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RNA granules mediate the transport and local translation of
their mRNA cargoes, which regulate cellular processes such as
stress response and neuronal synaptic plasticity. RNA granules
contain specific RNA-binding proteins, including RNA granule
protein 105 (RNG105), which is likely to participate in the trans-
port and translation of mRNAs. In the present report, an
RNG105 paralog, RNG140 is described. A homolog of RNG105/
RNG140 is found in insects, echinoderms, and urochordates,
whereas vertebrates have both of the two genes. RNG140 and
RNG105 are similar in that both bind to mRNAs and inhibit
translation in vitro, induce the formation of RNA granules, are
most highly expressed in the brain, and are localized to dendritic
RNA granules, part of which are accumulated at postsynapses.
However, they differ in several characteristics; RNG105 is highly
expressed in embryonic brains, whereas RNG140 is highly
expressed in adult brains. Furthermore, the granules where
RNG105 or RNG140 is localized are distinct RNA granules in
both cultured cells and neuronal dendrites. Thus, RNG140 is an
RNA-binding protein that shows different expression and local-
ization patterns from RNG105. Knockdown experiments in cul-
tured neurons also are performed, which demonstrate that sup-
pression of RNG140 or RNG105 reduces dendrite length and
spine density. Knockdown effects of RNG140 were not rescued
by RNG105, and vise versa, suggesting distinct roles of RNG105
and RNG140. These results suggest that RNG140 has roles in the
maintenance of the dendritic structure in the adult vertebrate
brain through localizing to a kind of RNA granules that are dis-
tinct from RNG105-containing granules.
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The transport of specific mRNAs and local control of trans-
lation play important roles in local translation in a cell, which
contributes to several cellular processes including axis forma-
tion, stress responses, and long term synaptic plasticity (1-4).
The specific mRNAs are recruited into RNA granules, which
are key RNA-protein complexes for controlling the transport,
stability, and translation of mRNAs.

There are different types of RNA granules, including neuro-
nal RNA granules, stress granules, and processing bodies (P
bodies).> Neuronal RNA granules store specific mRNAs and
repress their translation during the transport of the mRNAs
into dendrites. The granules release the mRNAs to be trans-
lated in response to synaptic stimulation, which is responsible
for long term synaptic plasticity (5, 6). Stress granules appear in
the cytoplasm of somatic cells in response to stress such as
arsenite treatment. Stress granules recruit mRNAs encoding
“housekeeping” proteins and repress their translation, which
contributes to stress-induced translational arrest (7). P bodies
are cytoplasmic RNA granules containing mRNA decay
machinery and are involved in mRNA degradation and transla-
tional repression (8).

All of the three types of RNA granules share some protein
components such as translation initiation factor 4E (eIF4E) and
the fragile X mental retardation protein (FMRP). On the other
hand, other components are shared only between neuronal
RNA granules and stress granules, e.g G3BP (RasGAP SH3
domain-binding protein) and ribosomes (6, 7). P bodies are dis-
tinguished from the other two granules by the absence of ribo-
somes and are characterized by the presence of enzymes for the
mRNA decay pathway such as DCP1/2 and XRN1. Although
stress granules and P bodies are distinct structures, they are linked
dynamically and share some enzymes, including XRN1 (7).

RNG105 is an RNA-binding protein highly expressed in the
brain and localized to neuronal RNA granules in dendrites (9).
RNGI105 also is expressed in proliferating cells, so it also is
known as caprin-1 (cytoplasmic activation/proliferation-asso-

3 The abbreviations used are: P bodies, processing bodies; RNG, RNA granule
protein; RNGI, RNG invertebrate; GST, glutathione S-transferase; FMRP,
fragile X mental retardation protein; GFP, green fluorescent protein; mRFP,
monomeric red fluorescent protein; siRNA, small interfering RNA; RNAi,
RNA interference.
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In this study, RNG140 was iden-
tified as an RNA-binding protein,
which was present in RNA gran-
ules that were distinct from
RNG105-containing RNA gran-
ules. RNG140 and RNG105 also
were different in their expression
patterns in fetal and adult mouse
brains. Loss of RNG140 or
RNG105 in neurons resulted in the
reduction of dendrite length and
spine density. The results sug-
gested roles of RNGI140 and
RNG105 in dendrite organization
at different location and times in
neurons.
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EXPERIMENTAL PROCEDURES

¢DNA Sequences of Rngl05 and
Rngl40—cDNA sequences were ob-
tained from the GenBank™/EMBL/
DDBJ databases. Rngl05 sequences;
Homo sapiens, GenBank™ acces-
sion no. NM 005898; Danio rerio,
NM 213068; Rnugi for Strongylocen-

D. melanogaster

C
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FIGURE 1. RNG140 is a paralog of RNG105 that is conserved in vertebrates. A, schematic diagram showing
the domain structures of RNG105, RNGI, and RNG140 from the indicated organisms. The gray shadow shows
highly conserved region among them. NLS, nuclear localization signal; NES, nuclear export signal; E-rich, glu-
tamic acid-rich region; Q-rich, glutamine-rich region; C1q, C1g-related domain. B, a dendrogram of RNG105,
RNGI, and RNG140 from the indicated organisms. C, alignment of the highly conserved region from RNG105,
RNGI, and RNG140. Black boxes indicate identities; gray boxes, similarity. Colored amino acids are predicted to
form the basic helices. Two basic helices are contained in the highly conserved region. Blue, basic; red, acidic;
green, hydrophobic amino acids. Numbers indicate residue numbers. Hs, H. sapiens; Dr, D. rerio; Ci, C. intestinalis;
Sp, S. purpuratus; Dm, D. melanogaster;and Am, A. mellifera. D, Schiffer-Edmundson wheel diagrams for the two
basic helices. Numbers indicate the amino acid residues of human RNG105. The size of the amino acid letters
corresponds to their frequency among the eight sequences in C. Blue, basic; red, acidic; green, hydrophobic

amino acids (aa).

ciated protein-1) (10). In proliferating cells, RNG105 is local-
ized to stress granules (9, 11). RNG105 binds to mRNAs non-
specifically and represses translation in vitro or when
overexpressed in cells (9, 11). However, endogenous RNG105
binds to specific mRNAs both in neurons and proliferating
cells, and loss of RNG105 does not affect the global translation
rates in cells (9, 11). RNG105 has two basic domains, N-termi-
nal basic helices (coiled-coil) and C-terminal RGG boxes (RG-
rich region), which are responsible for RNA binding and transla-
tional repression in vitro and for RNA granule formation (9). In
neurons, the localization of RNG105 to neuronal RNA granules
coincides with cargo mRNAs and is regulated dynamically by syn-
aptic stimulation, suggesting the role of RNG105 in mRNA trans-
port and local translational control (9).
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trotus purpuratus, XM 00194889;
Drosophila melanogaster, NM 144414;
Rngl140 for H. sapiens, NM 001002259;
and D. rerio, NM 001013273. The
c¢DNA sequence for Ciona intesti-
nalis Rngi was assembled from
expressed sequence tag sequences:
BW 240466, BW 291363, BW
289399, BW 270664, AV 675094,
BW 044090, BW 209789, BW
260723, BW 264501, AV 958493,
BW 402084, AV 968680, AV 676119, BW 232064, BW 293691,
BW 90982, and BW 245018.

The aligned sequences were compared using Clustal W soft-
ware. Dendrograms were generated using Phylodendron
software.

Antibodies—The following antibodies were used in the pres-
ent study: anti-ribosomal protein S6 (RPS6) (Santa Cruz Bio-
technology, Santa Cruz, CA), anti-FMRP (Millipore, Billerica,
MA), anti-microtubule-associated protein 2 (MAP2) (Sigma),
anti-PSD-95 (BD Biosciences, San Jose, CA), anti-GFP (Nacalai
Tesque, Kyoto, Japan), anti-DCP2 (generous gift from Dr. M.
Kiledjian), anti-XRN1 (generous gift from Dr. W.-D. Heyer),
anti-staufen (generous gift from Dr. J. Ortin), anti-RNG105 (9),
anti-digoxigenin Fab fragments (Roche Applied Science), cya-
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nine 3 (Cy3)-labeled anti-mouse IgG, Cy3-labeled anti-rabbit
IgG, Cy3-labeled anti-goat IgG (Jackson ImmunoResearch Lab-
oratories, West Grove, PA), biotinylated anti-rabbit IgG, and
alkaline phosphatase-conjugated streptavidin (GE Healthcare).

Generation of Polyclonal Antibodies—Rat cDNAs encoding
amino acids 884 1,031 of RNG140 and the full length of G3BP
were obtained by reverse transcription-PCR from rat brain
RNA. These fragments were cloned into a pGEX-5X-3 vector
(GE Healthcare) to produce fusion proteins with glutathione
S-transferase (GST). The GST fusion proteins were 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 RNG140 and G3BP
proteins were purified in accordance with the manufacturer’s
protocol. The purified proteins were used as antigens to gener-
ate polyclonal antibodies in rabbits. The antibodies were affin-
ity-purified on Affi-Gel 10 gel (Bio-Rad), which had been con-
jugated with the respective antigens.

Immunoblotting—Extracts from mouse tissues or cultured
A6 cells were prepared by homogenization in 150 mm NaCl,
1.0% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mm Tris
(pH 8.0), 1 mMm dithiothreitol, and protease inhibitors (10 pg/ml
leupeptin, 10 ug/ml pepstatin, 100 wg/ml aprotinin, and 1 mm
phenylmethylsulfonyl fluoride) followed by centrifugation for
10 min at 10,000 X gat 4 °C. Extracts were loaded on polyacryl-
amide gels (30 pg protein per lane), transferred to polyvinyli-
dene fluoride membranes and probed with the primary anti-
bodies. Biotinylated secondary antibodies and alkaline
phosphatase-conjugated streptavidin were used for detection
with bromochloroindolyl phosphate/nitro blue tetrazolium
solution.

In Vitro RNA Binding and in Vitro Translation Assays—To
construct the expression vectors for GST-RNG140 and GST-
RNG140 deletion mutants, Rngl40 cDNA was obtained by
reverse transcription-PCR from rat brain RNA and cloned into
the Smal/Notl sites of the pGEX-5X-3 vector. The primers
were 5'-TCCCCCGGGTCATGAAGTCAGCCAAGTCCC-
AAG-3" (N-Smal) and 5'-ATTTGCGGCCGCTTAATCTTG-
ATAAAGAAGATAGCCT-3" (C-Notl) for GST-RNGI140,
5'-TCCCCCGGGTCGAAGCAGTAGAAAAGTATGAAG-3’
(AN-Smal) and C-Notl for GST-RNG140AN, N-Smal and
5-ATTTGCGGCCGCTCAACTACTGATAAATGGCTGA-
GCAG-3’ (AC-Notl) for GST-RNG140AC, and AN-Smal and
AC-Notl for GST-RNG140ANC. The recombinant GST fusion
proteins were expressed in E. coli (BL21) and subjected to RNA-
binding assay as described previously (9). The recombinant
proteins also were subjected to translation assays in rabbit
reticulocyte lysates (Promega, Madison, WI) using luciferase
mRNA as a template as described previously (9).

Expression of GFP Fusion Proteins in Cultured Cells—To
construct the expression vectors for RNG140-green fluores-
cent protein (RNG140-GFP) and RNG140-GFP deletion
mutants, rat Rngl40 cDNA was amplified by PCR and cloned
into the Xhol and Kpnl sites of pPEGFP-N1 vector (Clontech).
The primers were 5'-CCGCTCGAGATGAAGTCAGCCAA-
GTCCCAAG-3" (N-Xhol) and 5'-GGGGTACCCCACC-
TCCACCTCCATCTTGATAAAGAAGATAGCCTGAAA-3’
(C-Kpnl) for RNG140-GFP, 5'-CCGCTCGAGGAAGCAGT-
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FIGURE 2. RNG140, as well as RNG105, binds directly to RNA and inhibits
translation in vitro. A, recombinant GST, GST-RNG105, GST-RNG140, and
GST-RNG140 deletion mutants were incubated with RNA isolated from rat
brains. RNA bound to the recombinant proteins was extracted and quanti-
fied. FL, full length; AN, deletion of N terminus (from N-terminal end to NLS);
AC, deletion of C terminus (from RGG box to C-terminal end); ANC, deletion of
both N and C termini. n = 3, ¥, p < 0.05, Student’s t test. Error bars are S.E.
B, luciferase mRNA was translated in rabbit reticulocyte lysates in the pres-
ence of 0.03 or 0.3 um recombinant GST, GST-RNG105, GST-RNG140, and GST-
RNG140 deletion mutants. Translated luciferase protein was detected by
SDS-PAGE. C, intensities of the bands in B were quantified, and translational
repression activity of each recombinant protein (0.3 um) was calculated. n =
3,% p < 0.05, Student’s t test. Error bars are S.E.

AGAAAAGTATGAAG-3' and C-Kpnl for RNG140AN-GFP,
and N-Xhol and 5'-GGGGTACCCCCCCACCCCCCCCACT-
ACTGATAAATGGCTG-3' for RNG140AC-GFP. Cultured
Chinese hamster ovary and A6 cells were transfected with the
vectors according to the Lipofectin protocol (Invitrogen). Sta-
ble transfectants were selected by treatment with Geneticin
(Invitrogen) as described previously (13).

Cell Staining—Immunofluorescence staining was performed
as described previously (9). For in situ hybridization, A6 cells or
rat hippocampal slices were subjected to fluorescence in situ
hybridization with a 3’-digoxigenin-labeled poly(dT) probe
(55-mer) as described previously (9).

The specimens were imaged using an FV500 confocal laser-
scanning microscope (Olympus Optical, Tokyo, Japan) with a
PlanApo 60X oil objective lens or a Delta Vision optical sec-
tioning microscope (Applied Precision, Inc., Issaquah, WA)
equipped with an IX70 microscope (Olympus Optical) with a
PlanApo 60X oil objective lens or a UPlanApo 20X objective
lens.

Time-lapse Imaging— A6 cells co-transfected with RNG140-
GFP and RNG105-monomeric red fluorescent protein (mRFP)
(9) vectors were cultured on glass bottom dishes (MatTek, Ash-
land, MA). Time-lapse images of the cells were taken with an
inverted fluorescence microscope (IX71; Olympus Optical)
using a LUC Plan FL 40X objective lens and a cooled CCD
camera (ORCA-ER; Hamamatsu, Shizuoka, Japan). Cells with
low expression levels of RNG140-GFP and RNG105-mRFP
were selected for the imaging. The cells had very few RNG140-
GFP-localizing and RNG105-mRFP-localizing granules before
arsenite treatment.
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FIGURE 3. The RNG140-induced granules are distinct RNA granules from RNG105-induced ones. A, A6
cells expressing RNG105-GFP or RNG140-GFP were stained by in situ hybridization with poly(dT) for mRNA
detection or immunostained with anti-ribosomal protein S6 (RPS6), anti-G3BP, anti-RNG105, anti-FMRP, anti-
DCP2, and anti-XRN1 antibodies. Scale bar, 10 um. B, quantification of co-localization of RNG105-GFP or
RNG140-GFP granules with the stains in A. Shown are percentages of RNG105-GFP or RNG140-GFP granule

areas that overlap with the stains.n = 10. Error bars are S.E.

RNA Interference—Mixtures of siRNAs for RNG105, RNG140,
and control were purchased from Dharmacon (Lafayette, CO)
(siGENOME SMART pool M-056618-00-0005, M-057521-01-
0005, and D-001206-13-05, respectively). Cerebral cortical
neurons from embryonic day 15.5 mice were cultured in
minimum essential medium (Sigma) containing N2 supple-
ment (Invitrogen) and 2% fetal bovine serum. The neurons
were co-transfected with the siRNAs (0.5 ug each for 7.1
cm?) and pEGFP-N1 vector (0.5 ug for 7.1 cm?) at 7 days in
vitro using the conventional calcium-phosphate precipita-
tion method. In rescue experiments, the expression vector for
RNG105-GFP or RNG140-GFP (2 ug each for 7.1 cm?) was
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introduced to the neurons. Three
days later, the neurons were subjected
to immunofluorescence studies.

RESULTS

RNG140 Is a Paralog of RNGI05
That Is Conserved in Vertebrates—
RNG105 has been shown previously
to contain specific domains such as
basic helices (coiled-coil), a glu-
tamic acid-rich region, a glutamine-
rich region, and RGG boxes (9). The
N-terminal basic helices and the
C-terminal RGG boxes are respon-
sible for the strong and weak
RNA-binding abilities, respectively.
Structural analysis of RNG140
revealed that RNG140 also contains
basic helices and RGG boxes, sug-
gesting that RNG140 is an RNA-
binding protein (Fig. 14). However,
RNG140 does not contain the glu-
tamic acid-rich region or gluta-
mine-rich region. RNG140 is char-
acterized by the C-terminal domain,
which is homologous to the globular
domain of complement component
Clq of the immune system (Fig. 14)
(14).

Database homology searches
found that an RNG105/RNG140
homolog is conserved in urochor-
dates, echinoderms, and insects
(Fig. 1, A and B). Only one gene for
RNG105/RNG140 homolog was
found in the invertebrate animals,
suggesting that duplication and
divergence of the gene had occurred
in the early evolution of vertebrates.
We designated the invertebrate
homolog RNGI (RNG invertebrate).

Sequence alignment of RNG105,
RNG140, and RNGI revealed that
the basic helix-containing region
was the most highly conserved
region across animal phyla (Fig. 1, A
and C). This region had two peaks of basic charge, correspond-
ing to two basic helices (Fig. 1, A and C). In each helix, the
amino acids are arranged to form a hydrophobic stripe along
one side of the a-helix and basic clusters on the other side (Fig.
1D). The hydrophobic stripe may contribute to protein-protein
interactions, such as those found in coiled-coil domains, and
the basic clusters may serve as a docking surface for nucleic
acids (9).

RNGI140 Binds Directly to RNA—Recombinant GST-
RNG140 was expressed in E. coli and purified, and then its
RNA-binding ability was examined in vitro. RNG140, as well
as RNG105, bound directly to RNA (Fig. 24). Deletion of the N
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FIGURE 4. RNG105, but not RNG140, is recruited into stress-induced cytoplasmic granules. A, A6 cells
co-expressing low levels of RNG105-mRFP and RNG140-GFP were stressed with 0.5 mmarsenite, and time-lapse
recordings were made. The time (min) after arsenite addition is indicated. Scale bar, 10 um. B, profile of changes
in the number of RNG105-mRFP granules and RNG140-GFP granules per cell during the experimentin A (n = 4).

Error bars are S.E.

terminus containing the basic helices (AN and ANC) markedly
reduced the binding ability. In contrast, deletion of the C ter-
minus containing the RGG boxes (AC) did not appear to affect
the RNA-binding ability (Fig. 2A4). These results indicated that
the N-terminal region of RNG140 is a major RNA-binding site,
consistent with findings in RNG105 (9). In addition, RNA bind-
ing of RNG140 was sequence-independent, which was similar
to that of RNG105 (data not shown).

It was shown previously that RNG105 represses the transla-
tion of bound mRNAs in vitro, and the N terminus is required
for the repression activity (9). In Fig. 2, B and C, the effect of
RNG140 on translation was examined in vitro. Full-length
RNG140 repressed translation in a dose-dependent manner.
Deletion of the C terminus (AC) did not alter the translation
repression activity, whereas deletion of the N terminus (AN and
ANC) resulted in decreases in the repression activity. These
results indicated that RNG140 has translation repression activ-
ity in vitro and that the basic helix region was responsible for the
activity. These results were similar to the case of RNG105 (9).

RNGI140 Induces the Formation of Cytoplasmic RNA
Granules—RNG105 induces the formation of cytoplasmic
RNA granules when overexpressed in cultured cells, and both
the N-terminal basic helices and the C-terminal RGG boxes are
required for granule formation (9). It was examined whether
RNG140 also has ability to induce cytoplasmic RNA granules in
cultured cells. Overexpression of RNG140-GFP in Chinese
hamster ovary and A6 cultured cells induced the formation of
cytoplasmic granules (Fig. 3 and supplemental Fig. 1). The
granules contained mRNAs as judged by in situ hybridization
with poly(dT) (Fig. 3, top panels), indicating that they were
RNA granules. Deletion of the N terminus (AN) markedly
reduced granule formation (supplemental Fig. 1). The effect of
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the C-terminal deletion (AC) was
more severe, i.e. the granules were
not formed at all (supplemental
Fig. 1). These results indicated that
RNG140 induces the formation of
cytoplasmic RNA granules and that
both the N- and the C- terminal
regions are required for the granule
formation.

It is reported that cytoplasmic
RNA granules such as stress gran-
ules are dynamic structures con-
taining translationally inactive
mRNAs which are in equilibrium
with polysomes. Granules formed
by trapping translationally inactive
mRNAs are disassembled by cyclo-
heximide that stabilizes polysomes
(15). RNG140-induced RNA gran-
ules as well as RNG105-induced
granules were disassembled by
cycloheximide (supplemental Fig. 2),
which suggested that these gran-
ules are related to repression of
translation.

RNG140-induced RNA Granules
Are Distinct from RNG105-induced Granules—RNG105-in-
duced RNA granules contain ribosomes, G3BP, and T cell
intracellular antigen-1, and they also are induced by stress, indi-
cating that they are stress granules (9, 11). RNG105-GFP-ex-
pressing cultured cells were immunostained, and it was con-
firmed that RNG105-induced RNA granules contained the
components of stress granules such as ribosomes, G3BP, and
EMRP (Fig. 3). The granules also contained P body components
DCP2 and XRN1, which were consistent with the report that
stress granules and P bodies are dynamically linked and share
some components (7, 8).

RNG140-GFP-expressing cells were immunostained with
the same antibodies (Fig. 3). In contrast to the RNG105-in-
duced RNA granules, the RNG140-induced granules were not
co-localized with ribosomes, G3BP, or RNG105, suggesting
that they were not stress granules. FMRP, which reportedly is
localized in all the three types of RNA granules, was contained
in the RNG140-induced granules.

The results that RNG140-induced RNA granules do not con-
tain ribosomes led to an experiment to determine whether the
granules are identical to P bodies. Immunostaining of RNG140-
GEFP-expressing cells revealed that the RNG140-induced RNA
granules did not contain DCP2 or XRN1, indicating that the
granules were not P bodies (Fig. 3).

Time-lapse observation of stress-induced granule formation
after arsenite treatment was performed in cultured cells co-
expressing RNG105-mRFP and RNG140-GFP (Fig. 4). Cells
that expressed low amounts of RNG105-mRFP and RNG140-
GFP were used so that no or few granules were formed in the
cytoplasm before arsenite treatment. After arsenite treatment,
stress granules where RNG105-mRFP was concentrated were
induced in the cytoplasm. In contrast, RNG140-GFP remained
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distributed diffusely in the cytoplasm and was not concentrated
into RNG105-containing stress granules (Fig. 4). Taken
together, these results indicated that RNG140 was not recruited
into the RNG105-containing RNA granules and that RNG140-
induced RNA granules were not stress granules or P bodies.

RNG140 Is Highly Expressed in Adult Brain—To examine
the expression and localization of RNG140 in tissues, a poly-
clonal antibody against RNG140 was generated. The antibody
recognized recombinant RNG140 specifically, and absorption
of the antibody with recombinant RNG140 diminished the
reaction as judged by immunoblotting (data not shown).
Immunoblotting of extracts from adult mouse brain showed
that the antibody recognized a 140-kDa protein (Fig. 54).

Extracts from adult mouse tissues were immunoblotted with
the antibodies against RNG105 and RNG140 (Fig. 5B). RNG105
was expressed highly in the brain, and it also was expressed at
low levels in other tissues such as thymus, heart, liver, and testis.
On the other hand, RNG140 was expressed specifically in the
brain and was not detectable in other tissues (Fig. 5B).

Expression of RNG105 in the brain was abundant in embryos
compared with adult mice (Fig. 5C). In contrast, RNG140 was
abundant in the brain in adult mice but markedly less abundant
in embryos (Fig. 5C). Thus, RNG140 appeared to be expressed
mainly in adult brain.

RNG140 Is Localized to Dendritic RNA Granules Distinct
from RNG105-containing RNA Granules in Neurons—The sub-
cellular localizations of RNG105 and RNG140 were examined
in the brain by immunostaining of slices of adult mouse brains
(Fig. 6 and supplemental Fig. 3). In hippocampal neurons,
RNG140, as well as RNG105, was localized to granular struc-
tures in dendrites (supplemental Fig. 3A4). In the cerebellar
molecular layers, RNG140 was localized to granular structures
in the dendrites of Purkinje cells, but RNG105 was not detect-
able in the dendrites and was limited to the nucleus
(supplemental Fig. 3B).

To compare the subcellular localizations of RNG105 and
RNG140 in hippocampal dendrites, brain slices were double
stained with RNG105 and RNG140 antibodies (Fig. 6A).
Although both RNG140 and RNG105 were localized to granu-
lar structures, the granules did not show any significant co-
localization (Fig. 6A). It was shown previously that RNG105
co-localized well with ribosomes in hippocampal dendrites (9).
In contrast to RNG105, RNG140 did not show significant co-
localization with ribosomes in dendrites (Fig. 6B). In addition,
RNG140 did not show significant co-localization with markers
of neuronal and stress granules such as FMRP, staufen, or
G3BP, except that a little fraction of RNG140 granules were
co-localized with staufen (Fig. 6, C—E and H). In contrast,
RNG140 granules were significantly co-localized with mRNAs
as judged by in situ hybridization with poly(dT) (Figs. 6, G and
H, and supplemental Fig. 4). In RNG140 granules with low flu-
orescence intensity of RNGI140 (<40 arbitrary units),
poly(dT) fluorescence intensity was significantly low (sup-
plemental Fig. 4B). This may be partly due to low sensitivity of
poly(dT) staining in small RNG140 granules and resulted in
underestimation of co-localization of mRNA and RNG140 (Fig.
6H, ~25%). Co-localization of RNG105 with mRNA, judged by
the same method in Fig. 6H, was similar (~29%) to that of
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FIGURE 5. RNG140 is highly expressed in the adult brain. A, immunoblot-
ting of mouse brain (cerebrum) extracts with an antibody generated against
RNG140. B, immunoblotting of mouse tissue extracts with anti-RNG105 and
anti-RNG140 antibodies. Both RNG105 and RNG140 are most highly
expressed in the brain (cerebrum and cerebellum). In cerebrum, the anti-
RNG140 antibody detected two upper bands and a lower band in addition to
the RNG140 band after long exposure to detection reagents, although the
bands were much fainter with shorter exposure (cf. A). These bands may be
RNG140 with some modifications or nonspecific cross-reactants highly
expressed in the brain except the possibility that the bottom band is a splice
form of RNG140 encoding a predicted 812-amino acid protein (protein ID
ENSMUSP00000072165 on the Ensembl Web site). The lower band detected
by RNG105 antibody in brain extracts isan RNG105 degradation product, and
the band in skeletal muscle may be a nonspecific cross-reactant specifically
expressed in skeletal muscle. C, extracts from adult cerebrum and cerebellum
and from brain of embryonic day 17.5 embryo were immunoblotted with anti-
RNG105 and anti-RNG140 antibodies. 30 g proteins are loaded on each lane.

RNG140. Some of RNG140 granules were accumulated near
the postsynaptic sites stained with anti-PSD-95 antibody (Fig.
6, F and H), as reported for neuronal RNA granules (9, 16, 17).
Thus, RNG140 is localized to dendritic RNA granules in neu-
rons, but the granules were distinct from RNG105-containing
RNA granules.

Suppression of RNGI105 and RNGI40 Reduces Dendrite
Length and Spine Density in Neurons—Next, to examine the
physiological significance of RNG105 and RNG140 in neurons,
RNAi of RNG105 and RNG140 was performed. Cultured neu-
rons from mouse cerebral cortex were co-transfected with
siRNA for RNG105 or RNG140 and a GFP reporter to trace the
affected cells. Expression of RNG105 or RNG140 was sup-
pressed in neurons expressing the GFP reporter (supple-
mental Fig. 5). RNG140 siRNA-transfected GFP-positive
neurons apparently reduced their dendrite area (Fig. 7A).
Quantification revealed that dendrites of RNG140 RNAi neu-
rons were reduced in number, length, and branching (Fig. 7B).
RNG105 RNAi also reduced dendrite length, but RNAi of
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FIGURE 6. The RNG140-localizing RNA granules in neuronal dendrites are distinct from the RNG105-
localizing RNA granules. A-F, rat hippocampal slices were immunostained with anti-RNG140 antibody and
co-stained with anti-RNG105 (A), anti-RPS6 (B), anti-FMRP (C), anti-staufen (D), anti-G3BP (E), or anti-PSD-95 (F)
antibody. The lower panels in A and B show higher magnification of the boxed areas. G, rat hippocampal slices
were immunostained with anti-RNG140 antibody and co-stained by in situ hybridization with poly(dT) for
mRNA detection. The lower panels show magnified images of the boxed areas. Arrowheads denote co-localiza-
tion. Scale bars, 10 um. H, quantification of co-localization of RNG140 granules with the antibody or poly(dT)
staining in A-G. Shown are percentages of RNG140 granules that overlap with the indicated antibody or
poly(dT) staining.n = 5, **, p < 0.01, significantly different from the left five bars in Tukey-Kramer test. Error bars
areS.E.
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RNG140 had more severe effects on
dendrites than RNG105 RNAI (Fig.
7). Rescue experiments showed that
RNG105 knockdown was rescued
by not RNGI140 but RNG105
expression, whereas RNG140
knockdown was rescued by not
RNG105 (except the number of
primary dendrites) but RNG140
(Fig. 7B). These results suggested
that RNG105 and RNG140 play
distinct roles in the maintenance
and/or development of dendrites.

RNAi of RNG105 and RNG140
also affected dendritic spines.
Although the size of spines was not
affected, spine density was reduced
by RNG105 and RNG140 RNAi
(Fig. 8). Furthermore, RNAi of
RNG105 and RNG140 in postsyn-
aptic neurons resulted in the
decrease of the attachment of syn-
apsin I-containing axon terminals
from GFP-negative normal neurons
to spines (Fig. 8). Although the
phenotype was similar between
RNG105 and RNGI140 RNAj,
RNG140 knockdown was not res-
cued by RNG105 and vice versa (Fig.
8B). These results suggested that
RNG105 and RNG140 play distinct
roles, but both of them participate
in the maintenance and/or develop-
ment of dendrites and dendritic
spines.

DISCUSSION

This study characterized RNG140, a
paralog of RNG105 in vertebrates.
RNG140 was revealed to be an
RNA-binding protein, whose in
vitro properties were similar to
those of RNG105. RNG140 and
RNG105 share two RNA-binding
domains: N-terminal basic helices
and C-terminal RGG boxes. The
basic helices were the most highly
conserved region between the two
proteins and were responsible for
the RNA-binding ability and the
formation of RNA granules.

RNG140, as well as RNG105,
was most highly expressed in the
brain. However, the time of their
expression was different; expres-
sion of RNG105 was high in
embryos but that of RNG140 was
high in adults.
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FIGURE 7. Knockdown of RNG105 and RNG140 reduces dendrite length in cultured neurons. A, primary
cultured neurons from mouse cerebral cortex were co-transfected with a GFP reporter and siRNA for control,
RNG105, or RNG140. GFP images of transfected neurons are shown. Scale bar, 10 um. B, quantification of
dendrites in A. Shown are the number of primary, secondary, and tertiary dendrites and the total dendrite
length per cell. Cultured neurons were also co-transfected with RNG105 siRNA or RNG140 siRNA with RNG105
or RNG140 for rescue experiments.n = 9, *, p < 0.05, **, p < 0.01, ***, p < 0.001, Student'’s t test. Error bars are

S.E.

RNA granules that contain RNG105 or RNG140 were also
distinct structures: RNG140-localizing RNA granules did not
contain ribosomes, G3BP, or RNG105 in proliferating cells and
in neurons. Furthermore, RNG140-induced granules were not
stress-inducible, unlike RNG105-induced granules. These
results indicated that RNG140-localizing RNA granules were
distinct from stress granules or neuronal RNA granules where
RNG105 was localized. In addition, RNG140-localizing RNA
granules did not contain DCP2 or XRN1, suggesting that they
were not P bodies either.

Thus, it was found that RNG140 and RNG105 are localized to
distinct RNA granules and are different in spatiotemporal
expression patterns in the brain. Present results that the sup-
pression of RNG105 and RNG140 in cultured neurons reduced
dendrite length and spine density suggested that these paralogs
are involved in the maintenance and/or development of den-
drites and spines at distinct location and time in vertebrate
neurons.

Domain Structures of RNG105 and RNG140—In the highly
conserved basic helices among RNG105, RNG140, and RNGI,
hydrophobic amino acids are arranged in a stripe on one side,
and basic amino acids are arranged in clusters on the other side.
The basic clusters may serve as a docking surface for nucleic
acids, as in the case of aminoacyl-tRNA synthetases, signal rec-
ognition particle, and basic helix-loop-helix proteins (18 —20).
In fact, deletion of the basic helices of RNG105 and RNG140
resulted in a marked decrease in their RNA-binding abilities
(Fig. 24) (9).
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RGG box is an RNA-binding
motif conserved among a variety
of RNA-binding proteins (21). The
RGG boxes of RNG105 and RNG140
appear to play minor roles in RNA-
binding in vitro (Fig. 24) (9) but
major roles in the formation of
RNA granules in cultured cells
(supplemental Fig. 1) (9).

Glutamic acid-rich and gluta-
mine-rich regions are contained in
RNG105 but not conserved in
RNG140 or RNGI, although acidic
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The Clq globular domain is con-
tained only in RNG140. The Clq
globular domain is found in many
extracellular proteins, playing roles
in homo- or heterotrimerization
and in targeting to specific extracel-
lular receptors (24, 25). In addition
to the extracellular proteins, three
intracellular proteins containing the C1q globular domain have
been reported, including RNG140 (EEG-1L) (12, 24). The Clq
globular domain inside the cell is suggested to play a role as a
scaffolding element and be involved in the formation of com-
plexes to regulate signaling cascades (24).

Thus, glutamic acid-rich and glutamine-rich regions are spe-
cific to RNG105, whereas the C1q globular domain is specific to
RNG140. As all of these domains are likely to participate in
protein-protein interactions, it is possible that the RNG105-
and the RNG140-specific domains may mediate the formation
of distinct complexes for RNG105 and RNG140.

Translation Inhibition in Vitro and in Vivo—RNG140 as well
as RNG105 bound to mRNAs in a sequence-independent man-
ner and inhibited translation in vitro. However, it has been
reported that knock-out of RNGI105 (caprin-1) in chicken
DT40 cells does not increase global rates of translation (11).
The knock-out phenotype that was explained by the effects
of RNG105 on translation may be regulated by posttransla-
tional modification or may be dependent on mRNA and
associated proteins in vivo (11). Although translation inhibi-
tion activity was a common in vitro feature of RNG105 and
RNG140, detailed studies on the effects of RNG105 and
RNG140 on mRNAs in vivo are required to answer the ques-
tion of whether RNG105 and RNG140 act as translational
repressors.

RNG105- and RNGI40-containing RNA Granules—The
expression of RNG105 and RNG140 in cultured cells induced
the formation of RNA granules. The granule induction was
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FIGURE 8. Knockdown of RNG105 and RNG140 reduces spine density and affects the termination of
axons from normal neurons to spines. A, cultured neurons were co-transfected with a GFP reporter and
siRNA for control, RNG105, or RNG140. The neurons were then immunostained for presynaptic marker synap-
sin |. White arrowheads indicate postsynaptic spines of GFP-positive dendrites innervated by synapsin I-con-
taining axon terminals from nontransfected GFP-negative neurons. Black arrowheads indicate spines without
synapsin | staining. Scale bar, 10 um. B, quantification of spine density, spine size, and fluorescence intensity of
synapsin | on the GFP-positive spines in A. Rescue experiments also were performed. The fluorescence intensity
of synapsin | on spines is normalized to that in GFP-negative areas in the same field. Spine density and synapsin
I fluorescence intensity at spines were significantly reduced in RNG105 and RNG140 knockdown neurons. n =
6 for spine density. Numbers inside the bars are the number of spines analyzed. *, p < 0.05, **,p < 0.01, Student’s

t test. Error bars are S.E.

likely to be dependent on the amount of the exogenously
expressed proteins. Although ~85% of RNG105-expressing
cells contained RNA granules, only ~8% of RNG140-express-
ing cells contained RNA granules. In the other cells, RNG105
and RNG140 showed diffuse cytoplasmic distributions. A pos-
sible reason for the low frequency of the cells containing
RNG140-induced RNA granules was that the overexpression of
RNG140 increased the level of apoptosis (12). Because the
expression level of RNG140 was high in cells containing
RNG140-induced RNA granules, such cells may be susceptible
to cell death. However, in the adult brain, the RNG140 expres-
sion level was high, and RNG140-localizing RNA granules were
formed without apparent cell death. A possible notion was that
the formation of RNG140-localizing RNA granules and the sus-
ceptibility to cell death may depend on the state of the cells, e.g.
the cells were differentiated or not.

The present study showed that RNG140-localizing granules
were mRNA-containing RNA granules that were related to
repression of translation but were distinct from RNG105-local-
izing stress granules or neuronal RNA granules. The RNG140-
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localizing granules may not be P
bodies because they did not contain
the enzymes for mRNA decay.
RNG140-localizing RNA granules
may be like “transport particles” in
yeast that do not contain ribo-
somes (6) or a novel kind of RNA
granule. Detailed studies such as
the identification of RNG140-associ-
ated proteins and mRNAs would be
required.

Functional Aspects of RNGIOS
and RNGI140—Expression  of
RNG105 (caprin-1) reportedly was
up-regulated when T and B lympho-
blasts are activated (10). Expression
of RNG140 (EEG-1L) was reported
to be up-regulated when erythro-
blasts shift from a proliferative state
toward their terminal phase of dif-
ferentiation (12). The expression
timings of RNG105 and RNG140
suggested a possibility that they may
be involved in the regulation of
translation at the onset of differen-
tiation by binding to specific

% % mRNAs. On the other hand, there is
55 a report that RNG140 (caprin-2)
&8 participates in the Wnt signaling

pathway by regulating the phos-
phorylation of low density lipopro-
tein receptor-related proteins 5 and
6 (26). This report may suggest
another possible role of RNG140
besides acting as an RNA-binding
protein.

RNG105/RNG140/RNGI is con-
served in deuterostomes and insects
but was not found in yeast or Caenorhabditis elegans. In verte-
brates, e.g. frogs and rodents, both RNG105 and RNG140 were
most highly expressed in the brain (this study and 9). These
facts suggested a possibility that RNG105, RNG140, and possi-
bly RNGI are involved in functions of the central nervous sys-
tem. In fact, in the present study, RNG105 and RNG140 were
demonstrated to be localized to dendrites and postsynapses in
neurons and play roles in the maintenance and/or development
of dendrites and postsynaptic spines, suggesting their involve-
ment in the proper networking of neurons.

RNG105 knock-out mice were generated previously, and
they were shown to die soon after birth because of respiratory
failure, suggesting defects in the brainstem.* Further lines of
evidence were obtained that RNG105 was responsible for the
formation of synapses and neuronal networks.* These results
are consistent with the idea that RNG105 is involved in the
function of embryonic brain. In contrast to RNG105, RNG140

“N. Shiina and M. Tokunaga, unpublished observations.
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was highly expressed in the brain of adults, suggesting a possi-
bility that RNG140 has roles that are specific in the brain of
adult vertebrates. Moreover, the effects of RNG140 knockdown
on dendrites and spines were more severe than those of
RNG105 knockdown and were not rescued by RNG105 expres-
sion, suggesting a possibility that RNG140 plays roles in the
maintenance of dendritic structure through different mecha-
nisms from RNG105. Further studies such as the identification
of RNG140-associated mRNAs and RNG140 knock-out in mice
would further elucidate these possibilities.
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