3BP antibody and G3BP-GFP construct. cDNA encoding full-length
of G3BP was obtained by RT-PCR from rat brain RNA. The fragment was
cloned into pGEX-5X-3 vector (GE Healthcare) to produce fusion pro-
teins with glutathione S-transferase (GST). The GST fusion protein was
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expressed in Escherichia coli (BL21) and purified using glutathione
Sepharose 4B columns (GE Healthcare). The GST tag was removed by
factor Xa cleavage, and then G3BP protein was purified in accordance
with the manufacturer’s protocol. The purified protein was used as an
antigen to generate a polyclonal antibody in rabbits. The antibody was
affinity-purified on Affi-Gel 10 Gel (Bio-Rad), which had been conju-
gated with the antigen.

To construct an expression vector for G3BP-GFP, G3BP mRNA from
rat brains was amplified by RT-PCR with primers 5'-CGAGCTCAT-
GGTTATGGAGAAGCCCAGT-3" and 5'-GCGTCGACCCACCGCC-
ACCTCCACGACGCTGTCCTGTGAAGC-3". The product was cloned
into Sacl/Sall sites of pPEGFP-N1 vector (Clontech).

Western blotting. Fetal cortex extracts were prepared by homogeniza-
tion in 150 mMm NaCl, 1% Nonidet P-40, 50 mm Tris, pH 8.0, 1 mm DTT,
and protease inhibitors (10 ug/ml leupeptin, 10 wg/ml pepstatin, 100
pg/ml aprotinin, and 1 mm PMSEF). After centrifugation for 10 min at
10,000 X gat 4°C, protein extracts were loaded onto polyacrylamide gels
(30 g per lane), transferred to polyvinylidene fluoride membranes after
electrophoresis, and probed with the polyclonal antibody generated
against RNG105 previously (Shiina et al., 2005) or antibodies to other
proteins (supplemental Table 4, available at www.jneurosci.org as sup-
plemental material). Biotinylated secondary antibodies (supplemental
Table 4, available at www.jneurosci.org as supplemental material) and
alkaline phosphatase-conjugated streptavidin (GE Healthcare) were
used for detection with bromochloroindolyl phosphate/nitroblue tetra-
zolium solution.

Preparation of synaptosomal fractions. Mouse cortex was homogenized
in 20 vol of 0.32 M sucrose, 1 mm MgCl,, and protease inhibitors with 12
strokes at 800 rpm using a motor-driven Potter Dounce homogenizer (2
ml). The extract was subjected to preparation of the synaptosomal frac-
tion according to the method described previously (Dosemeci et al.,
2006).

Na™ imaging. Neurons cultured on glass-bottom dishes were washed
twice with recording buffer (135 mm NaCl, 5 mm KCl, 1.5 mm CaCl,, 1.5
mum MgCl,, 10 mm glucose, and 20 mm HEPES, pH 7.4). They were then
incubated at 37°C for 30 min with 5 uM Sodium Green tetra-acetate
(Invitrogen) in recording buffer containing 0.1% pluronic F127 (Invitro-
gen). After two additional washes, Sodium Green was imaged at 35°C in
recording buffer containing 1 uM tetrodotoxin (TTX) using the Olympus
IX71 inverted fluorescence microscope with a UplanFL 40X objective
lens or the Delta Vision optical sectioning microscope with a UApo 40X
oil objective lens. Images were taken every 1 s for 6 min. Fluorescence
intensity was quantified using NIH ImageJ software.

RNA interference. Mixtures of short interfering RNAs (siRNAs) for
FXYD1,6,7,NKA al, a3, RNG105, and control were purchased from Dhar-
macon [siGENOME SMART pool M-044360-00-0005 (mixture of GaUG-
cAAAUUCAACCAACAUU, UAUcAUcCUUAGCAAGAGAUU, GCuGGg-
AUCCUCUUcAUCUUU, and gGAaCCgGAUCCAUUCACCUU for sense
sequences), M-044442-00-0005 (mixture of GCAAgUGCAGUUUCAAUCA-
UU, UAcCAgACCCUgAGGAUUGUU, GUGGUcCUcUUCUCCGUuGUU,
and ACGAaGAGGCcCAgGUGGAUU for sense sequences), M-044396-00-
0005 (mixture of GGAUGACcCUgGCcACUAUUU, AAAcGUuCCUGAa-
GAAACAUU, GCAAaUCCcUGUAAgUCGGAUU, and UGAGCcAAgAA-
GGUgAAGUGUU for sense sequences), M-052829-00-0005 (mixture of
AGAGGAaGGuCGUCUgAUUUU, GAUUUgAGcCGAGGaUUAAUU, GA-
GGUgCGEAAGCUCAUUAUU, and GCUCUUaAAgUGCAUUGAAUU for
sense sequences), M-051357-00-0005 (mixture of GACAAgAGcUCgC-
CCAAGAUU, CCGUaAAgCUgAUGCGAGAUU, UCAGGgACcUCu-
UUCGACAUU, and CAAcUGGGAuGAUCGcACUUU for sense
sequences), M-056618-00-0005 (mixture of GAACAUGCCUCAAUUCA-
CUUU, CAAACGGUGUUCAAUAUGAUU, GAGGCUUGAUGAAUG-
GAUAUU, and ACAGAGGGAUGCCGCAAAUUU for sense sequences),
and D-001206-13-05 (sequences are not available), respectively; the lower-
case letters in the sequences indicate mutated nucleotides in rescue con-
structs]. Cultured cortical neurons from E15.5 mice were cotransfected with
the siRNAs (0.5 pg each for 7.1 cm?) and pEGFP-N1 or pDsRed2-N1 vector
(0.5 pg for 7.1 cm?) at 7-9 DIV as described above. Three days later, the
neurons were subjected to Na ™ imaging or to immunofluorescence studies.
To generate rescue constructs for FXYD1, 6,7, NKA a1, and a3, their cONAs
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including both coding sequence (CDS) and 3'-UTR were amplified by RT-
PCR from mouse brains using primers listed in supplemental Table 3 (avail-
able at www.jneurosci.org as supplemental material) (primers 23-32) and
cloned into HindIII/SaclI sites of pEGFP-N1 vector whose green flu-
orescent protein (GFP) CDS was deleted by BamHI/NotI digestion.
The siRNA target sequences in the cDNAs were mutated at the posi-
tions indicated above in lowercase letters without changes in amino
acid sequences using QuikChange Lightning Multi Site-Directed Mu-
tagenesis kit (Agilent Technologies). The constructed vectors were intro-
duced to cultured neurons (1.0 ug each for 7.1 cm?) with siRNAs and
reporters in rescue experiments.

Quantification of cultured neuronal networks. Phase contrast images of
cultured neurons were acquired using an Olympus CK40 microscope
with an AIOPL 10X objective lens and a Nikon COOLPIX5000 compact
digital camera. The length of axons and dendrites was measured by trac-
ing them using the pencil tool in Photoshop software. For the measure-
ment of network area, images were converted into binary images,
neurites lost in the binary operation were restored using the pencil tool,
and cell bodies and debris were deleted using Photoshop software. The
modified images were subjected to calculation of the ratio of the network
area to the total area.

Electrophysiology. Neurons from E17.5 cortex were cultured for 11-12
d in the presence of 25% Neuron Culture Medium (Sumitomo Bakelite).
Miniature EPSCs (mEPSCs), passing through AMPA-type glutamate re-
ceptor (AMPAR) channels, and miniature IPSCs (mIPSCs) were re-
corded using a whole-cell patch-clamp method, with a patch-clamp
amplifier (EPC-7; List Electronics), low-pass filtered at 3 kHz, and digi-
tally sampled at 1 kHz (Yamaguchi et al., 2002). The bath solution con-
sisted of 137 mm NaCl, 4 mm KCl, 2 mm CaCl,, 1 mm MgCl,, 17 mm
glucose, and 10 mm HEPES-NaOH, pH 7.4. TTX (1 um) and 2-amino-
5-phosphonopentanoic acid (pL-AP5) (50 um) were added during re-
cording. mEPSCs or mIPSCs were recorded in the presence of picrotoxin
(100 um) or 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxaline-
7-sulfonamide (NBQX) (20 um), respectively. The interpipette solution
consisted of 129 mm K-gluconate, 30 mm KCl, 2 mm MgCl,, 1 mm EGTA,
0.25 mm CaCl,, 3 mm Na,ATP, 0.3 mm GTP, and 5 mm HEPES, pH 7.2.
Patch electrodes had resistances of 3-5 M(). Neurons were voltage
clamped at —70 mV. All experiments were performed at room temper-
ature (25-27°C). Most salts and chemicals used were obtained from
Wako Biochemicals. EGTA and HEPES were obtained from Dojindo
Laboratories. K-gluconate and NBQX was obtained from Sigma-Aldrich,
TTX was from Wako, and pL-AP5 was from Tocris Bioscience.

Histological analysis. E16.5 embryos were fixed in Bouin’s solution.
They were dehydrated in ethanol and acetone and then embedded in
paraffin. Sagittal sections of 6—8 um were stained with hematoxylin and
eosin.

Statistical analysis. Nonpaired Student’s f test or Welch’s ¢ test was used
to compare the means of two datasets. Error bars indicate the SEM. To
compare the ratio of green and red pixel intensity in the colocalization
analyses of two immunostained proteins, F test for the interaction be-
tween the two factors in two-way ANOVA was used.

Results

Association of mRNAs for NKA a3, and FXYD1, 6, and 7

with RNG105

For microarray analysis of RNG105-bound mRNAs, we per-
formed immunoprecipitation using an anti-RNG105 antibody
(Shiina et al., 2005) or a control IgG on extracts prepared from
fetal mouse cerebral cortex. The precipitated mRNAs were sub-
jected to microarray analysis and further to ontological analysis.
These analyses identified a variety of RNG105-bound mRNAs,
several of which were annotated to be related to “cellular cation
homeostasis” (Table 1; supplemental Table 1, available at www.
jneurosci.org as supplemental material), and notably included
three NKA subunit isoforms, namely a3 and FXYD1 and 7 (sup-
plemental Tables 1, 2, available at www.jneurosci.org as supple-
mental material).
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Table 1. Significant enriched categories ( p < 0.05) found in the RNG105-bound
mRNAs (mean ratio, >2.0)
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with that of RNG105-mRFP1 (see Fig. 2 B; supplemental Mov-
ies 1-3, available at www.jneurosci.org as supplemental mate-

GO-ID GO term (category) p-value rial), which formed granular complexes with ribosomes (see
Fig. 2C). These results suggested that the NKA mRNAs were
42592 [~ Homeostatic process 1.7E-2 likely candidates for the components of RNG105-localizing
19725 Cellular homeostasis 3.9E-3 RNA granules.
55082 L Cellular chemical homeostasis 5.6E-3 Reduced dendritic localization of NKA mRNAs and proteins
L ] ] in Rngl05 '~ neurons
6873 Cellular ion homeostasis 5.6E-3 To examine changes in NKA mRNAs in RNG105-deficient neu-
30003 L Ceilldlanatsndismesitits 1.3E-2 rons, we generated RNG105-deficient mice (Fig. 1). Rngl05 "'~
mice were fertile with the gross morphology indistinguishable
6818 |~ Hydrogen transport 4.9E-2 from wild-type littermates. Fetuses [embryonic day 17.5 (E17.5)]
were recovered in the expected Mendelian ratio (+/+:+/—:—/— =
15992 Eroton transport #3E2 0.251:0.493:0.256; n = 203), and, at this stage, Rng105_/_ fe-
16043 [~ Cellular component organization 3.2E-2 tuses were characterized by their abnormally bent shape and
) o smaller size of body (Fig. 1C). Rngl05 '~ fetal organs were
10824 MEmibesoeiinyaginaion H0E-2 reduced in size but were all developed and histologically nor-
6897 Endocytosis 3.6E-2 mal (supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). RngI05 '~ neonates were born nor-
9058 [~ Biosynthetic process 3.5E-2 mally but failed to breathe, developed cyanosis, and died
9059 Macromolecule biosynthetic process 3.0E-2 Wlthl? 20 min after birth. .
Primary cultures of cerebral cortical neurons were prepared
16486 — Peptide hormone processing 3.2E-2 from wild-type and Rngl05 '~ E17.5 mice. The neurons were
transfected with the 3’-UTR-MS2-GFP constructs for a3 and
The p values of the categories appearing at the termini of the hierarchy are shadowed. EXYDI, 6, and 7 mRNAs as in Figure 2A—C without RNG105-
mRFP1. @3 and FXYD1 and 7 3'-UTR clusters were transported
into dendrites and moved bidirectionally in
A 578 bp wild-type neurons (Fig. 2 D, E; supplemen-
i 1kbp  tal Movie 4, available at www.jneurosci.org
Rng105 locus A & R 2 — £ g — as supplemental material). In contrast, their
N e localization was limited to the cell soma
Targeting construct M,” AM el A ___B---""" 77 H---____ N and proximal dendrites and their motility
837 bp was reduced in Rngl05 '~ neurons (Fig.
Hecombined H H AmB e H 2 D, E; supplemental Movie 5, available at
allele L1/ Neolt 1 1 www.jneurosci.org as supplemental ma-
terial). The percentage of motile granules
B C was 50.3 = 8.8% in wild-type neurons,
-+ H- - - - ++ +/— —/— whereas it was only 82 * 0.9% in

-837bp
-578 bp

-RNG105

Figure 1.

Generation of RNG105-deficient mice. A, Gene structure of the Rng705 locus (R, Rng705 exon 1 including the start

Rngl05 '~ neurons, which may result in
the reduced dendritic delivery of the gran-
ules in Rng105 '~ neurons: 45.5 = 5.1%
of granules were localized to dendrites in
wild-type neurons, whereas only 10.1 *
2.2% of granules were localized to den-
drites in Rngl05~'~ neurons. Velocity
and directionality of the motile granules

codon), targeting construct and after homologous recombination. PCR products for genotyping (arrows) are indicated. H, Hindlll;
A, Avrll; B, BamHI; M, Miul; N, Notl. B, PCR genotyping and Western blotting of one E17.5 litter. Cerebral cortex extracts (30 wg)
were loaded in each lane and probed with an anti-RNG105 antibody. C, Littermates at E17.5. The weight (mean = SEM) of
the litter was as follows: Rng705 */*,1.09 + 0.03 g (n = 5); Rng105 */~, 1.09 = 0.05 g (n = 3); and Rng705 /",

were not significantly different between
wild-type and Rngl05~'~ neurons: an-
terograde and retrograde movement was
0.18 =0.03and 0.21 = 0.05 wm/s, respec-

0.85£0.05g(n=2).

Next, we examined whether the NKA mRNAs were recruited
into RNA granules where RNG105 was localized. Because the
3’-UTR is responsible for mRNA localization in most cases, we
used an MS2-GFP system (Bertrand et al., 1998) to label 3'-UTRs
of NKA isoforms («1-3 and FXYDI, 3, 5, 6, and 7) in primary
cultured neurons where RNG105-mRFP1 (Shiina et al., 2005)
was coexpressed. Of the isoforms labeled, a3 and FXYD1, 6, and
7 3'-UTRs were colocalized with RNG105 in granules in den-
drites (see Fig. 2A). Time-lapse observation showed that the
translocation of the 3’-UTR-MS2-GFP in dendrites coincided

tively, in wild-type neurons and 0.13 *

0.03 and 0.14 % 0.02 um/s, respectively,
in Rngl05 '~ neurons. Approximately one-half of the granules
moved in the anterograde direction and one-half in the retro-
grade direction both in wild-type and Rngl05 '~ neurons.
Clusters of FXYD6 3'-UTR were not clearly detected in these
experiments. Overexpression of RNG105-mRFP1 in wild-type
neurons resulted in localization of the 3'-UTRs with RNG105-
mRFP1 granules to more distal parts of the dendrites (Fig.
2D, E). These results indicate that RNG105 is involved in the
dendritic localization of mRNAs for the NKA a3 and FXYD1
and 7 and possibly also FXYD6.
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Figure2. RNG105-dependent dendritic localization of mRNAs for NKA subunit isoforms o3 and FXYD1, 6, and 7. 4, Visualization of mRNAs with MS2-GFP (green) and of RNG105-mRFP1 (red) in
dendrites of primary cultured neurons from E17.5 mouse cerebral cortex. 3'-UTRs of NKA 3 and FXYD1, 6, and 7 mRNAs are recruited to RNG105-localizing RNA granules. A magnified image of a
dendrite is shown in each panel. B, Live imaging of RNG105-mRFP1 with FXYD1 (top panels) or FXYD7 (bottom panels) 3'-UTR-MS2-GFP in dendrites of primary cultured neurons. A cell soma is
located on the left side in each panel. Images were taken at time points 0 and 380 s. Between the two time points, time-lapse imaging of RNG105-mRFP1 was performed (30 —320's) (supplemental
Movies 1-3, available at www.jneurosci.org as supplemental material). The arrowheads denote individual granules. Arrowheads “c” indicate a granule transported from the soma to dendrite during
the time-lapse imaging. The granule denoted by arrowheads “b” moved distally after the end of the time-lapse imaging (320380 s). The GFP-tagged 3'-UTRs were colocalized with RNG105-
mRFP1, but sometimes slightly shifted because there was a time lag of 3 s between mRFP1 and GFP data acquisition. The insets are nonenhanced images of the granule “c” at the same size, which show
that the granule is relatively small one (see also supplemental Movie 2, available at www.jneurosci.org as supplemental material). €, Cultured neurons transfected with (Figure legend continues.)
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RNA granule proteins except G3BP are localized normally to dendrites of Rng705 '~ neurons. A, Immunostaining for staufen 1and RPS6 in cultured neurons (10 DIV) from wild-type

and Rng705 '~ E17.5 cortexes. The insets show magnified images of the boxed areas. B, Inmunostaining for G3BP in cultured neurons (10 DIV) from wild-type and Rng705 ~/~ E17.5 cortexes.
The arrowheads denote a dendrite emanating from the soma located on the left side in each panel. Scale bars, 10 m. €, Distribution patterns of staufen 1, RPS6, CPEB1, FMRP, Pur v, and G3BP in
dendrites of wild-type and Rng705 '~ neurons. Mean fluorescence intensity in the dendrite is normalized to that in the soma. n = 5; *p << 0.05, t test at each distance from the soma. Error bars

are SEM.

In Rngl05 '~ neurons, RNA granules that contain ribosomes
and their marker proteins, e.g., staufen 1, cytoplasmic polyade-
nylation element-binding protein 1 (CPEB1), FMRP, and Pur «
were formed and localized normally to dendrites (Fig. 3A,C). In
contrast, Ras-GTPase-activating protein SH3 domain-binding
protein (G3BP), which is colocalized with RNG105 in RNA gran-
ules (Angenstein et al., 2002; Solomon et al., 2007) and forms a
heterodimer with RNG105 (Katsafanas and Moss, 2004 ), was re-

<«

(Figure legend continued.)  both RNG105-mRFP1and FXYD13’-UTR-MS2-GFP were immuno-
stained with anti-ribosomal protein S6 (RPS6) antibody. The arrowheads denote an RNG105-
localizing RNA granule. Scale bars, 10 wm. D, Distribution of FXYD1 3'-UTR-MS2-GFP in
wild-type (+/4), Rng705 ~'~ (—/—), and RNG105-mRFP1-overexpressing cultured neu-
rons. The inset shows a nonenhanced image of the cell soma where small clusters of FXYD1
3'-UTR-MS2-GFP are observed. Scale bar, 10 ,um. The bottom graph shows number of GFP clusters
in the soma and dendrites (=20 m from the soma). n = 8;*p << 0.05, **p << 0.01; error bars are
SEM. E, Distribution pattern of mRNA-localizing clusters in the dendrites of wild-type, Rng705 ~/~,
and RNG105-mRFP1-overexpressing neurons in D. a.u., Arbitrary units. Error bars are SEM.

duced in distal dendrites of Rng105 ~/~ neurons (Fig. 3B, C; sup-
plemental Fig. 2, available at www.jneurosci.org as supplemental
material). These results suggested a specific deficit in dendritic
localization of RNG105-associated proteins, as well as RNG105-
associated mRNAs, in Rng105 =/~ neurons.

The distribution of NKA a3 and FXYDI, 6, and 7 proteins in
wild-type cultured neurons was examined by immunostaining,
which revealed that the proteins were distributed throughout the
soma and dendrites in a punctate pattern (Fig. 4A). FXYD6 and 7
were particularly colocalized with PSD-95, an excitatory postsyn-
aptic marker (Fig. 4B, F), and localized in synaptosome fractions
(supplemental Fig. 3, available at www.jneurosci.org as supple-
mental material), suggesting their postsynaptic functions. In
contrast, little colocalization was observed between gephyrin, an
inhibitory postsynaptic marker, and FXYD6 or 7 (Fig. 4C,F). In
Rngl05 '/~ neurons, the localization of a3 and FXYD1, 6, and 7
proteins to dendrites or to synaptosome fractions was greatly
reduced, although their localization to the soma was unaltered
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Figure4. Dendritic localization of NKA subunitisoforms is decreased in Rng705 ~/~ neurons. A, Immunostaining for NKA isoforms and PSD-95 in cultured neurons (10 DIV) from E17.5 wild-type
and Rng105 '~ cortexes. A cell soma is located on the left side in each panel. The arrowheads denote a dendrite that emanates from the cell soma. B, €, Magnified images of dendritic areas in
wild-type cultured neurons. FXYD6 and FXYD7 show significant colocalization with PSD-95 (B) but little colocalization with gephyrin (C). D, Inmunostaining for synapsin | and PSD-95 in cultured
neurons (10 DIV) from E17.5 wild-type cortex. The insets show magnified images of a dendritic area. PSD-95 shows significant colocalization with synapsin I. In A—D, neurons were cultured at low
density to separate neurites from each other. Scale bars, 10 um. E, Distribution patterns of NKA isoforms and PSD-95 in the dendrites of wild-type and Rng705 ™ neurons in A. Mean fluorescence
intensity in the dendrite is normalized to that in the soma. The bottom right panel shows the ratio of FXYD7/PSD-95 mean fluorescence intensity. F, Quantification of colocalization of FXYD proteins
with PSD-95 or gephyrin in dendrites in A-C. Shown are percentages of PSD-95 or gephyrin cluster areas that overlap with the FXYD proteins. n = 10 neurons. Black asterisks, Tukey—Kramer test
among wild-type neurons; red asterisks, ¢ test between wild-type and Rng705 ~/~ neurons. *p < 0.05, **p << 0.01. Error bars are SEM.
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K "-induced Na ™ effluxis decreased in Rng705 ~/~ neuronal dendrites and by RNAi of NKA subunit isoforms. A, Fluorescence images of Sodium Green in cultured neurons (10 DIV)

fromwild-typeand Rng705 '~ E17.5 cortexes. Neurons were cultured at low density to separate neurites from each other. Scale bar, 10 um. B, Time courses of Sodium Green fluorescence intensity
in the cell soma and dendrites (=30 wm from the cell soma) of wild-type and Rng705 ~/~ neurons during time-lapse expetiments. KCI (50 mm) was added at time 0. The same experiments were
also performed in the continuous presence of 50 wm ouabain. Mean fluorescence intensity is normalized to thatat t = —25 s (F,). Shown are the mean = SEM (top panels) and the mean (bottom
panels). ¢, Mean duration of K *-induced Na * efflux in the cell soma and dendrites of wild-type and Rng705 '~ neurons (left panels). The same experiments were performed on neurons
cotransfected with a red fluorescent protein (DsRed2) reporter and siRNA for the indicated NKA subunit isoforms (middle panels). The right panels show rescue experiments: gray bars, only siRNAs
were introduced; white bars, both siRNAs and target genes that were mutated at the siRNA target sequences were introduced. n = 4 independent experiments per group. *p << 0.05, **p < 0.01,
significant difference compared with +/+ or control siRNA, Tukey-Kramer test. Error bars are SEM.

(Fig. 4 A, E; supplemental Fig. 3, available at www.jneurosci.org as
supplemental material). The amount of each NKA subunit pro-
tein was almost the same between wild type and Rngl05 '~ as
judged by Western blotting (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material), supporting the
notion that the localization of the proteins was altered in
Rngl05~'~ neurons. Localization of PSD-95 to dendrites was
also decreased in Rngl105 ~/~ neurons, but the decrease was not as
great as that of the NKA subunit isoforms (Fig. 4 E; supplemental
Fig. 3, available at www.jneurosci.org as supplemental material).

Reduced NKA activity in dendrites of Rngl05 ~'~ neurons

NKA activity in wild-type and Rngl105 '~ neurons was estimated
by Na™ imaging (Fig. 5). Cultured neurons were labeled with
Sodium Green fluorescence indicator and time-lapse recording
was performed. When K™ was added to the culture medium,
K *-dependent NKA was activated and Na ™ was pumped out of
the neuron (Fig. 5B). Application of ouabain, a blocker of NKA,
decreased the duration of Na ™ efflux, supporting the finding that
Na™ efflux was, at least in part, attributable to the activation of

NKA (Fig. 5B,C). In Rng105_/_ neurons, the duration of Na™*
efflux was decreased in dendrites but not in the cell soma (Fig.
5B,C). These results suggest that NKA activity was decreased in
dendrites but not in the cell soma of Rngl05 '~ neurons, which
is consistent with the decreased localization of the NKA subunit
isoforms in dendrites.

The effect of RNA interference (RNAi) of the NKA isoforms
on K *-dependent Na ™ efflux was also examined. Cultured neu-
rons were cotransfected with siRNAs for the isoforms and a red
fluorescent protein (DsRed2) reporter to trace the affected cells.
Expression of the isoforms was suppressed in neurons expressing
the reporter (supplemental Fig. 5, available at www.jneurosci.org
as supplemental material). The duration of Na* efflux was de-
creased in neurons transfected with siRNAs for a3 or FXYDI
(Fig. 5C). The effect of RNAi was rescued by expression of target
genes (Fig. 5C). Of note, the effect of RNAi occurred in both
dendrites and cell soma in the RNAi neurons. These results sug-
gested that a deficit in @3 or FXYD1 reduced NKA activity. In
contrast, FXYD6- or FXYD7-knockdown had little effect on Na ™
efflux (Fig. 5C). FXYD6 and FXYD7 may have lesser degrees of
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contribution to NKA activity than those A
of a3 and FXYDI, or their loss may be
compensated by other subunits.

Poor development of neuronal
networks in Rng105~'~ neurons

Next, we examined the effect of the loss of
RNG105 on the development of dendrites
in primary cultured neurons. In low-density
cultured neurons from Rngl05 '~ cortex,
axons elongated fairly normally, but den-
drites were shorter than those of wild type
at 11 DIV, suggesting disorder in den-
drites of Rngl05 '~ neurons (Fig. 6 A, B).
To analyze the effect of the loss of
RNGI105 on dendrites, including den-
dritic arborization, in more detail, neu-
rons from wild-type and Rngl05 '~
cortexes were transfected with GFP as a
marker to visualize neuronal morphology
and cultured at high cell density (Fig.
6C,D). Sholl analysis revealed that the
number of dendrites was significantly re-
duced in Rngl05 '~ neurons compared
with wild-type neurons (Fig. 6 D), indicat-
ing that dendritic arborization was af-
fected by RNG105 knock-out. Consistent
with the deficiency in dendritic length and
branching, high-density cultured neurons
from Rng105 '~ cortex formed poor net-
works compared with those from wild type
(Fig. 6E, F). The deficit in the network for-
mation was likely to be attributable to the
deficit in dendritic development, but also
be attributable to other reasons [e.g.,
some alteration in the interaction of neu-
rons with each other because the networks
of high-density Rngl05 '~ neurons were
already poor at early DIV (Fig. 6F, 4-6
DIV), when dendrites of low-density
Rng105~'~ neurons elongated fairly nor-
mally (Fig. 6 B)].

Figure 6.

RNG105 deficiency affects the
distribution pattern of

synaptic proteins

Concomitantly with the reduction in the
network formation, clusters of synapsin I,
a marker for presynapses, were decreased in number in the net-
work area of Rngl05 '~ neurons (Fig. 7A). In contrast, synapsin
I clusters were increased in number and size on the soma of
Rngl05 '~ neurons. Although synapsin I clusters were still local-
ized along the neurites of Rngl05 '~ neurons, the ratio of the
pixel intensity of synapsin I clusters in the network versus in the
soma was decreased in Rngl05 ~/~ neurons (Fig. 7A, B). Because
~80-90% of these synapsin I clusters were colocalized with
PSD-95 (compare Fig. 4 D), axons were likely to terminate prefer-
entially near the soma in Rngl05 '~ neurons.

Immunostaining of fetal cerebral cortical slices also showed
that synapsin I clusters were decreased in the network area of
Rng105~'~ brains (Fig. 7C,D). In contrast, staining for glutamic
acid decarboxylase 65 (GAD65), an inhibitory presynaptic
marker, was increased in RngI05 '~ brains compared with wild-

Shiina et al. @ Dendritic Localization of NKA mRNAs by RNG105

B -o- HH+

30007 Axon —* —/—
2500
2000
1500
1000

500

1207 Dendrite

Length (um)
o

100
80 %
60 /&
40 yf\‘
20
O 4

0 5 .10 15
Days in vitro (DIV)

-o- +H+
—— /-

,}'}‘%‘H\‘}~§%‘ﬂ§\

/
3 s 5
*k *k * b
kg XK §

0 30 60 90 120 150180
Distance from soma (um)

Number of intersections O
kS
oONP~P,OOOONIAO

F 14 -_:,_-+;+

T 12 -~

o pefd

< 8 /

Z 4 "’** - R

2 5l NG
0

0 5 10 15 20
DIV

RNG105-deficient neurons form poor dendrites and networks. A, Neurons from E16.5 cortexes were cultured at low
density so that they did not come into contact with each other. Shown are phase contrast images of primary cultures (11 DIV) from
wild-type and Rng105 ~/~ cortexes. B, The axons and dendrites in A were traced and their lengths were measured at 4, 6, 8, and
11DIV. There was no significant difference in the length of axons or dendrites between wild-type and Rng 705 '~ neurons except
that dendrites of Rng705 ~/~ neurons were significantly shorter than those of wild-type neurons at 11 DIV. n = 20 for axon
lengths; n = 179, 59, 64, and 26 (wild type) and 142, 79, 47, and 35 (Rng105 /) for dendrite lengths at 4, 6, 8,and 11 DIV,
respectively. €, Neurons from wild-type and Rng705 ~/~ cerebral cortexes were transfected with a GFP reporter to visualize the
neuronal morphology and cultured for 9 d. GFP images of the transfectants at 9 DIV are shown. D, Dendrites in € were quantified
using Sholl analysis, which counts the number of dendrites crossing circles of various radiuses from the soma. n = 10. E, Phase
contrastimages of primary cultured neurons (22 DIV) from wild-type and Rng705 ~/~ E17.5 cortexes. Scale bars: 4, €, E, 100 um.
F, Quantification of neuronal networks in E. n = 8 fields (2.0 mm? each), four independent cultures from two littermates per
group. InB, D, and F, *p << 0.05, **p << 0.01, ***p << 0.001, t test at each DIV or each distance from the soma. Error bars are SEM.

type brains (Fig. 7C,D). Merging of the images for synapsin I and
GADG65 showed that synapsin I-positive clusters were excessively
colocalized with GAD65 in Rngl05 '~ brains (Fig. 7C; supple-
mental Fig. 6 A, B, available at www.jneurosci.org as supplemen-
tal material). Thus, distribution of synapsin I clusters, but not of
GADG5 clusters, was decreased in the network area of Rng105 '~
brains.

It is known that AMPARs, but not NMDA-type glutamate
receptors, cycle into and out of the postsynaptic membrane at a
rapid rate, and that AMPARSs are delivered to the synapse in an
activity-dependent manner (Lischer et al., 1999; Derkach et al.,
2007). We then coimmunostained cortical slices for GluR1, an
AMPAR subunit, and PSD-95 (Fig. 7E). The amount of GluR1
was significantly decreased at PSD-95-positive excitatory
postsynapses in RngI05 '~ cortex (Fig. 7E; supplemental Fig. 6C,
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0.01, ***p < 0.001. Error bars are SEM.

available at www.jneurosci.org as supplemental material). Further-
more, GluR1-PSD-95 overlaps distributed broadly in wild-type cor-
tex was markedly reduced in the network area and was limited to the
cell soma in Rngl05 '~ cortex (Fig. 7E, F). These results suggested
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Some of Rngl05 '~ cultured neurons
led to cell death (supplemental Fig. 7A,

RNG105 deficiency affects the distribution pattern of synaptic proteins. A, Primary cultured neurons (10 DIV) from
wild-type and Rng705 '~ E17.5 cortexes were immunostained for synapsin I. The arrowheads denote clusters of neuronal
somata. In wild-type neurons, synapsin I-positive clusters are mainly distributed along neuronal networks. In contrast, in
Rng105 /™ neurons, synapsin |-positive clusters are preferentially localized to the somata. B, Quantification of the immunostain-
ing for synapsin lin A. Shown are the ratio of the mean pixel intensity of synapsin | clusters in the network area to that in the soma.
€, Immunostaining for synapsin | and GAD65 in coronal slices of wild-type and Rng 105 '~ E17.5 cortexes. Synapsin | clusters were
decreased in the network area of Rng705 ~/~ brains. Synapsin | clusters were barely detected on the somain both wild-type and
Rng105 ~'~ brains, which was different from the results obtained in cultured neurons, although the reasons are not known. D,
Quantification of the immunostaining for synapsin | and GAD65 clusters in C. Mean fluorescence intensity and cluster density are
shown. a.u., Arbitrary units. £, Inmunostaining for an AMPAR subunit (GluR1) and PSD-95 in slices of wild-type and Rng705 '~
E17.5 cortexes. Cell somata are masked with blue in the right panels. Unmasked regions are network areas. Scale bars: 4, C, E, 10
um. F, The ratio of the overlap between GluR1 and PSD-95 in the network area to that in total areain E. In B, D, and F, numbers
inside the bars are the number of fluorescent clusters or the number of fields (4.5 > 10* m 2 each) analyzed. *p < 0.05, **p <

available at www.jneurosci.org as supple-
mental material). Cell death was also en-
hanced in Rng105 '~ brains (supplemental
Fig. 7B, C, available at www.jneurosci.org as
supplemental material), although not en-
hanced in other organs (data not shown).
The enhanced cell death is likely to be as-
sociated with the deficit in the synapses
and networks in RngI05 '~ neurons. Al-
though some Rngl05 '~ cultured neurons
led to cell death, the other Rngl05 '~
neurons survived, which indicated that
RNGI05 itself was not an absolute re-
quirement for survival for neurons.

NKA suppression reduces networks and
affects the termination pattern of axons
from normal neurons

Next, we examined the effect of NKA in-
hibition on the formation of networks
and synapses in cultured cortical neurons.
Continuous application of low concentra-
tion of ouabain (10 uM) to cultured neu-
rons reduced the formation of neuronal
networks without affecting cell survival
(Fig. 9A, B; supplemental Fig. 8, available
at www.jneurosci.org as supplemental
material), although high concentrations
of ouabain enhanced cell death (data not
shown). Immunostaining of the cultured
neurons revealed that synapsin I clusters,
but not GAD65 clusters, were decreased in
the ouabain-treated neurons (Fig. 9C,D).
In contrast to the result that synapsin I
clusters were increased, rather than de-
creased, in the soma of Rngl05 '~ neu-
rons (Fig. 7A, B), synapsin I clusters were
decreased in the soma of the ouabain-treated neurons (Fig. 9C),
which may possibly be attributable to NKA activity in the soma
not being decreased in Rngl05 '~ neurons but was decreased in
ouabain-treated neurons (Fig. 5B,C). Thus, inhibition of NKA
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impaired the formation of neuronal net-
works and synapses, which was reminis-
cent of the phenotype of Rngl05 '~
neurons. It should be noted, however, that
the effect on synapses in Rngl05 '~ neu-
rons was restricted to dendrites.

To examine the contribution of NKA
in postsynaptic neurons to synapse for-
mation, RNAi of NKA subunit isoforms
was also performed (Fig. 10). Postsynaptic
spines are usually innervated by excitatory
presynapses, whereas inhibitory presyn-
apses occur primarily on cell bodies and
dendritic shafts, as shown in the control
RNAI neurons (Fig. 10A). RNAI of iso-
forms al, @3, and FXYD1 in postsynaptic
neurons resulted in the decrease of synap-
sin T attachment to spines (Fig. 10C, left
panel; D). RNAi of FXYD6 and 7 also re-
duced the synapsin I attachment to spines,
but had additional contrasting effects that
increased the attachment of GAD65 to
spines (Fig. 10C, middle panel; D). The
effects of FXYD6 and 7 RNAi were also
distinct from other RNAIi in terms of
changes in spine size (Fig. 10 B). Attach-
ment of synapsin I and GAD65 on den-
dritic shafts was not significantly altered
in each RNAI experiment. The effects of
the siRNAs on spine size and presynaptic
attachment to spines were rescued by ex-
pression of the target genes that were mu-
tated at the siRNA target sequences,
suggesting that the RNAI effects were at-
tributable to knocking down of the
proteins (Fig. 10B,D). Triple RNAi of
FXYDI, 6, and 7 resulted in the decrease
of synapsin I attachment and the increase
of GADG65 attachment to spines, which
appeared to be the sum of each RNAi phe-
notype (Fig. 10C, right panel, green; D).
However, addition of @3 siRNA to the tri-
ple RNAI canceled the increased attach-
ment of GAD65 to spines (Fig. 10C, right
panel, red; D). These results suggest the
involvement of NKA subunit isoforms in
presynaptic attachment to spines: a3 is re-
quired for the attachment of both excita-
tory and inhibitory presynapses to spines.
FXYD1 positively regulates the attach-
ment of excitatory presynapses to spines,
whereas FXYD6 and 7 have additional
roles that negatively regulate the attach-
ment of inhibitory presynapses to spines.

RNG105 RNAi experiments also re-
sulted in the decrease of synapsin I attach-
ment to spines (Fig. 10A,D). RNG105
RNAI did not significantly increase the at-
tachment of GADG65 to spines, which was
reminiscent of the RNAi of a3, FXYDI,
and quadruple RNAi of a3 and FXYD1, 6,
and 7. The change in synapses in RNG105
RNAi neurons is likely to be a cause for the
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decreased synapsin I clusters in the network of Rngl105 '~ cul-
tured neurons and cortex. Together, RNAi of NKA subunit iso-
forms and RNGI05 in postsynaptic neurons altered the
termination patterns of axons from normal neurons. These re-
sults suggest that reduced localization of NKA subunit isoforms
to dendrites underlies a part of the altered synapse formation in
Rng105~'~ neuronal networks.

Discussion

We identified mRNAs for NKA subunit isoforms a3 and FXYD1,
6, and 7 as RNG105-associated mRNAs, which were localized to
dendrites in an RNG105-dependent manner in neurons. The loss
of RNG105 resulted in reduced localization of the NKA subunit
isoform proteins to dendrites, which was accompanied by the
reduction in K *-induced Na * efflux activity in dendrites but not
in the soma, leading to the aberrant synapse formation and de-
generation of neuronal networks.

Possible roles of RNG105-assocoated mRNAs

Microarray and localization analyses in cultured neurons showed
that mRNAs for a3, FXYD1, 6, and 7 NKA subunit isoforms
were associated with RNG105 in the RNA granule. FXYD1 and
6 mRNAs were also reportedly identified as dendritically local-
ized mRNAs by microarray analysis (Zhong et al., 2006), which
may be consistent with our results.

It is reported that inhibition of NKA activity by low concen-
trations of ouabain leads to increased susceptibility to glutamate
excitotoxicity that induces the elevation of intracellular Na ™ and
Ca’" ions (Brines and Robbins, 1992; Kiedrowski et al., 2004).
These observations support our finding that the augmented cell
death in Rngl05 '~ neurons is attributable to the reduced NKA
subunit isoforms in dendrites of Rngl105 '~ neurons. It has also
been reported that partial inhibition of NKA suppresses EPSPs
(Reich et al., 2004), and that inhibition of NKA reduces the cell
surface expression and turnover of AMPARs (Zhang et al., 2009),
which appear to be consistent with our results that colocalization
of AMPARs and PSD-95 was reduced in the network area and
restricted to the soma in Rngl05 '~ cortex.

An important result in the present study is that the loss of
NKA was in dendrites, but not in the soma. In wild-type neurons,
because the majority of excitatory synapses are located on den-
drites, cations such as Na " and Ca** should frequently flow into
dendrites, followed by generation of reactive oxygen species
(ROS). To defend neurons from such changes, localization to
dendrites of factors responsible for defense against the changes
should be required. Ion homeostasis is one of these defensive
mechanisms. NKA is well known to be involved in Na*/K™* ion
homeostasis and indirectly in Ca>* homeostasis through Na '/
Ca** exchangers. In fact, microarray analysis identified mRNAs
for NKA subunit isoforms and also for other factors involved in
ion homeostasis (supplemental Table 2, available at www.
jneurosci.org as supplemental material). In addition, the analysis
identified mRNAs for metal-binding proteins such as selenopro-

<«

(Figure legend continued.)  introduced. C, Fluorescence intensity of synapsin | and GAD65
clusters on the GFP-positive spines in A. The fluorescence intensity on spines is normalized to
that in GFP-negative areas in the same field and plotted. Each dot in the graph shows fluores-
cence intensity on each spine. D, Mean fluorescence intensity of synapsin | and GAD65 in C. The
right panel shows rescue experiments. In B and D, expression of rescue constructs significantly
suppressed the effects of siRNAs except that the suppression of the effect of FXYD7 siRNA on
spine size was partial. The numbers indicate the number of spines analyzed. *p << 0.05, **p <
0.0, significant difference compared with control, Tukey—Kramer test. Error bars are SEM.
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tein W and metallothionein 2, which are involved in defense
against ROS (supplemental Tables 1, 2, available at www.
jneurosci.org as supplemental material). mRNAs for amyloid-£
precursor protein (APP)-related factors were also identified:
amyloid-B precursor-like protein 1 (aplpl), aplp2, and sorting
nexin 17 (supplemental Tables 1, 2, available at www.jneurosci.
org as supplemental material). Although the precise involvement
of APP-related factors in defensive roles against neurotoxicity is
not well known, APP reportedly promotes a loss of neuronal
Ca** homeostasis and cell death through reduction in NKA ac-
tivity (Mark et al., 1995). Thus, our microarray analyses identi-
fied a battery of mRNAs whose translated products are
potentially responsible for defensive roles against neurotoxicity,
which led us to propose novel roles for dendritic local translation
in the maintenance of dendritic properties.

Roles of RNG105 in neurons

We and other researchers have reported previously that RNG105
inhibits translation in vitro and that overexpression of RNG105
inhibits translation in vivo (Shiina et al., 2005; Solomon et al.,
2007). However, neither a3, FXYD1, 6, nor 7 proteins were in-
creased in the dendrites of Rngl05 '~ neurons (Fig. 4), or in-
creased in Western blotting analyses (supplemental Fig. 4,
available at www.jneurosci.org as supplemental material), which
was similar to the results of knock-out of RNG105 (=caprin-1) in
chicken DT40 cells, which resulted in no significant effect on
global rates of protein synthesis (Solomon et al., 2007). These
results suggested the possibility that RNG105 may not play the
primary role in translational inhibition, although RNG105 af-
fected translation when expressed at nonphysiological levels in
cells.

In addition, because translation of a Kaede reporter fused to
the 3'-UTRs of RNG105-targeted mRNAs (except for a3 3’-
UTR) was suppressed not only in wild-type neurons but also in
Rngl05~'~ neurons (supplemental Fig. 9, available at www.
jneurosci.org as supplemental material), translational repres-
sor(s) other than (or in addition to) RNG105 may exist in the
neurons. Analyses of the effect of RNG105 on translation in the
background of a null mutation in the translation repressor(s)
could elucidate whether RNG105 acts as a translation repressor in
dendritic RNA granules. Analysis of other parts of the 3 mRNA
may also be required to clarify this.

In Rngl05 ~/~ neurons, the localization of &3 and FXYD1 and
7 3'-UTRs to dendrites was reduced, which was accompanied by
the reduction in the dendritic localization of a3 and FXYDI, 6,
and 7 proteins. However, RNA granules still formed in the ab-
sence of RNG105. These results suggested that rather than gran-
ule assembly, RNG105 plays important roles in dendritic mRNA
localization, for example, by regulating the loading and unload-
ing of mRNAs into and from RNA granules (supplemental Fig.
10, available at www.jneurosci.org as supplemental material),
which may be coupled to activity-dependent control of local
translation.

Similarity between RNG105- and G3BP-deficient mice

Rngl05~'~ mice phenotypes are very similar to those of G3BP-
deficient mice (Zekri et al., 2005). G3BP deficiency also results in
fetal growth retardation, the CNS cell death, and neonatal lethal-
ity with respiratory failure. RNG105 and G3BP are colocalized to
RNA granules in neurons and in cultured cells (Angenstein et al.,
2002; Solomon et al., 2007), and form a heterodimer in their
recombinant forms (Katsafanas and Moss, 2004). In the present
study, we showed that the localization of G3BP to dendrites was
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reduced in Rngl105 '~ neurons, which supported the association
of RNG105 and G3BP. The association of RNG105 and G3BP,
together with the phenotypic similarity between Rngl05 '~ and
G3BP ™'~ mice, suggested a physical and functional interaction
between RNG105 and G3BP.

G3BP is reportedly responsible for many unrelated functions
in proliferating cells and in neurons (Irvine et al, 2004).
RNG105, although most abundantly expressed in the brain, is
also expressed in actively proliferating cells (Grill et al., 2004).
Knock-out of RNG105 in DT40 cells results in a slowing of the
proliferation rate (Wang et al., 2005), which is consistent with
our finding that Rng105 '~ fetuses showed growth retardation.
Thus, RNG105, interacting with G3BP, may play roles both in
proliferating cells and in neurons.

Poor neuronal networks in RNG105-deficient neurons
RNG105 knock-out in neurons caused abnormal distribution of
synapses and poor neuronal networks. RNG105 knock-out also
led to significant cell death, which suggests that poor networks in
Rngl05 '~ neurons are caused not only by loss of NKA subunit
isoforms but also by cell death. The present results that RNG105
is associated with mRNAs whose translated products are poten-
tially responsible for defensive roles against neurotoxicity sup-
port the possibility. However, this does not exclude the notion
that deficiencies of NKA subunit isoforms as well as RNG105
affect synapse patterning and neuronal networks without cell
death, as shown by RNAi experiments. RNAi of the NKA subunit
isoforms and RNG105 did not lead to neuronal cell death, which
may be because the knockdown effect of the siRNAs did not last
for along period (the effect of siRNA used in the present study is
reported to be decreased after day 4). Even without cell death,
RNAi of NKA subunit isoforms and RNG105 resulted in abnor-
mal distribution of synapses and poor development of dendrites
(Fig. 10). Furthermore, ouabain treatment of cultured neurons
reduced the development of networks and synapses without af-
fecting cell survival (Fig. 9; supplemental Fig. 8, available at www.
jneurosci.org as supplemental material). Thus, deficiencies of
RNG105 and NKA subunit isoforms affect neuronal networks
and synapses without cell death, which underlies, at least in part,
the abnormal distribution of synapses and poor neuronal net-
works in RngI05 '~ neurons.

Alteration in synapses in Rng105 '~ neurons

Electrophysiological measurements revealed that the half-width
of mEPSCs in Rngl05 '~ neurons was significantly decreased.
These results could be explicable by the following possibilities:
(1) considering the effect of dendritic cable filtering that shapes
the amplitude and width of EPSCs to a degree that is dependent
on synapse location, excitatory synapses may be decreased in the
distal dendritic area but increased in the proximal dendritic area
in Rngl05 '~ neurons; (2) the property of postsynapses may
change [e.g., changes in synaptic AMPAR subunit composition,
changes in PSD size and location, or changes in interaction be-
tween AMPARs and postsynaptic proteins such as stargazin,
which affects desensitization of AMPARs (Lawrence and Trussell,
2000; Cathala et al., 2005; Tomita et al., 2005)]. Possibility (1)
appears to be consistent with the present result that synapsin
I-positive clusters were decreased in the network but increased in
the soma of Rngl05 '~ cultured neurons. However, because
changes in the localization of synapses to the soma could also
increase the amplitude of mEPSCs, other mechanisms that de-
crease the amplitude of mEPSCs may be required to explain this
possibility. Possibility (2) may be consistent with the reduction in

J. Neurosci., September 22, 2010 - 30(38):12816 12830 « 12829

the colocalization of GluR1 with PSD-95 in Rng105 '~ neurons.
To examine possibility (2), we need to perform additional exper-
iments to test whether mRNAs for AMPARs and AMPAR-
associated proteins are regulated by local translation (Ju et al.,
2004) through RNG105-including mechanisms.

In conclusion, we demonstrated that RNG105 is required for
the localization of mRNAs such as NKA subunit isoform mRNAs
to dendrites, highlighting the in vivo importance of RNG105 in
the maintenance of dendritic properties such as ion homeostasis
against neurotoxicity, and therefore for the proper networking of
the neurons. However, additional studies of other mRNAs impli-
cated in the defense against cell death and in the regulation of
AMPAR activity could fully elucidate the mechanism of the
RNG105-deficient phenotype. In addition to the well known
roles of local translation in synapse formation and plasticity, the
present study suggests novel defensive roles of local translation.
These findings raise an interesting issue of whether RNA-binding
proteins in the RNA granules or particular kinds of RNA granules
regulate distinct biological processes through binding to distinct
sets of mMRNAs.
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