THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 286, NO. 37, pp. 3267232683, September 16, 2011
© 2011 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

The F-BAR Protein Rapostlin Regulates Dendritic Spine
Formation in Hippocampal Neurons™
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Pombe Cdc15 homology proteins, characterized by Fer/CIP4
homology Bin-Amphiphysin-Rvs/extended Fer/CIP4 homology
(F-BAR/EFC) domains with membrane invaginating property,
play critical roles in a variety of membrane reorganization pro-
cesses. Among them, Rapostlin/formin-binding protein 17
(FBP17) has attracted increasing attention as a critical coordi-
nator of endocytosis. Here we found that Rapostlin was
expressed in the developing rat brain, including the hippocam-
pus, in late developmental stages when accelerated dendritic
spine formation and maturation occur. In primary cultured rat
hippocampal neurons, knockdown of Rapostlin by shRNA or
overexpression of Rapostlin-QQ, an F-BAR domain mutant of
Rapostlin that has no ability to induce membrane invagination,
led to a significant decrease in spine density. Expression of
shRNA-resistant wild-type Rapostlin effectively restored spine
density in Rapostlin knockdown neurons, whereas expression of
Rapostlin deletion mutants lacking the protein kinase C-related
kinase homology region 1 (HR1) or Src homology 3 (SH3)
domain did not. In addition, knockdown of Rapostlin or overex-
pression of Rapostlin-QQ reduced the uptake of transferrin in
hippocampal neurons. Knockdown of Rnd2, which binds to the
HR1 domain of Rapostlin, also reduced spine density and the
transferrin uptake. These results suggest that Rapostlin and
Rnd2 cooperatively regulate spine density. Indeed, Rnd2
enhanced the Rapostlin-induced tubular membrane invagina-
tion. We conclude that the F-BAR protein Rapostlin, whose
activity is regulated by Rnd2, plays a key role in spine formation
through the regulation of membrane dynamics.

Regulation of cell morphology is one of the most important
cellular processes in the development of various tissues, includ-
ing brain. In studies about the mechanisms underlying the reg-
ulation of cell morphology, emphasis has been placed on pro-
teins that are known to regulate the reorganization of actin
cytoskeleton, such as Rho family small GTPases and their
downstream effectors (1-4). In contrast, less is known about
the regulatory mechanisms of membrane dynamics involved in
the regulation of cell morphology. Therefore, the interplay
between membrane dynamics and actin reorganization has
been receiving considerable attention in recent years.
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PCH (pombe Cdcl5 homology)? family adaptor proteins
with evolutionally conserved F-BAR/EFC domains (Eer/CIP4
homology (FCH) domain and BAR (Bin-Amphiphysin-Rvs)/
extended Fer/CIP4 homology) have emerged as important
coordinators of membrane dynamics (5-9). Rapostlin (also
known as forming-binding protein 17, FBP17) is a PCH family
member that accumulates at an endocytic site at the invagina-
tion step and plays an important role in endocytosis (10-
14). The N-terminal F-BAR domain of Rapostlin binds directly
to the membrane through the interaction with phosphatidyli-
nositol 4,5-bisphosphate and phosphatidylserine and thereby
induces tubular membrane invagination with its concave sur-
face, which is functionally linked to clathrin-mediated endocy-
tosis. Indeed, perturbation of Rapostlin function by shRNA-
mediated knockdown shows defects in endocytosis in A431 and
HeLa cells (11, 12). On the other hand, Rapostlin binds both
N-WASP and dynamin through the C-terminal SH3 domain
and recruits them to endocytic sites. N-WASP stimulates actin
polymerization through the activation of the Arp2/3 complex
(15, 16), whereas dynamin has an established role in driving
scission of the endocytic vesicle (17). Thus, Rapostlin mediates
the efficient formation of coated vesicles by coordinating mem-
brane invagination and local actin polymerization during
endocytosis.

In addition to the N-terminal F-BAR domain and the C-ter-
minal SH3 domain, both of which PCH family members have in
common, Rapostlin has an HR1 (protein kinase C-related
kinase homology region 1, also referred to as acidic region)
domain in the central region that mediates the interaction with
a Rho family small GTPase Rnd2 (18), although the functional
importance of the interaction remains unsolved. Rnd2 belongs
to the Rnd subfamily of Rho family small GTPases that consists
of Rndl, Rnd2, and Rnd3/RhoE (19, 20). Rnd3 antagonizes
RhoA-mediated signaling pathways by inhibiting a RhoA effec-
tor, ROCK I (21), and by activating a RhoA inactivator, p190
RhoGAP (22). Rnd1 and Rnd?2 are predominantly expressed in
brain, whereas Rnd3 is expressed ubiquitously (19). Rnd1 is
involved in dendritic growth and spine development (23, 24)
and also mediates semaphorin-induced repulsive responses
through direct interaction with semaphorin receptor plexins
(25-29). On the other hand, Rnd2 regulates neuronal migration

2 The abbreviations used are: PCH, pombe Cdc15 homology; F-BAR/EFC, Fer/
CIP4 homology (FCH) and BAR (Bin-Amphiphysin-Rvs)/extended Fer/CIP4
homology; HR1, protein kinase C-related kinase homology region 1; SH3,
Src homology 3; N-WASP, neural Wiskott-Aldrich syndrome protein; P14,
postnatal day 14; E19, embryonic day 19; DIV, day(s) in vitro.
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in the cerebral cortex (30, 31) and is also involved in the regu-
lation of axon growth by semaphorin (32).

Denderitic spines are specialized protrusions from neuronal
dendrites where most of the excitatory synapses are formed in
the central nervous system (33-38). Spine morphogenesis is a
critical step in the establishment of functional synaptic connec-
tions. Indeed, abnormal spine morphology is observed in sev-
eral neurological diseases, such as mental retardation. In addi-
tion to extensively dissected cytoskeletal regulation of spine
morphogenesis, growing evidence indicates that the endocytic
and recycling pathways are also required for spine formation,
although the underlying molecular mechanisms are far from
being clear (37-40).

Rapostlin is predominantly expressed in brain (18), although
its physiological neural functions are largely unknown so far. In
this study, we found that Rapostlin was strongly expressed in
neurons in late developmental stages when accelerated spine
formation occurs. Knockdown experiments in primary cul-
tured hippocampal neurons showed that Rapostlin regulates
spine development. We also found that Rnd2 promotes the
membrane invaginating activity of Rapostlin and regulates
spine formation. These results strongly suggest that Rapostlin
and Rnd2 cooperatively regulate spine morphogenesis through
the reorganization of the plasma membrane.

EXPERIMENTAL PROCEDURES

Plasmid Constructions and Antibodies—The cDNA encod-
ing wild-type rat Rapostlin (amino acids 2— 620 of RapostlinL,
the most abundant splicing variant of Rapostlin in brain, Ref.
41) was subcloned into the expression vector pcDNA3 (Invit-
rogen) or pCMYV (Clontech, Mountain View, CA) containing a
GEFP or Myc epitope tag sequence at the amino terminus. The
expression plasmid pCAG encoding YFP was a generous gift
from Drs. J. Miyazaki (Osaka University, Osaka, Japan) and T.
Saito (Chiba University, Chiba, Japan). The F-BAR domain
mutant Rapostlin-QQ (K51Q, K52Q) was created by PCR-me-
diated mutagenesis. The cDNAs encoding Toca-1 and Rnd2
were obtained as described previously (42—44). The target
sequences used for the shRNAs are as follows: Rapostlin
shRNA-A, nucleotides 132-150, 5'-ACAGCTCAGGAATCT-
TTCA-3' (45); Rapostlin shRNA-B, nucleotides 419437, 5'-
GGTTTGAGCGGGACTGTAA-3’; and Rapostlin shRNA-C,
nucleotides 945-963, 5'-GTCCAGAGGCAAGCTCTGG-3".
These were expressed using an shRNA expression vector
pSilencer (Ambion, Inc., Austin, TX). The Rnd2 (Rnd2 shRNA-
665) and firefly luciferase shRNA expression vectors were
obtained as described previously (32, 46, 47). The shRNA-re-
sistant wild-type Rapostlin and two deletion mutants of
Rapostlin, AHR1 (amino acids 2—-398 and 553-620) and ASH3
(amino acids 2—-552), were subcloned into pEF-BOS with the
Myc epitope tag sequence at the amino terminus. The shRNA-
resistant mutants were created by PCR-mediated mutagenesis
at six nucleotides in the Rapostlin shRNA-B targeting region,
which did not change the amino acid sequence of Rapostlin.

A rabbit polyclonal antibody for Rapostlin was raised against
a bacterially expressed glutathione S-transferase-fused peptide
corresponding to the amino acid residues 339-369 of rat
Rapostlin (PPPPPPASASPSAVPNGPQSPKQQKEPLSHR).
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The specific antibody against Rapostlin was purified with a pep-
tide-conjugated affinity column corresponding to the amino
acid residues 354-369 of Rapostlin (CNGPQSPKQQKEPL-
SHR) or the amino acid residues 339 —353 of Rapostlin (CPPP-
PPPASASPSAVP). A rabbit polyclonal antibody against Rnd2
was obtained as described previously (30). The following anti-
bodies were purchased from commercial sources: a rabbit poly-
clonal antibody against GFP (Molecular Probes, Inc., Eugene,
OR), a mouse monoclonal antibody against Myc (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), a mouse monoclonal
antibody against PSD-95 (Abcam, Inc., Cambridge, UK), a
mouse monoclonal antibody against Tau-1 (Chemicon,
Temecula, CA), a mouse monoclonal antibody against MAP2
(2a+2b) (Sigma-Aldrich), mouse monoclonal antibodies
against B-actin and a-tubulin (Sigma-Aldrich), horseradish
peroxidase-conjugated secondary antibodies (DAKO, Den-
mark), Alexa Fluor 488- and 594-conjugated secondary anti-
bodies (Molecular Probes, Inc.), and biotinylated donkey anti-
body against rabbit IgG (Chemicon).

Immunoblotting—Immunoblotting was performed as
described previously (41). Briefly, proteins were separated by
SDS-PAGE and were electrophoretically transferred onto a
polyvinylidene difluoride membrane (Millipore Corp., Bedford,
MA). The membrane was blocked with 3% low-fat milk in Tris-
buffered saline and then incubated with primary antibodies.
The primary antibodies were detected with horseradish perox-
idase-conjugated secondary antibodies and a chemilumines-
cence detection kit (Chemi-Lumi One, Nacalai Tesque, Japan).

Preparation of Rat Tissue Homogenates—Brains of Wistar
rats were homogenized with a Teflon homogenizer in homog-
enizing buffer (20 mm Tris-HCI (pH 7.4), 0.32 M sucrose, 10 mm
MgCl,, 1 mm EDTA, 1 pg/ml aprotinin, 1 ug/ml leupeptin, 0.1
mMm benzamidine, 0.2 mm phenylmethylsulfonyl fluoride) as
described previously (23, 43). The homogenates were lysed with
Laemmli sample buffer and analyzed by immunoblotting.

Immunohistochemistry—Immunohistochemistry was per-
formed as described previously (48). Briefly, postnatal day 14
(P14) Wistar rats were anesthetized with chloral hydrate and
perfused transcardially with a fixative containing 4% parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were
removed and postfixed in the fixative at 4 °C overnight. The
brains were then saturated with 0.1 M phosphate buffer con-
taining 30% sucrose at 4 °C. The brains were cut into 40-um-
thick coronal sections on a cryostat (CM3050 S, Leica, Nuss-
loch, Germany) at —18 °C. Free-floating sections were treated
with 1 mg/ml pepsin (DAKO) in 0.2 N HCl and then incubated
at 4 °C overnight with the rabbit antibody against Rapostlin in
PBS, containing 0.3% Triton X-100, 0.25% A-carrageenan, and
0.5% normal donkey serum. After a rinse in PBS containing
0.3% Triton X-100, the sections were incubated for 1 h with a
biotinylated donkey antibody against rabbit IgG. The sections
were rinsed again and reacted for 1 h with avidin-biotin-perox-
idase complex (Elite ABC kit, Vector Laboratories, Burlingame,
CA). After a wash of the sections in PBS, bound peroxidase was
visualized by incubation with 0.02% 3,3’-diaminobenzidine tet-
rahydrochloride and 0.001% hydrogen peroxide in 50 mm Tris-
HCI (pH 7.6).
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FIGURE 1. Expression and distribution of Rapostlin in rat brain. A, specificity of the antibody against Rapostlin. Cell lysates from HEK293T cells transfected
with Myc-tagged Toca-1 or Rapostlin were immunoblotted (/B) with an antibody against Myc or Rapostlin. B,immunoblot analysis of Rapostlin and Rnd2 from
rat brain lysates at various ages. Lysates (50 ug of total protein) of rat brain at the indicated ages were subjected to immunoblotting with the antibody against
Rapostlin or Rnd2. We also used the antibody against Rapostlin preincubated with excess antigenic peptide to confirm the specificity of the immunoreactivity
observed. The level of B-actin was also analyzed as a loading control. C, immunohistochemistry was performed with the antibody against Rapostlin for
coronally sectioned P14 rat cerebral cortex (a and b), hippocampus (c), and cerebellum (d). No immunoreactivity was observed in the section adjacent to a
when the antibody was preincubated with an excess amount of antigenic peptide (b). DG, dentate gyrus; GL, granular layer; PL, Purkinje layer; ML, molecular
layer. Scale bar = 200 um. D, expression of Rapostlin and Rnd2 in developing rat hippocampal cell cultures. Lysates of hippocampal cell cultures at various
stages were subjected to immunoblotting with the antibody against Rapostlin, Rnd2, or B-actin. E, staining with Rapostlin antibody in primary cultured rat
hippocampal neurons at 15 DIV. YFP transfection was used to visualize cell morphology. Scale bar = 10 um.
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Cell Culture and Transfection—HEK293T and HeLa cells
were grown in DMEM containing 10% FBS, 4 mM glutamine,
100 units/ml of penicillin, and 0.1 mg/ml of streptomycin under
humidified air containing 5% CO, at 37 °C. HEK293T cells (1 X
10° cells) cultured on 60-mm culture dishes and HeLa cells (3 X
10* cells) cultured in 24-well plates on glass coverslips (circular,
13 mm in diameter) were transfected with test plasmids using
Lipofectamine plus and Lipofectamine 2000 (Invitrogen),
respectively, according to the manufacturer’s instructions.

Cultured hippocampal neurons were prepared from the hip-
pocampi of embryonic day 19 (E19) rats as described previously
(23, 24). Briefly, hippocampi of Wistar rat embryos were dis-
sected in ice-cold calcium- and magnesium-free Hanks’ bal-
anced salt solution. The hippocampi were washed in Hanks’
balanced salt solution and incubated in Hanks’ balanced salt
solution with 0.25% trypsin and 0.1% DNase for 10 min at 37 °C.
After the incubation, the hippocampi were washed in Hanks’
balanced salt solution, followed by trituration with Pasteur
pipettes. The cells were seeded onto poly-L-lysine-coated glass
coverslips (circular, 13 mm in diameter) at a density of 3 X 10*
cells in Dulbecco’s modified Eagle’s medium containing 10%
FBS, 4 mm glutamine, 100 units/ml of penicillin, and 0.1 mg/ml
of streptomycin and cultured under humidified air containing
5% CO, at 37 °C. After 5 h, the medium was replaced with
neurobasal medium (Invitrogen) with 2% B27 supplement
(Invitrogen), 0.5 mm glutamine, 50 units/ml of penicillin, and
0.05 mg/ml of streptomycin and cultured under humidified air
containing 5% CO, at 37 °C. For immunofluorescence analysis,
hippocampal neurons were transfected with the indicated plas-
mids using Lipofectamine 2000. For immunoblot analyses, hip-
pocampal neurons were cultured on poly-L-lysine-coated
35-mm culture dishes. Neurons were transfected with test plas-
mids using the rat neuron nucleofector kit (Amaxa Biosystems,
Cologne, Germany) and lysed with Laemmli sample buffer at 8
DIV.

Immunofluorescence ~ Microscopy—Immunocytochemistry
was performed as described previously (41, 43). Primary cul-
tured rat hippocampal neurons on coverslips were fixed with
4% paraformaldehyde in PBS. HeLa cells on coverslips were
fixed at 9 h after transfection. After residual paraformaldehyde
had been quenched with 50 mm NH,Cl in PBS, cells were per-
meabilized with 0.2% Triton X-100 in PBS and incubated with
10% EBS in PBS. Cells were incubated with the antibody against
Myc or PSD-95 in PBS followed by incubation with an Alexa
Fluor 594-conjugated goat antibody against mouse IgG in PBS.
We used immunoreaction enhancer solutions (Can Get Signal
Immunostain, Toyobo, Osaka, Japan) instead of PBS for dilu-
tion of Rapostlin antibody. Cells on coverslips were mounted
on 90% glycerol containing 0.1% p-phenylenediamine dihydro-
chloride in PBS. Images were captured using a Nikon C1 laser
scanning confocal imaging system equipped with a Nikon
Eclipse TE2000-U microscope or a Leica DC350F digital cam-
era system equipped with a Nikon Eclipse E800 microscope.

Transferrin Uptake Assay and TUNEL Assay—For the trans-
ferrin uptake assay, hippocampal neurons were transfected
with the indicated plasmids at 7 DIV using Lipofectamine 2000.
At 10DIV, neurons were starved for 6 h in B27 supplement-free
neurobasal medium and incubated with 10 pg/ml transferrin
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FIGURE 2. Knockdown of Rapostlin decreases spine density in primary
cultured rat hippocampal neurons. A, cell lysates from neurons transfected
with the luciferase shRNA, Rapostlin shRNA, or Rnd2 shRNA expression vector
were subjected to immunoblotting (/B) with the antibody against Rapostlin,
Rnd2, or a-tubulin to detect endogenous proteins. B, neurons were tran-
siently transfected with control shRNA (Rapostlin shRNA-C), Rapostlin
shRNA-A, or Rapostlin shRNA-B and YFP at 11 DIV, and then they were fixed at
15 DIV and stained with the antibody against PSD-95, a postsynaptic marker
protein. The transfected cells are shown by the fluorescence of YFP. The three
lower panels show enlargements of the boxed regions in the top panel. The top
and bottom panels show the merge of the two images with YFP (green) and
PSD-95 (magenta). Scale bars = 10 um. C and D, quantification of the effect of
Rapostlin knockdown on spine density in neurons. The number of spines
within dendritic segments of 100-200 um in YFP-positive neurons was
counted, and the spine density was calculated (spines/10 wm dendritic shaft).
At least 15 neurons were collected per construct from three experiments, and
data represent mean = S.E. ***, p < 0.01 (versus control shRNA, n = 45, t test).
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conjugated to Alexa Fluor 594 (Molecular Probes, Inc.) for 10
min at 37 °C. After washing once with PBS, neurons were fixed
with 4% paraformaldehyde in PBS and mounted for analysis.
For the TUNEL assay, hippocampal neurons were transfected
with the indicated plasmids at 11 DIV using Lipofectamine
2000 and fixed at 15 DIV. The TUNEL assay was performed as
described previously (49).

Data Analysis—Quantification of dendritic spines, axon
morphology, and dendrite morphology in hippocampal neu-
rons was performed as described previously (23, 32, 50). The
number of dendritic spines was measured from confocal z-se-
ries YFP image stacks of the proximal segments of dendrites
using Image] image analysis software (National Institutes of
Health). A PSD-95-positive protrusion with a bulbous head
wider than the base was scored as a spine. At least 15 neurons
were collected per construct from three experiments, and
spines were analyzed within dendritic segments of 100-200
pm in each neuron. Statistical significance of the difference
between means was determined by £ test. Quantification of fluo-
rescence intensities of Alexa Fluor 594-transferrin was per-
formed as described previously (39, 51, 52). Relative fluores-
cence intensity was determined from the average fluorescence
intensity of Alexa Fluor 594-transferrin in dendrites and the
soma of YFP-positive neurons normalized to that of YFP-neg-
ative untransfected neurons in the same field. HeLa cells with
membrane tubulation were counted as described previously
(11,12, 43).

RESULTS

The Expression of Rapostlin Is Increased during Neuronal
Development—W e found previously that Rapostlin is predom-
inantly expressed in brain (18). To characterize the expression
of Rapostlin protein in rat brains, we raised an antibody against
Rapostlin that recognized Rapostlin overexpressed in
HEK293T cells but did not cross-react with the close paralog
Toca-1 (Fig. 14) (43). Immunoblot analysis of rat brain lysates
from E16 to adult using this antibody showed that the expres-
sion of endogenous Rapostlin protein in the brain was low dur-
ing embryonic stages and gradually increased in postnatal days
(Fig. 1B). The immunoreactivity was abolished by preabsorp-
tion of the antibody with antigenic peptide. The expression
level of endogenous Rnd2 in brain also increased gradually in
postnatal days (Fig. 1B).

To further examine the distribution of Rapostlin in the devel-
oping brain, we performed immunohistochemistry using the
Rapostlin antibody in the brain section prepared at P14. Expres-
sion of Rapostlin was observed in cortical neurons, hippocam-
pal neurons, and cerebellar Purkinje cells with high intensity
(Fig. 1C). No signal was detected after absorption of the primary
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FIGURE 4. Overexpression of Rapostlin-QQ decreases spine density in pri-
mary cultured rat hippocampal neurons. Neurons were transiently trans-
fected with the indicated plasmids at 11 DIV, and then they were fixed at 15
DIV and stained with the antibody against PSD-95. Scale bar = 10 um. For
quantification, the number of spines within dendritic segments of 100-200
mum in YFP-positive neurons was counted, and the spine density was calcu-
lated (spines/10 wm dendritic shaft). At least 15 neurons were collected per
construct from three experiments, and data represent mean =+ S.E. *** p <
0.01 (versus none, n = 45, t test).

antibody with an excess amount of antigen as a control (Fig. 1C
and data not shown). This expression pattern was similar to
that of Rnd2 mRNA (53). We next prepared primary cultured
rat hippocampal neurons and examined whether the expres-
sion levels of Rapostlin and Rnd2 were also increased in cul-
tured neurons during development. Immunoblot analysis
showed that expression of Rapostlin and Rnd2 was also
increased during development in cultured hippocampal neu-
rons (Fig. 1D). Immunocytochemical analysis in 15 DIV cul-
tured hippocampal neurons with the Rapostlin antibody
showed that Rapostlin was localized to both cell bodies and
dendrites (Fig. 1E).

Knockdown of Rapostlin by shRNA in Rat Hippocampal Neu-
rons Impairs Spine Formation—To investigate the physiologi-
cal function of Rapostlin, we generated sShRNA expression vec-
tors targeted to Rapostlin. Rapostlin ShRNA-A or -B effectively
reduced the level of endogenous Rapostlin protein in cultured
hippocampal neurons, whereas luciferase shRNA, Rapostlin

FIGURE 3. Knockdown of Rapostlin had no effects on axon and dendrite morphology. A, knockdown of Rapostlin does not induce apoptosis. Neurons were
transiently transfected with shRNA and YFP at 11 DIV, fixed at 15 DIV, and then TUNEL assays were performed. TUNEL and YFP double-positive cells were scored
for TUNEL-positive nuclei, and data represent mean = S.E. from three independent experiments. B, quantification of axon morphology. Neurons were
transiently transfected with shRNA and YFP at 2 DIV, and then they were fixed at 4 DIV. The axons were identified by staining with the axonal marker Tau-1 (data
not shown). Scale bar = 50 wm. The axon length and branch number of transfected neurons were measured. Processes longer than 5 um were considered
branches. At least 15 neurons were collected per construct from three experiments, and data represent mean = S.E. C, quantification of dendrite morphology.
Neurons were transiently transfected with shRNA and YFP at 5 DIV, and then they were fixed at 7 DIV. The dendrites were identified by staining with the
dendritic marker MAP2 (data not shown). The total length of dendrites and total dendritic branch tip number (TDBTN) of transfected neurons were measured.
Dendritic tips were scored when they were longer than 5 um. At least 15 neurons were collected per construct from three experiments, and data represent
mean * S.E. Scale bar = 20 um.
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FIGURE 5. Knockdown of Rapostlin and overexpression of Rapostlin-QQ suppress the uptake of transferrin in primary cultured rat hippocampal
neurons. A, neurons were transiently transfected with shRNA and YFP at 7 DIV. After 3 days, they were incubated with Alexa Fluor 594-transferrin for 10 min at
37 °C. The images of Alexa Fluor 594-transferrin (Tf, upper panels) and YFP (lower panels) are shown. Relative fluorescence intensity was determined from the
average fluorescence intensity of Alexa Fluor 594-transferrin in dendrites and the soma of YFP-positive neurons normalized to that of YFP-negative untrans-
fected neurons in the same field. At least 20 neurons were collected per construct from three experiments, and data represent mean = S.E. **, p < 0.01; ***,p <
0.001 (versus control shRNA, n = 60, t test). B, neurons were transiently transfected with Rapostlin-WT or Rapostlin-QQ and YFP at 7 DIV. After 3 days, they were
incubated with Alexa Fluor 594-transferrin for 10 min at 37 °C. ***, p < 0.001 (versus none, n = 45, t test). Scale bars = 10 um.

shRNA-C, or Rnd2 shRNA had no effect on the amount of
Rapostlin protein (Fig. 2A). Therefore, the sShRNA-C was used
as a control (hereafter called control shRNA). This result also
confirmed the specificity of the Rapostlin antibody. Because the
expression level of Rapostlin was increased in the period of
accelerated spine formation in hippocampal neurons, we exam-
ined the effect of shRNA-mediated knockdown of Rapostlin on
spine development. Cultured hippocampal neurons at 11 DIV
were transiently cotransfected with shRNA and YFP expression
vectors to visualize dendrite morphology and were then
observed at 15 DIV by staining with an antibody against PSD-
95, a postsynaptic marker. We found that expression of Rapostlin
shRNA-A or -B significantly decreased spine density compared
with that of control shRNA (Fig. 2, Band C). Expression of control
shRNA had no obvious effect on neuronal morphology, with little
change in spine density compared with untransfected neurons
(Fig. 2D). These results suggest that Rapostlin is involved in spine
formation in hippocampal neurons.

To examine whether the effect of Rapostlin knockdown on
the spine formation was not due to a decrease in cell viability,
cultured hippocampal neurons at 11 DIV were transiently
cotransfected with Rapostlin ShARNA and YFP and observed at
15 DIV by TUNEL staining to visualize apoptotic cells. We
found that TUNEL-positive cells were low in control neurons
transfected with YFP alone and that cotransfection of Rapostlin
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shRNAs had no effect on the number of TUNEL-positive neu-
rons (Fig. 3A). We also examined the effects of Rapostlin knock-
down on axon and dendrite morphology. However, expression
of Rapostlin shRNA had no obvious effects on the total length
and branching of axons and dendrites (Fig. 3, B and C).
Overexpression of Rapostlin-QQ Inhibits Spine Formation—
To figure out further functions of Rapostlin, we examined the
effect of Rapostlin or its mutant overexpression on spine for-
mation. Overexpression of Myc-tagged wild-type Rapostlin
with YFP in cultured hippocampal neurons had no significant
effect on spine density compared with overexpression of YFP
alone. However, overexpression of Rapostlin-QQ, an F-BAR
domain mutant of Rapostlin that has lost the ability to associate
with the membrane and to induce plasma membrane invagina-
tion (12, 13), significantly decreased spine density (Fig. 4).
These results suggest that the F-BAR domain of Rapostlin is
important for spine formation in hippocampal neurons and
that Rapostlin-QQ acts in a dominant negative manner.
Knockdown of Rapostlin or Overexpression of Rapostlin-QQ
Suppresses Transferrin Uptake—Rapostlin is recruited to clath-
rin-coated pits and plays a role in clathrin-mediated endocyto-
sis through the F-BAR domain-dependent tubular membrane
invagination (10-14). Therefore, we next examined whether
knockdown of Rapostlin or Rapostlin-QQ overexpression also
affected clathrin-mediated endocytosis in hippocampal neu-
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FIGURE 6. The HR1 and SH3 domains are involved in the Rapostlin-mediated spine formation. A, the domain structure of Rapostlin. B, primary cultured rat
hippocampal neurons were transiently cotransfected with the indicated plasmids at 11 DIV and fixed at 15 DIV. Scale bar = 10 um. For quantification, the
number of spines within dendritic segments of 100-200 wm in YFP-positive neurons was counted, and the spine density was calculated (spines/10 um
dendritic shaft). At least 15 neurons were collected per construct from three experiments, and data represent mean = S.E. *** p < 0.001 (versus control shRNA,

n = 45, t test).

rons by measuring the uptake of fluorescently labeled transfer-
rin (Alexa Fluor 594-transferrin) because constitutive clathrin-
mediated endocytosis of transferrin occurs in dendrites and the
soma of cultured hippocampal neurons (39, 54). Coexpression
of YFP with the control shRNA had little effect on transferrin
uptake compared with YFP-negative untransfected neurons.
However, knockdown of Rapostlin caused a significant reduc-
tion in transferrin uptake (Fig. 54). In addition, overexpression
of Rapostlin-QQ also reduced the uptake of transferrin, whereas it
was unaffected by overexpression of wild-type Rapostlin (Fig. 5B).
These results suggest that Rapostlin mediates constitutive endo-
cytosis of transferrin in hippocampal neurons.

The HR1 and SH3 Domains Are Involved in the Rapostlin-
mediated Spine Formation—In addition to the N-terminal
F-BAR domain, Rapostlin has the HR1 domain in the central
region, which mediates the interaction with Rnd2 (18), and the
C-terminal SH3 domain, which mediates the interaction with
N-WASP or dynamin (10-12, 55) (Fig. 6A4). To examine
whether the HR1 and SH3 domains of Rapostlin were also
important for Rapostlin-mediated spine formation, we
attempted a rescue experiment with deletion mutants of
Rapostlin (Rapostlin-AHR1 and -ASH3). Expression of the
shRNA-resistant wild-type Rapostlin completely rescued the
impaired spine phenotype caused by Rapostlin shRNA-B,
whereas expression of the shRNA-resistant Rapostlin-AHR1
and -ASH3 failed to rescue the defect caused by Rapostlin
knockdown (Fig. 6B). These results suggest that the HR1 and
SH3 domains are indispensable for Rapostlin-mediated spine
formation.
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Knockdown of Rnd2 Decreases Both Spine Density and Trans-
ferrin Uptake—The involvement of the HR1 domain in the reg-
ulation of spine density by Rapostlin prompted us to examine
whether Rnd2 also regulates spine formation and transferrin
uptake in hippocampal neurons. Expression of Rnd2 shRNA,
which effectively reduced the level of endogenous Rnd2 protein
in cultured hippocampal neurons (Fig. 2A), significantly
decreased spine density and transferrin uptake compared with
control shRNA (Fig. 7, A and B). These results suggest that
Rnd2 regulates constitutive endocytosis of transferrin and
spine formation in hippocampal neurons.

To investigate a further relationship between Rapostlin and
Rnd2, we performed double knockdown of Rapostlin and Rnd2,
and it had no additive inhibitory effect on spine formation (Fig.
7C). This result suggests that Rapostlin and Rnd2 act in the
same pathway. We next examined whether Rapostlin overex-
pression could rescue the impaired spine phenotype caused
by Rnd2 knockdown (Fig. 7D). However, overexpression of
Rapostlin failed to rescue the defect caused by Rnd2 knock-
down. One possible reason for this may be that other binding
partners of Rnd2 are also required for the spine formation
downstream of Rnd?2.

Rnd2 Enhances the Rapostlin-mediated Tubular Plasma
Membrane Invagination—We next examined whether Rnd2
affects the Rapostlin-induced membrane tubulating activity in
living cells. Rapostlin induces tubular plasma membrane invag-
ination through the N-terminal F-BAR domain when it was
overexpressed in COS cells (10—12). These features are widely
used to assess the membrane invaginating ability of the overex-

JOURNAL OF BIOLOGICAL CHEMISTRY 32679



Role of Rapostlin in Spine Development

A
Control shRNA

A

Rnd2 shRNA

|

Spines /10 ym

®
O
©

7F Control shRNA 7F

Rnd2 shRNA

Spines /10 ym

Rnd2 shRNA
+ Rapostlin-WT

YFP 2

—
N
1

1.0

0.8

0.6

0.4

0.2

Relative fluorescence intensity

Control shRNA .

Rapostlin shRNA-B

Spines /10 ym

Rnd2 shRNA

—

Rapostlin shRNA-B
+ Rnd2 shRNA

32680 JOURNAL OF BIOLOGICAL CHEMISTRY YASENVE VOLUME 286-NUMBER 37+ SEPTEMBER 16, 2011



Role of Rapostlin in Spine Development

A

GFP
B

GFP-Rapostlin-WT

GFP-Rapostlin-QQ

C
GFP-Rapostlin-WT __100F

2 ] +Mock .

s Il + Myc-Rnd2 1

s 8of

S

Qo

2

Q

5 T
GFP + Myc-Rnd2 o

E L
GFP € a0l

o

E

@

© 20§

(&}
GFP-Rapostlin-WT + Myc-Rnd2 | | i

FIGURE 8. Effect of coexpression of Rnd2 on Rapostlin-induced plasma membrane tubulation in HelLa cells. A, Hela cells were transfected with GFP,
GFP-Rapostlin, or GFP-Rapostlin-QQ, and the images of GFP are shown. B, HeLa cells were cotransfected with GFP or GFP-tagged Rapostlin with Myc-tagged
Rnd2 and stained with the antibody against Myc. The right panels show the merge of the two images with GFP (green) and Myc (magenta). Scale bars = 20 pm.
C, quantification of the effect of Rnd2 expression on Rapostlin-induced membrane tubulation in HelLa cells. Cells with membrane tubulation were quantified,
and results were scored as a percentage of the number of the transfected cells. Results are the means = S.E. of at least three independent experiments in which
more than 50 cells were counted. **, p < 0.01 (versus + mock, t test).

pressed F-BAR protein. We found that overexpression of GFP-
tagged Rapostlin in HeLa cells also induced plasma membrane
invagination, which was similar to that observed in COS cells in
previous reports (10 —12). On the other hand, overexpression of

sion of GFP-Rapostlin alone (Fig. 8, B and C). In the cells, Myc-
Rnd2 was colocalized with GFP-Rapostlin in tubular structures
(Fig. 8B). These results suggest that Rnd2 regulates the Rapostlin-
mediated membrane tubulating activity.

GFP-Rapostlin-QQ failed to induce membrane invagination
and showed a diffuse distribution (Fig. 84). Interestingly, coex-
pression of Myc-tagged Rnd2 with GFP-Rapostlin enhanced
tubular plasma membrane invagination compared with expres-

DISCUSSION

The F-BAR domains are potent inducers of membrane cur-
vature, and there is growing evidence that Rapostlin, a member

FIGURE 7. Knockdown of Rnd2 suppresses spine formation and transferrin uptake in primary cultured rat hippocampal neurons. A, neurons were
transiently transfected with control or Rnd2 shRNA and YFP at 11 DIV, and then they were fixed at 15 DIV and stained with the antibody against PSD-95. Scale
bar = 10 um. For quantification, the number of spines within dendritic segments of 100-200 um in YFP-positive neurons was counted, and the spine density
was calculated (spines/10 wm dendritic shaft). At least 15 neurons were collected per construct from three experiments, and data represent mean = S.E. **¥,
p < 0.001 (versus control shRNA, n = 45, t test). B, neurons were transiently transfected with control or Rnd2 shRNA and YFP at 7 DIV. After 3 days, they were
incubated with Alexa Fluor 594-transferrin for 10 min at 37 °C. The images of Alexa Fluor 594-transferrin (Tf, upper panels) and YFP (lower panels) are shown.
Scale bar = 10 um. Relative fluorescence intensity was determined from the average fluorescence intensity of Alexa Fluor 594-transferrin in dendrites and the
soma of YFP-positive neurons normalized to that of YFP-negative untransfected neurons in the same field. At least 20 neurons were collected per construct
from three experiments, and data represent mean =+ S.E. ***, p < 0.001 (versus control shRNA, n = 60, t test). Cand D, neurons were transiently transfected with
the indicated plasmids at 11 DIV, and then they were fixed at 15 DIV. Scale bar = 10 um. For quantification, the number of spines within dendritic segments of
100-200 wm in YFP-positive neurons was counted, and the spine density was calculated (spines/10 wm dendritic shaft). At least 15 neurons were collected per
construct from three experiments, and data represent mean =+ S.E. ***, p < 0.001 (versus control shRNA, n = 45, t test).
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of the F-BAR proteins, is recruited to clathrin-coated pits and
regulates clathrin-mediated endocytosis through the F-BAR
domain-dependent membrane tubulation (11-14). However,
its physiological function has been largely unknown. In this
study, we found that Rapostlin is expressed in neurons, includ-
ing hippocampal neurons, in late developmental stages when
spine formation occurs. In primary cultured hippocampal neu-
rons, Rapostlin positively regulates constitutive endocytosis
and spine formation through the F-BAR domain. The HR1 and
SH3 domains also play a role in the regulation of spine forma-
tion by Rapostlin. On the other hand, the Rho family small
GTPase Rnd2, which directly interacts with Rapostlin through
the HR1 domain (18), is involved in the constitutive endocytosis
and spine formation. In addition, Rnd2 enhances the tubular
membrane invaginating activity of Rapostlin. Collectively, our
findings suggest that Rapostlin-mediated membrane dynamics,
which are regulated by Rnd2, play a key role in spine morpho-
genesis, providing a novel molecular mechanism for dendritic
development.

Rapostlin belongs to a subfamily consisting of Rapostlin,
CIP4, and Toca-1, and recent studies suggest their involvement
in the regulation of cell motility and adhesion. CIP4 promotes
breast cancer cell motility and invasion (56), and a study with
CIP4 knockout mice shows a defect in T-cell trafficking (57).
On the other hand, Toca-1 promotes EGF-induced cell motility
and invasiveness in epidermoid carcinoma cells (58), and
Rapostlin regulates podosome formation in macrophages (59).
These results strongly support a role for the F-BAR domain
protein family in the regulation of cell morphology. We previ-
ously reported that Toca-1 is expressed in brain during early
developmental stages and regulates axon branching in hip-
pocampal neurons (43). Here we found that Rapostlin is
expressed in late developmental stages, which is in clear con-
trast to the expression of Toca-1, and regulates dendritic spine
development in hippocampal neurons. These results imply that
despite their shared homology, Rapostlin and Toca-1 have dis-
tinct roles in neuronal development.

Dendritic spines are tiny protrusions that receive most excit-
atory synaptic inputs and show structural plasticity during
development. Recent studies indicate that the endocytic, sort-
ing, and recycling pathways, including recycling endosomes,
bring AMPA receptors into spines as well as additional mem-
brane necessary for spine growth and remodeling (38 — 40). Pre-
venting recycling endosomal transport abolishes activity-de-
pendent new spine formation and maintenance of preexisting
spines, and endosomal trafficking occurs concurrently with
spine enlargement (38), suggesting that membrane trafficking
is important for the regulation of spine morphology. However,
the detailed molecular mechanisms underlying membrane traf-
ficking required for spine formation is poorly understood. Our
results suggest that Rapostlin may be required for the mainte-
nance of recycling endosomes in dendrites by promoting endo-
cytosis to regulate spine formation. Thus, the present study
provides new insight into the molecular mechanism that regu-
lates membrane dynamics for spine formation.

Rapostlin binds both N-WASP and dynamin through the
SH3 domain and recruits them to endocytic sites (10-12, 55).
N-WASP stimulates actin polymerization through the activa-
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tion of the Arp2/3 complex (15, 16), and the N-WASP-medi-
ated actin polymerization plays an important role in endocyto-
sis in part by generating forces for scission of endocytic vesicles
(60—62). Dynamin also plays a key role in driving scission of
endocytic vesicles (17). Thus, Rapostlin plays a pivotal role in
endocytosis by coordinating membrane invagination and reor-
ganization of actin cytoskeleton. Our experiments using a
knockdown/rescue approach suggest that the SH3 domain is
essential for the Rapostlin-mediated spine formation. Interest-
ingly, N-WASP and dynamin also regulate spine formation in
hippocampal neurons (63—66). Therefore, Rapostlin may
cooperate with N-WASP or dynamin to promote spine forma-
tion in hippocampal neurons.

Our results also show that the HR1 domain is important for
the Rapostlin-mediated spine formation. The HR1 domain of
Rapostlin directly binds to Rnd2 among Rho family small
GTPases (18). This study indicates that Rnd2 is involved in the
regulation of endocytosis and spine formation in cultured hip-
pocampal neurons. In addition, Rnd2 enhances the membrane-
tubulating activity of Rapostlin. Therefore, we hypothesize that
Rnd2 might act as a key upstream regulator for Rapostlin in the
regulation of endocytosis and spine formation in hippocampal
neurons. However, we cannot rule out the possibility that the
HR1 domain has additional functions in the regulation of spine
formation by Rapostlin because the HR1 domain has been
reported to mediate the actin polymerization induced by
Rapostlin and N-WASP (55). On the other hand, it is currently
unknown how Rnd2 promotes the membrane-tubulating activ-
ity of Rapostlin. It has been reported that oligomerization of the
F-BAR domain is required for the Rapostlin-induced mem-
brane tubulation (13). Therefore, Rnd2 may promote the oligo-
merization of Rapostlin. Alternatively, Rnd2 may promote the
efficient translocation of Rapostlin to a plasma membrane sub-
domain because many Rho family members recruit their down-
stream effectors to the plasma membrane (16, 44), although the
F-BAR domain itself has the ability to interact directly with the
plasma membrane. Indeed, a Rho family GTPase, TC10,
recruits a Rapostlin paralog, CIP4, from intracellular compart-
ments to the plasma membrane upon insulin stimulation (67,
68).

This study has shed light on a novel physiological function of
the F-BAR protein Rapostlin in neural development. We also
identified Rnd2 as an upstream regulator for the membrane
deformation activity of Rapostlin, although it is unclear how the
activity of Rnd2 is regulated during dendritic development. In
the embryonic cerebral cortex, Rnd2 is regulated by the tran-
scription factor neurogenin2 at the level of its expression to
promote migration of neurons (31). Other studies also reported
the regulation of the expression level of Rnd2 by a transcription
factor or drug treatment (69 —71). It will be interesting in future
studies to investigate whether the expression of Rnd2 in den-
drites is regulated by synaptic activity in hippocampal neurons.
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