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Background: Dendritic spines are actin-rich structures that receive most of the excitatory synaptic inputs in the brain.
Results: ELMO1/Dock180 regulates spine morphogenesis through activating Rac, and RhoG functions upstream of this process.
Conclusion: A RhoG/ELMO1/Dock180 signaling module is important for spine morphogenesis in hippocampal neurons.
Significance: Our data reveal a novel role for RhoG/ELMO1/Dock180 and provide insight into the molecular mechanisms of

spine morphogenesis.

Dendritic spines are actin-rich structures, the formation and
plasticity of which are regulated by the Rho GTPases in response
to synaptic input. Although several guanine nucleotide
exchange factors (GEFs) have been implicated in spine develop-
ment and plasticity in hippocampal neurons, it is not known
how many different Rho GEFs contribute to spine morphogen-
esis or how they coordinate the initiation, establishment, and
maintenance of spines. In this study, we screened 70 rat Rho
GEFs in cultured hippocampal neurons by RNA interference
and identified a number of candidates that affected spine mor-
phogenesis. Of these, Dock180, which plays a pivotal role in a
variety of cellular processes including cell migration and phag-
ocytosis, was further investigated. We show that depletion of
Dock180 inhibits spine morphogenesis, whereas overexpression
of Dock180 promotes spine morphogenesis. ELMO1, a protein
necessary for in vivo functions of Dock180, functions in a com-
plex with Dock180 in spine morphogenesis through activating
the Rac GTPase. Moreover, RhoG, which functions upstream of
the ELMO1/Dock180 complex, is also important for spine for-
mation. Together, our findings uncover a role for the RhoG/
ELMO1/Dock180 signaling module in spine morphogenesis in
hippocampal neurons.

Dendritic spines are highly specialized protrusions that form
synapses with axons and receive most of the excitatory neu-
rotransmission in the central nervous system (1, 2). Abnormal-
ities in spine morphology and plasticity are closely associated
with neurological disorders such as mental retardation, epi-
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lepsy, schizophrenia, and Alzheimer disease (3). Therefore, elu-
cidating the molecular mechanisms by which spine morpho-
genesis and plasticity are regulated is crucial to understanding
how information is processed and stored in the brain and the
pathogenesis of various neurological diseases.

Dendritic spines are dynamic, actin-rich structures that are
modulated in response to synaptic inputs (4—6). Formation
and organization of the actin cytoskeleton are mediated by the
Rho GTPase family members, including RhoA, Racl, and
Cdc42 (7-11). The Rho GTPases switch between an active
GTP-bound form, which is generated by guanine nucleotide
exchange factors (GEFs)® that catalyze exchange of GDP for
GTP, and an inactive GDP-bound form, which is produced by
GTPase-activating proteins (GAPs) that stimulate the intrinsic
GTPase activity (12).

There are 21 members of the family of Rho GTPases in mam-
mals but nearly 80 Rho GEFs. These GEFs can be divided into
two distinct subfamilies: Dbl homology-pleckstrin homology
(DH-PH) domain-containing proteins and CDM (Ced-5,
Dock180 and Myoblast city) and zizimin homology (CZH) pro-
teins (13, 14). Several Rho GEFs belonging to the Dbl homolo-
gy-pleckstrin homology domain-containing subfamily, such as
Tiam1, Kalirin-7, B-PIX (p21-activated kinase [PAK]-interact-
ing exchange factor), ArhGEF6, GEFT, Lfc/GEF-H1, and inter-
sectin, have been reported to affect spine development and
plasticity in hippocampal neurons (15-23). However, it is not
known how many Rho GEFs play a role in spine morphogenesis
or how the Rho GEFs coordinate the initiation, establishment,
and maintenance of spines.

Dock180, a prototype member of CDM and zizimin homol-
ogy subfamily proteins, is an unconventional Rho GEF in that
Dock180 is catalytically active toward Rac1 in cells only when it
isina complex with ELMO (24). Dock180 plays an essential role
in a wide variety of biological functions including cell migra-
tion, phagocytosis of apoptotic cells, and myoblast fusion (25—
29). Furthermore, Dock180 was implicated in the invasive phe-

3 The abbreviations used are: GEF, guanine nucleotide exchange factor; DIV,
days in vitro; EGFP, enhanced GFP; ELMO, Engulfment and Cell Motility.
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notype of glioma cells (30). In neurons, Dock180 is crucial for
coupling netrin stimulation to Racl activation (31) and is
required for axon retraction/pruning following activation of
ephrin-B3 reverse signaling (32). Despite the important func-
tions of Dock180 in different types of cells in normal and path-
ological conditions, a role for Dock180 in spine morphogenesis
has yet to be revealed.

In this study, we screened an RNAI library consisting of 70
short hairpin RNAs (shRNAs) targeting rat Rho GEFs and iden-
tified a number of candidate proteins that may be involved in
spine morphogenesis. We show that Dock180 is required for
spine formation and demonstrate that the RhoG/ELMO1/
Dock180 signaling module plays a role in spine morphogenesis
in cultured hippocampal neurons.

EXPERIMENTAL PROCEDURES

Plasmids—FLAG-Dock180, Dock180-ISP, RhoG, and
ELMO constructs were kindly provided by Kodi Ravichandran
and have been described previously (24, 25, 33). pCXN2-
m2Venus-Dock180 was a gift from Michiyuki Matsuda. For
knockdown of Dock180, ELMO1, and RhoG, oligonucleotides
targeting different regions of each gene were synthesized,
annealed, and inserted into pSUPER. Sequences of the oligonu-
cleotides are as follows: Dock180 shRNA 1, 5'-gatccccCAGC-
AAACACCAAGAGATAttcaagagaTATCTCTTGGTGTTT-
GCTGtttttggaaa-3' (forward), 5'-agcttttccaaaaaCAGCAAAC-
ACCAAGAGATAtctcttgaaTATCTCTTGGTGTTTGCTGg-
gg-3' (reverse); Dock180 shRNA 2, 5'-gatccccGCAGAGGAG-
ACGAGCAATAttcaagagaTATTGCTCGTCTCCTCTGCtttt-
tggaaa-3’ (forward), 5'-agcttttccaaaaaGCAGAGGAGACGAG-
CAATAtctcttgaaTATTGCTCGTCTCCTCTGCggg-3"  (re-
verse); Dock180 shRNA 3, 5'-gatccccCCTATAAACTGCCGGG-
AATttcaagagaATTCCCGGCAGTTTATAGC tttttggaaa-3" (for-
ward), 5'-agcttttccaaaaaCCTATAAACTGCCGGGAATtctctt-
gaaATTCCCGGCAGTTTATAGCggg-3' (reverse); ELMO1
shRNA, 5'-gatccccGGAGACAGGAGATGGCTAAttcaagagaT-
TAGCCATCTCCTGTCTCC tttttggaaa-3' (forward), 5'-agcttttc-
caaaaaGGAGACAGGAGATGGCTAAtctcttgaaT TAGCCATC-
TCCTGTCTCCggg-3' (reverse); RhoG shRNA, 5'-gatccccCCA-
CTGTGTTCGACAATTAttcaagagaTAATTGTCGAACACAG-
TGGtttttggaaa-3' (forward), 5'-agcttttccaaaaaCCACTGTGTTC-
GACAATTAtctcttgaaTAATTGTCGAACACAGTGGggg-3'
(reverse). For generation of the Dock180 and RhoG rescue con-
structs, the following oligonucleotides were synthesized to
make silent mutations in the constructs, rendering them resist-
ant to the shRNAs: pCXN2-m2Venus-mtDock180, 5'-GAAG-
GGGCGATGAACAGTA-3" (residues 3416-3464); and
pEGFP-C3-mtRhoG, 5'-CTACCGTGTTTGATAACTA-3’
(residues 101-119).

Antibodies—Primary antibodies used in this study include
rabbit polyclonal anti-Dock180 (1:1000, provided by Dr. Mat-
suda), goat polyclonal anti-Dock180 antibodies (1:100, N19 and
C19, Santa Cruz Biotechnology), rabbit polyclonal anti-
ELMO1 (1:1000, provided by Dr. Ravichandran) (24), goat
polyclonal anti-ELMO1 (1:2000, Abcam), mouse monoclonal
anti-B-catenin (1:3000, BD Biosciences), mouse monoclo-
nal anti-a-tubulin (1:5000, Sigma-Aldrich), mouse monoclonal
anti-SV2 (1:500, Developmental Studies Hybridoma Bank, Uni-
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versity of lowa), rabbit polyclonal anti-Synapsin 1 (1:500, Mil-
lipore), mouse monoclonal anti-PSD-95 (1:200, Santa Cruz
Biotechnology), rabbit polyclonal anti-GFP (1:2000, Molecular
Probes), mouse monoclonal anti-Cdc42 (1:250, Abcam), rabbit
polyclonal anti-RhoA (1:1000, Abcam), and mouse monoclonal
anti-Racl (1:500, Abcam). Secondary antibodies used in this
study include HRP-conjugated goat anti-mouse IgG antibody,
HRP-conjugated donkey anti-rabbit IgG antibody (Jackson
ImmunoResearch), Alexa Fluor 488-conjugated donkey anti-
goat IgG, Texas Red-conjugated sheep anti-mouse IgG, Alexa
Fluor 488-conjugated goat anti-rabbit IgG, and Alexa Fluor
594-conjugated goat anti-mouse IgG antibody (Molecular
Probes).

Neuronal Culture and Transfection—Hippocampal neuron
cultures were prepared from embryonic day 19 rat embryos as
described previously (34) with minor modifications. Briefly,
hippocampi were dissected from embryonic day 19 rat
embryos, trypsinized, and triturated through a glass Pasteur
pipette. Dissociated neurons were plated on glass coverslips
coated with 1 mg ml~* poly-L-lysine. After initial attachment,
the coverslips were transferred to dishes containing a mono-
layer of glia cells. Cultures were grown in Neurobasal medium
(Invitrogen) supplemented with B27 (Invitrogen) and 2 mm
GlutaMAX (Invitrogen). Neurons were transfected using the
calcium phosphate method as described (34).

Cerebral cortical regions were isolated and dissociated with
0.25% (v/v) trypsin digestion and trituration with a Pasteur
pipette. Six-well plates coated with 1% (w/v) poly-L-lysine were
seeded with 1 X 10° cells. The cells were maintained in Neuro-
basal medium supplemented with B27, 0.5 mm glutamine, and
glucose.

Construction, Production, and Transduction of Lentiviral
Vectors—Lentiviral vectors expressing shRNA for Dock180,
Elmol, or RhoG were constructed by replacing the tetO-H1
promoter region in pLVTHM (Addgene plasmid 12247 (51))
with the H1-shRNA cassette, bearing a BamHI and a Clal site,
from the pSuper-shRNA vectors. Lentiviral vectors expressing
Dock180 or Elmol were constructed by inserting the Dock180
or Elmol ¢cDNA into the Notl or BamHI/Spel sites of pLV-
Venus (35). All vectors were verified by sequencing. Lentivirus
production and titering were carried out as described previ-
ously (35) using 293T cells. Hippocampal and cerebral cortical
neurons cultured for 7 days were infected with the lentiviral
vectors. The virus-containing medium was removed 2 h later
and replaced with fresh Neurobasal medium. Three days after
infection, the cultures were harvested and analyzed by Western
blotting.

Small GTPase Activity Assay—Hippocampal neurons
infected with the Dock180- or ELMO1-expressing lentiviral
vector were harvested with ice-cold lysis buffer. The whole cell
lysate was incubated overnight at 4 °C with GST-PBD (p21-
binding domain from PAK, for Racl and Cdc42) or GST-RBD
(Rho-binding domain from Rhotekin, for RhoA) immobilized
to GSH beads. Bound small GTPases were separated by 15%
SDS-PAGE and detected by immunoblotting with antibodies
against Racl, Cdc42, or RhoA.

Immunoprecipitation and Western Blotting—For co-immu-
noprecipitation experiments, hippocampal neurons at DIV 10
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were lysed by lysis buffer (20 mm Tris/HCl (pH 7.4), 1 mm
EDTA, 150 mm NaCl, 10% glycerol, 1.0% Nonidet P-40, 1 mm
PMSF, 1 mm NaF, 1 mM sodium orthovanadate, and EDTA-free
protease inhibitor mixture (Roche Applied Science)). Samples
were centrifuged for 20 min at 15,000 rpm. Cleared lysates were
incubated with anti-Dock180 antibody (2 ug) or IgG (2 ug) for
1hat4 °C. The immune complexes were then precipitated with
protein A/G beads (Santa Cruz Biotechnology). Beads were
washed three times with lysis buffer. Bound proteins were
eluted with 2X Laemmli sample buffer and subjected to SDS-
PAGE and Western blot analysis as described previously (22).

Immunocytochemistry—For endogenous immunostaining of
Dock180 and ELMO1, hippocampal neurons were fixed in 1:1
methanol:acetone for 20 min at —20 °C. They were blocked
using Roche Applied Science Western blocking reagent
(diluted 1:10in 0.2% Triton X-100 in PBS) at room temperature
for 1 h. Neurons were then incubated with primary antibod-
ies diluted in blocking buffer overnight at 4 °C. Secondary
antibodies diluted in blocking buffer were incubated with
the neurons at room temperature for 1 h. Neurons were then
washed with PBS and mounted using VECTASHIELD (Vec-
tor Laboratories).

Microscopy and Image Quantification—Hippocampal neu-
rons were fixed in 4% paraformaldehyde with 4% sucrose in
phosphate-buffered saline (PBS) at room temperature for 15
min. Fluorescence images were acquired using a Zeiss LSM510
confocal microscope with a 63X oil immersion lens, an Olym-
pus FV1000 confocal microscope with a 60X water immersion
lens, or an inverted epifluorescence microscope (Nikon
TE-200) with a 60X water immersion lens (Plan Achromatic,
NA 1.2) coupled to a CCD camera (Hamamatsu OrcaER), con-
trolled by Openlab 5.0.1 software (Improvision, Boston, MA).
Dendritic spines were defined as mushroom- or stubby-shaped
protrusions contacted by presynaptic terminals. Filopodia were
defined as long, thin protrusions without an enlarged spine
head and not contacted by presynaptic terminals. Lamellipodia
were defined as broad (width of >3 pum) protrusions. Lamelli-
podia were excluded in the spine head size quantifications.
Spine density was measured by counting the number of spines
on 15-20 neurons. Spine head size was measured using Image].
All experiments were repeated at least three times. A two-
tailed, two-sample, unequal variance Student’s ¢ test was used
to calculate the p values.

RESULTS

Dockl180 Is Required for Dendritic Spine Morphogenesis in
Cultured Hippocampal Neurons—The Rho GTPases are cen-
tral regulators of the actin cytoskeleton, which is highly
enriched in the spines. To identify potential regulators of spine
morphogenesis, we generated a library of 70 shRNAs in pSU-
PER against the rat Rho family GEFs. A screen using the shRNA
library revealed a number of interesting candidates (supple-
mental Fig. S1 and supplemental Table S1), including those
known to be involved in spine morphogenesis, such as intersec-
tin (16). One of the candidate proteins was Dock180, which has
been known to regulate the actin cytoskeleton through Rac1 for
phagocytosis, cell migration, and neuronal polarization (26, 27,
36-38). ELMO1, which forms a complex with Dock180 to acti-
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vate Racl (24, 26), was implicated in the regulation of axonal
and dendritic development (37). Thus, we decided to investi-
gate the role for Dock180 in spine morphogenesis. First, we
examined Dock180 expression levels at different stages of neu-
ronal development and found that the protein is expressed at all
developmental stages examined (Fig. 1a), consistent with a role
in neurite extension as well as synaptogenesis. We then exam-
ined the endogenous distribution of Dock180 in cultured hip-
pocampal neurons. Dock180 accumulated in punctate struc-
tures that partially co-localize with the excitatory synaptic
marker PSD-95 (Fig. 1b), further indicating a potential role in
synaptogenesis.

To explore arole for Dock180 in the morphogenesis of spines
and synapses, we transfected hippocampal neurons with wild
type Dock180 and dominant negative Dock180 (Dock180-ISP).
Expression of Dock180-ISP significantly reduced spine density,
whereas expression of WT Dock180 resulted in increased spine
density (Fig. 1, cand d). In addition, overexpression of Dock180
resulted in the formation of many branched spines and lamel-
lipodia-like protrusions. Quantification showed that 76% of the
Dock180-overexpressing neurons form lamellipodia-like pro-
trusions, which are defined as protrusions with a width of >3
pm. There was no significant effect of Dock180 overexpression
on spine head size (Fig. le, lamellipodia-like structures are
excluded in the quantification). Finally, the spines induced by
Dock180 overexpression are apposed to presynaptic terminals,
indicating that these spines are functional (Fig. 1f).

To further confirm a role for Dock180 in dendritic spine
morphogenesis, we constructed new shRNAs against different
regions of the Dock180 gene. shRNA 2 caused a substantial
decrease in endogenous Dock180 expression in Rat2 fibroblasts
(supplemental Fig. S2a) as well as neurons (Fig. 1g) and was
used for subsequent experiments. Neurons transfected with
shRNA 2 showed a dramatic reduction in spine density (Fig. 1,
h and i), similar to the phenotype seen with our original screen.
To verify that the phenotype observed was due specifically to
the loss of Dock180, we constructed a Dock180 mutant
(mtDock180) that harbors silent mutations, making it resistant
to the shRNA construct. We then performed rescue experi-
ments using this mtDock180. As seen in Fig. 1, & and i,
mtDock180 was able to partially rescue the spine formation
defect seen in the Dock180-depleted neurons, suggesting that
the effect of the RNAi was specific.

ELMOI Is Essential for Spine Formation—The binding of
Dock180 to Racl is insufficient for GTP loading, and a
Dock180-ELMOL1 interaction is necessary to modulate actin
cytoskeleton for phagocytosis and cell migration (24, 26). To
address whether ELMOL1 also plays a role in spine morphogen-
esis, we first examined the localization of endogenous ELMO1
in hippocampal neurons. As shown in Fig. 2a, endogenous
ELMO1 localizes to punctate structures that co-localize with
the excitatory synaptic marker PSD-95, indicating a possible
role for ELMOL1 in the formation of spines and their associated
synapses.

To see whether ELMOL is required for spine morphogenesis,
we constructed shRNAs against ELMO1 and tested their effi-
ciency of knockdown in Rat2 fibroblasts (supplemental Fig.
S2b) and neurons (Fig. 2b). ELMO1 depletion inhibited spine
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FIGURE 1. Dock180 is necessary for spine morphogenesis in cultured hippocampal neurons. a, Dock180 expression in hippocampal neurons. Cultured
hippocampal neurons were harvested at the indicated days in vitro, and the lysates were analyzed by Western blotting. b, Dock180 localizes to excitatory
synapses. Hippocampal neurons (DIV 27) were co-immunostained for Dock180 and PSD-95. Dock180 accumulates in puncta that partially co-localize with
PSD-95. IF, immunofluorescence. ¢, effects of overexpression of Dock180 WT and a dominant negative form of Dock180 (Dock180-ISP) on spine formation.
Venus (super-enhanced YFP) was co-expressed to visualize cell morphology. Overexpression of Dock180 WT causes an increase in the number of spines, but
overexpression of Dock180-ISP significantly decreases spine density. Dissociated hippocampal neurons were transfected with each construct at DIV 6 and
imaged at DIV 19. d, quantification of protrusion density in hippocampal neurons transfected with pSuper (Control), Dock180 WT, or Dock180-ISP. The values
are means = S.D. *, p < 0.001 by Student’s t test. For each construct, images of 15-20 neurons from three independent culture preparations were analyzed. e,
quantification of spine head size in neurons overexpressing Dock180. Lamellipodia-like protrusions (defined by protrusions with a width of >3 um) were
excluded in the quantification. f, spines in Dock180-overexpressing neurons are apposed to presynaptic terminals. Hippocampal neurons expressing Dock180
WT were immunostained with a Synapsin 1 antibody at DIV 17. g, knockdown efficiency of Dock180 shRNA. Cortical neurons were infected at DIV 7 with
lentivirus expressing Dock180 shRNA 2. Seventy-two hours after infection, neurons were lysed and analyzed by Western blotting. h, effects of Dock180
knockdown on spine formation. Dissociated hippocampal neurons were transfected with pSuper-luciferase (Control), pSuper-Dock180 shRNA, or pSuper-
Dock180 shRNA plus a Dock180 rescue construct at DIV 6 and imaged at DIV 17. Venus was co-expressed to visualize the spines. i, quantification of protrusion
density in neurons transfected with pSuper-luciferase (Control), pSuper-Dock180 shRNA, or pSuper-Dock180 shRNA and a Dock180 rescue construct. The
decreased spine density caused by Dock180 shRNA was restored by co-expressing a Dock180 rescue construct. The values are means = S.D. *, p < 0.001 by
Student's t test.

formation to a similar level as the Dock180 shRNA (Fig. 2, cand
d). However, in contrast to Dockl180 knockdown, ELMO1
depletion caused the formation of filopodia-like protrusions
(Fig. 2, cand d). This result suggests that ELMO1 does not exert
its functions entirely through Dock180.

To verify that the effect of the ELMO1 shRNA was spe-
cific, we performed rescue experiments in which we depleted
endogenous ELMO1 using the shRNA construct and co-ex-
pressed mouse ELMO1 fused with GFP. Exogenously
expressed GFP-ELMO1 was able to effectively rescue the
defects caused by ELMO1 shRNA, showing that the
observed defects were specifically due to the loss of ELMO1
(Fig. 2, c and d).
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C Terminus of ELMOI1 Is Sufficient to Promote Spine
Formation—Next, we asked whether ELMO1 and Dock180
interact with each other to regulate spine formation through
Racl in hippocampal neurons. To answer this question, we
examined the effect of various mutant and wild type ELMO1
constructs on spine morphogenesis (Fig. 3a). Overexpression of
wild type ELMO1 caused an increase in spine density, similar to
Dock180-overexpressing neurons (Fig. 3, b and ¢). ELMO1
overexpression also caused a small fraction of the spines to
adopt a highly branched or lamellipodia-like shape, although
the effect is not as dramatic as Dock180 overexpression. Quan-
tification demonstrated that 31% of the ELMO-overexpressing
neurons show lamellipodia-like protrusions, but there was no
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FIGURE 2. ELMO1 localizes to excitatory synapses and is required for spine formation in hippocampal neurons. g, ELMO1 localizes to excitatory synapses.
Hippocampal neurons (DIV 27) were co-immunostained for ELMO1 and PSD-95. ELMO1 accumulates in puncta that co-localize with PSD-95. IF, immunofluo-
rescence. b, knockdown efficiency of ELMO1 shRNA. Cortical neurons were infected at DIV 7 with lentivirus expressing ELMO1 shRNA. Seventy-two hours after
infection, neurons were lysed and analyzed by Western blotting. ¢, effects of ELMO1 knockdown on spine formation. Hippocampal neurons were transfected
with pSuper-luciferase (Control), pSuper-ELMO1 shRNA, or pSuper-ELMO1 shRNA and a mouse ELMO1 rescue construct at DIV 6 and imaged at DIV 17. d,
quantification of protrusion density of neurons shown in b. The values are means = S.D.*, p < 0.001 by Student's t test.

significant effect on the average spine head size when lamelli-
podia-like structures were excluded (Fig. 3d). Expression of an
N-terminally deleted ELMO1 mutant (326 -727) or an ARM1
mutant resulted in increased spine density, similar to overex-
pression of wild type ELMOL1 (Fig. 3, b and c). By contrast, a
C-terminally truncated ELMO1 mutant (1-280) clearly inhib-
ited dendritic spine formation (Fig. 3, b and c¢). We observed a
similar phenotype with a longer ELMO1 (1-558) mutant lack-
ing the C-terminal pleckstrin homology domain and proline-
rich motif (data not shown). These results suggest that the C
terminus of ELMOL1 is necessary for activation of Dock180 in
hippocampal neurons, which is consistent with previous stud-
ies reporting that the C terminus of ELMO1 mediates the inter-
action with Dock180 and is required for the ELMO1/Dock180
complex to function in phagocytosis and cell migration
(39-41).

We then tested whether spines in ELMO1-expressing neu-
rons are able to form synapses. Immunostaining for the synap-
tic vesicle protein SV2 confirmed that these spines are apposed
to presynaptic terminals, showing that ELMO1-induced spines
bear synapses (Fig. 3e).
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ELMOI and Dock180 Form a Complex in Hippocampal Neu-
rons and Function through the Racl GTPase—ELMO1 and
Dock180 function as a complex in various cellular processes. To
confirm that they form an endogenous complex in hippocampal
neurons, we performed co-immunoprecipitation experiments
using lysates from cultured hippocampal neurons. ELMO1 was
specifically detected in Dock180 immunoprecipitate (Fig. 4a),
showing that they form a complex in these neurons.

The ELMO1/Dock180 complex functions through Racl in
various cellular contexts including migration and phagocytosis
(33,42). To see whether this complex functions through Rac1 in
hippocampal neurons, we used lentivirus to overexpress
ELMO1 and Dock180 in hippocampal neurons and examined
the activation of Racl, RhoA, and Cdc42, using GST pulldown
assays. As seen in Fig. 4b, we observed a significant increase in
the activation of Rac1, but no detectable activation of RhoA and
Cdc42 in neurons overexpressing ELMO1 and Dock180. These
data suggest that ELMO1 and Dock180 function through the
Racl GTPase in hippocampal neurons.

To further confirm that Dock180 and ELMO1 function through
Rac in regulating spine morphogenesis, we co-expressed a dominant
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culture preparations were analyzed. d, quantification of spine head size in neurons overexpressing ELMO1. Lamellipodia-like protrusions (defined by protrusions with
a width of >3 um) were excluded in the quantification. e, spines in ELMO1-overexpressing neurons are apposed to presynaptic terminals. Hippocampal neurons
transfected with wild type mouse ELMO1-GFP at DIV 6 were immunostained with an anti-SV2 antibody at DIV 19. I, immunofluorescence.

negative Rac, RacN17, with either ELMO or Dock180. RacN17
reversed the phenotype of ELMO1 and Dock180 overexpression (Fig.
4, c—f), further showing that the ELMO/Dock180 complex functions
through Rac in spine morphogenesis.

ELMO1/Dock180/Rac Functions Downstream of RhoG in
Spine Morphogenesis—RhoG regulates neurite outgrowth in
PC12 cells through direct interaction with ELMO (37, 43, 44)
and functions upstream of ELMO/Dock180/Rac during engulf-
ment and cell migration (25, 45). However, it was also reported
that RhoG is dispensable for cell spreading and migration and
could induce membrane ruffling via both Rac-dependent and
Rac-independent pathways (46). Furthermore, RhoG promotes
neural progenitor cell proliferation and regulates anoikis not
through interaction with ELMO, but through a phosphatidyli-
nositol 3-kinase (PI3K)-dependent mechanism (47, 48). To
investigate whether RhoG is part of the ELMO/Dock180 mod-
ule that functions in spine morphogenesis, we first examined
the expression levels of RhoG and ELMO1 at different develop-
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mental stages. Both RhoG and ELMO1 are expressed at low
levels during neurite extension, but their levels significantly
increased during the synaptogenesis period (Fig. 54), consistent
with a function in synaptogenesis. To investigate whether they
form an endogenous complex in hippocampal neurons, we per-
formed co-immunoprecipitation experiments using lysates
from cultured hippocampal neurons. ELMO1 was specifically
detected in RhoG immunoprecipitate (Fig. 5b), showing that
they form a complex in these neurons. To explore the role of
endogenous RhoG in this process, we designed shRNA con-
structs to deplete RhoG in hippocampal neurons. As seen in
Fig. 5¢, the shRNA construct was able to significantly reduce
RhoG expression in neurons. Neurons transfected with RhoG
shRNA showed dramatically reduced spine density, similar to
Dock180-depleted neurons (Fig. 5, d and e). This defect was
partially rescued by co-expressing a mutant RhoG that is resist-
ant to the shRNA construct (Fig. 5, 4 and e, and supplemental
Fig. S2¢), indicating that the effect was specific.
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FIGURE 4. ELMO and Dock180 form a complex in hippocampal neurons and function through activating Rac1. g, co-immunoprecipitation of ELMO1 and
Dock180 from hippocampal lysates. Hippocampal neurons (DIV 10) were lysed, and endogenous Dock180 was immunoprecipitated with a Dock180 antibody. The
immunoprecipitated complex was analyzed by SDS-PAGE and immunoblotting with the indicated antibodies. IP,immunoprecipitation. b, cell lysates from hippocam-
pal neurons infected with the Dock180- or EImo1-overexpressing lentivirus were incubated with GST-PBD or GST-RBD, and bound small GTPases were detected with
antibodies against Rac1, Cdc42, and RhoA. ¢, dominant negative Rac (RacN17) reverses the Dock180 overexpression phenotype. Hippocampal neurons were trans-
fected with Dock180 and either an empty vector or RacN17 and imaged at DIV 17. d, quantification of protrusion density of neuronsin ¢; *, p < 0.001 by Student's t test.
e, dominant negative Rac (RacN17) reverses the ELMO1 overexpression phenotype. Hippocampal neurons were transfected with ELMO1 and either an empty vector

or RacN17 and imaged at DIV 17. f, quantification of protrusion density of neurons in e; *, p < 0.001 by Student’s t test.

To further analyze the effects of RhoG in spine morphogen-
esis, we expressed WT RhoG, constitutively active RhoG-
Q61L, and dominant negative RhoG-T17N in hippocampal
neurons. The ectopic expression of RhoG-Q61L increased
spine density (Fig. 6, 2 and b) as well as spine head size (Fig. 6¢).
There was also an increase in abnormally shaped spines. By
contrast, overexpression of RhoG-T17N inhibited normal
spine formation (Fig. 6, 2 and b). The spines induced by RhoG
Q61L overexpression are apposed to presynaptic terminals
(Fig. 6d), indicating that these spines are functional. We con-
clude, therefore, that RhoG functions to promote spine
morphogenesis.

OCTOBER 28,2011 +VOLUME 286-NUMBER 43

RhoG has been shown to have both Rac-dependent and Rac-
independent functions (46 —48). To determine whether RhoG
functions through ELMO1/Dock180/Rac in spine morphogen-
esis, we depleted ELMOL1 in the context of the constitutively
active RhoG-Q61L. As seen in Fig. 7, 2 and b, we were able to
reverse the RhoG-Q61L phenotype by depleting ELMOL. In
addition, overexpression of ELMO1 was able to rescue the
defects caused by RhoG depletion (Fig. 7, ¢ and d). Finally,
RacN17 was able to reverse the phenotype induced by RhoG
Q61L (Fig. 7, e and f). Taken together, these results argue that
RhoG functions upstream of ELMO1/Dock180/Rac in spine
morphogenesis.
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pSuper-RhoG shRNA at DIV 6 and imaged at DIV 17. Venus was co-expressed to visualize spine morphology. Knockdown of RhoG significantly reduced the
number of spines. e, quantification of protrusion density of neurons in b; *, p < 0.001 by Student'’s t test.

a b d
1
. = 00 * % u Spines
= S w0 oFilopodia 9
S =4 * °
[e] - <
O » 80 4
=4
- -% 40
= - -
3 s 5
=y & . : . L8
o Control RhoG Q61L T17N y
o WT
©
C >
O 100 i Rl 8o g
X ¢
o 80 @)
@, 60 O Control
z © B RhoG WT
‘l: S 40 O RhoG Q61L
= g 20
o

0 0‘5 1v 1'5 é
Spine Head Size (um?)

FIGURE 6. Activation of RhoG causes increased spine density and enlargement of the spine head. g, effects of overexpression of EGFP wild type RhoG, a
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DISCUSSION a number of Rac-dependent processes including cell migration

Our data reveal a signaling module, consisting of RhoG, and phagocytosis (24, 26). In addition, RhoG has been shown to
ELMO1, and Dock180, which functions in spine morphogene-  function in both a Rac-dependent and a Rac-independent man-
sis. The ELMO1/Dock180 complex has been shown to regulate ner (46). Here we identify a novel function for ELMO1/

37622 JOURNAL OF BIOLOGICAL CHEMISTRY YASBEMB\  VOLUME 286-NUMBER 43-OCTOBER 28, 2011



RhoG/ELMO1/Dock180 Required for Spine Morphogenesis

‘bao.

£ 701
60 4

50 4
40 4
30 1
20 4

RhoG Q61L + @

Protrusions/100p

10 4
04

RhoG Q61L +
Control shRNA

RhoG Q61L +
ELMO1 shRNA

d 80 -

70 4
60 1
S0 4
40 4
30 1
20 1
10 4
04

RhoGT17N+ ©

Protrusions/100um

RhoG T17N
+ YFP

RhoG T17N
+ ELMOT1

o
—_

@
o
)

[0
o
L

RhoG
Q61L

N
o
"

*

N
=]
"

Protrusions/100pum

RhoGL61
+RacN17

RhoGL61
+RacN17

=]
4

RhoG Q61L

FIGURE 7.RhoG functions through the ELMO1/Dock180/Rac pathway. a, ELMO1 depletion reverses the RhoG Q61L overexpression phenotype. Hippocam-
pal neurons were transfected with RhoG Q61L and either a control luciferase shRNA or ELMO1 shRNA at DIV 6 and imaged at DIV 17. b, quantification of
protrusion density of neurons in g; *, p < 0.001 by Student'’s t test. ¢, ELMO1 overexpression rescues the RhoG T17N phenotype. Hippocampal neurons were
transfected with RhoG T17N and either Venus (super-enhanced YFP) or ELMO1. Neurons were transfected at DIV 6 and imaged at DIV 17. d, quantification of
protrusion density of neurons in ¢; ¥, p < 0.001 by Student’s t test. e, dominant negative Rac (RacN17) reverses the RhoG Q61L overexpression phenotype.
Hippocampal neurons were transfected with RhoG Q61L and either an empty vector or RacN17 and imaged at DIV 17.f, quantification of protrusion density of

neuronsine; *, p < 0.001 by Student’s t test.

Dock180 in regulating dendritic spine morphogenesis and
show that RhoG functions upstream of this process. Our
domain analysis shows that the C terminus of ELMO1, which
mediates the interaction with Dock180, is sufficient to promote
spine morphogenesis. This indicates that ELMO1 functions
through regulating Dock180 in this process. Furthermore, the
N terminus of ELMO1, which mediates the interaction with
active RhoG, caused a reduction in spine density. This suggests
that the N terminus of ELMOI functions as a dominant
negative by binding RhoG but preventing the downstream acti-
vation of Dock180 and Rac. Taken together, these data suggest
that RhoG, ELMO1, and Dock180 function as a signaling mod-
ule to regulate spine morphogenesis, with RhoG being
upstream of the ELMO1/Dock180 complex.

Interestingly, we observed reproducible differences in phe-
notypes in RhoG- or ELMO1-depleted versus Dock180-de-
pleted neurons. For example, ELMO1 depletion caused a

RSB\
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reduction in spine number along with the formation of filopo-
dia-like protrusions; however, we did not observe filopodia-like
protrusions in RhoG- or Dock180-depleted neurons. In addi-
tion, Dock180 knockdown caused a reduction in spine density
as well as in dendrite branching, whereas RhoG or ELMO1
depletion did not have any effect on dendrite branching (sup-
plemental Fig. S3). Thus, it is likely that the separate compo-
nents of this signaling module are each involved in additional
pathways. This is consistent with our finding that Dock180 and
RhoG/ELMOL1 exhibit differential developmental expression
profiles (Figs. 1¢ and 4a).

Our results show that activating RhoG caused an enlargement
of the spine head (Fig. 6¢), whereas overexpression of ELMO1 and
Dock180 caused the formation of lamellipodia-like protrusions,
without changing the size of the remaining spines (Figs. 1eand 3d).
It is likely that RhoG Q61L caused downstream activation of
endogenous ELMO1 and Dock180, which are correctly localized
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to dendritic spines. Thus, activation of RhoG would cause local
activation of Rac in the dendritic spines, leading to spine head
enlargement. By contrast, overexpression of ELMO1 and Dock180
would cause a fraction of the proteins to mislocalize outside the
spines, leading to more global activation of Rac and the formation
of lamellipodia-like structures.

The morphogenesis and plasticity of dendritic spines are
critical for cognitive functions such as learning and memory. It
is generally believed that activity-dependent spine structural
plasticity plays an important role in memory processes; how-
ever, the underlying molecular mechanisms still remain
unclear. Thus, it would be of great interest to elucidate the
upstream regulators of the RhoG/ELMO1/Dock180 module.
Possible candidates include neurotransmitter receptors and
other cell surface receptors. Further investigation into the
upstream pathways will shed more light on the function of this
module in spine morphogenesis and potentially activity-depen-
dent structural plasticity of spines.

Our finding of a role for the RhoG/ELMO1/Dock180 complex
in dendritic spine morphogenesis adds to the ever growing net-
work of signaling molecules that function in this process. Several
other Rho family GEFs are also known to be involved in spine
morphogenesis. These include Kalirin-7, B-PIX (p21l-activated
kinase [PAK]-interacting exchange factor), Tiaml, intersectin,
and GEFT (15, 16, 19, 21-23, 49). Further studies are needed to
examine the role of these Rho GEFs in different brain regions and
types of neurons, as well as different stages of neuronal develop-
ment. Within the same neuron, these Rho GEFs are likely involved
in the spatial and temporal regulations of Rho GTPase activity.
Consistent with this, highly localized Rho GTPase activation has
been recently observed in hippocampal neurons (23, 50), which is
associated with spine structural plasticity. How the convergent sig-
nals from different Rho GEFs spatially and temporally regulate
Rho GTPase activity awaits further study.
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