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Abstract
Stress-responsive neuronal membrane glycoprotein M6a
(Gpm6a) functions in neurite extension, filopodium and spine
formation and synaptogenesis. The mechanisms of Gpm6a
action in these processes are incompletely understood.
Previously, we identified the actin regulator coronin-1a
(Coro1a) as a putative Gpm6a interacting partner. Here, we
used co-immunoprecipitation assays with the anti-Coro1a
antibody to show that Coro1a associates with Gpm6a in rat
hippocampal neurons. By immunofluorescence microscopy,
we demonstrated that in hippocampal neurons Coro1a local-
izes in F-actin-enriched regions and some of Coro1a spots
co-localize with Gpm6a labeling. Notably, the over-expression
of a dominant-negative form of Coro1a as well as its down-
regulation by siRNA interfered with Gpm6a-induced filopodium
formation. Coro1a is known to regulate the plasma membrane
translocation and activation of small GTPase Rac1. We show

that Coro1a co-immunoprecipitates with Rac1 together with
Gpm6a. Pharmacological inhibition of Rac1 resulted in a
significant decrease in filopodium formation by Gpm6a. The
same was observed upon the co-expression of Gpm6a with
the inactive GDP-bound form of Rac1. In this case, the
elevated membrane recruitment of GDP-bound Rac1 was
detected as well. Moreover, the kinase activity of the p21-
activated kinase 1 (Pak1), a main downstream effector of
Rac1 that acts downstream of Coro1a, was required for
Gpm6a-induced filopodium formation. Taken together, our
results provide evidence that a signaling pathway including
Coro1a, Rac1, and Pak1 facilitates Gpm6a-induced filopodium
formation.
Keywords: Coronin-1a, filopodium, hippocampal neuron,
membrane glycoprotein M6a, Ras-related C3 botulinum toxin
substrate 1 (Rac1), rat.
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Filopodia are thin, actin-rich plasma membrane protrusions
that function as sensors for cells to probe their environment.
Consequently, filopodia have an important role in cell
migration, wound healing, adhesion to the extracellular
matrix, and embryonic development (Mattila and Lap-
palainen 2008; Gallo 2013). In neurons, growth cones
contain a large number of filopodia that guide axons and
dendrites (Gallo and Letourneau 2004). In addition, filopodia
are necessary for the initial neurite formation (Dent et al.
2007) and, in dendrites, filopodia act as precursors of
dendritic spines (Sekino et al. 2007), short bulbous protru-
sions that form the postsynaptic regions of most excitatory
neuronal synapses with an important role in higher brain
functions, such as learning and memory. However, in spite of
extensive studies, the mechanisms through which specific
classes of these structures are generated are still unclear.
Variation in the dynamics, length, and positioning of these

protrusions in different cells indicates that distinct or
differently regulated molecules generate discrete sets of
filopodia (Mattila and Lappalainen 2008; Gallo 2013).
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Further studies uncovering possible new factors involved in
filopodium formation are thus required.
Gpm6a is a membrane glycoprotein abundantly expressed

in neurons of CNS, especially in the hippocampus (Yan
et al. 1996). The functions of Gpm6a in CNS are not fully
understood, but the data are accumulating for roles in
regulation of filopodium formation, neurite outgrowth and,
most likely, synaptogenesis (Lagenaur et al. 1992; Muko-
bata et al. 2002; Alfonso et al. 2005; Michibata et al. 2008;
Zhao et al. 2008; Fuchsova et al. 2009; Brocco et al. 2010;
Huang et al. 2011; Scorticati et al. 2011; Mita et al. 2015;
Formoso et al. 2015). Gpm6a over-expression in rat hip-
pocampal neurons as well as in neuronal (N2a, PC12) and
non-neuronal cell lines (COS7) induces extensive formation
of filopodia. Suppression of endogenous Gpm6a expression
by siRNA reduces the number of filopodia and synaptic
clusters (Alfonso et al. 2005). The filopodia induced by
Gpm6a are highly motile and become stabilized upon contact
with presynaptic regions (Brocco et al. 2010). Mutational
analysis identified cysteine residues in the large extracellular
domain of Gpm6a to be critical for the process of Gpm6a-
induced filopodium formation (Fuchsova et al. 2009).
Moreover, the localization of Gpm6a in membrane lipid
microdomains and the activity of Src kinases and MAPK are
required for this process (Scorticati et al. 2011).
Gpm6a was originally identified as a stress- and antide-

pressant-responsive gene in the hippocampus in several
animal models of chronic stress (Alfonso et al. 2004a,b;
Cooper et al. 2009; Monteleone et al. 2014). In humans,
altered hippocampal expression of GPM6A have been
reported in postmortem brain of depressed suicides (Fuch-
sova et al. 2015). Furthermore, polymorphisms in the
GPM6A gene sequence have been associated with patholog-
ical situations such as schizophrenia (Boks et al. 2008),
bipolar disorders (Greenwood et al. 2012), and claustropho-
bia (El-Kordi et al. 2013). Also, increased GPM6A levels
resulting from de novo duplication of the GPM6A gene have
been reported in a patient with learning disability and
behavioral anomalies (Gregor et al. 2014). Notably, this
study showed that an increased fraction of patient-derived
lymphoblastoid cells formed membrane protrusions com-
pared with cells from healthy controls.
The mechanism by which Gpm6a regulates filopodium

formation is not well comprehended. In this article, we
describe a central role for the 57 kDa protein Coro1a in this
process. This protein belongs to a family of b-propellers,
WD40 domain containing proteins. It is expressed in
hematopoietic as well as in nervous tissue (Suzuki et al.
1995; Nal et al. 2004; Jayachandran et al. 2014). So far, its
function has been mainly studied in immune cells (Pieters
et al. 2013), and only recently a limited number of studies
addressed the function for Coro1a in neuronal cells (Jay-
achandran et al. 2014; Suo et al. 2014). Suo et al. identified
Coro1a as a new effector protein for the nerve growth factor

(NGF)-tropomyosin-related kinase type 1 signaling endo-
some (Suo et al. 2014). Another work described a role for
Coro1a in cognition and behavior through its activity in
modulating cyclic AMP/protein kinase A-dependent synaptic
plasticity (Jayachandran et al. 2014).
Coro1a is an actin-filament cross-linking and bundling

protein that controls the regulation of F-actin structures,
cytoskeletal rearrangements, and intracellular membrane
transport through multiple modes of action: direct interactions
with F-actin, with Arp2/3 complex or regulation of actin
depolymerizing factor /cofilin pathway (Rybakin and Clemen
2005; Chan et al. 2011; Bustelo et al. 2012). Moreover,
Coro1a regulates the plasma membrane translocation and
activation of small GTPase Rac1 (Castro-Castro et al. 2011;
Bustelo et al.2012;Ojeda et al.2014).Notably,Dictyostelium
coronin binds directly the Rac protein through its Cdc42- and
Rac-interactive binding motif and Pak1, a main downstream
effector of Rac1, was shown to act as a downstream effector
of coronin (Swaminathan et al. 2014). Therefore, the find-
ings presented above led us to test the hypothesis that the
function of Gpm6a leading to filopodium formation depends
on Coro1a and involves Rac1/Pak1 signaling pathway.

Materials and methods

Hippocampal cultures, cell line, and plasmid transfections

Dissociated neuronal cultures were prepared from hippocampi of
embryonic day 19 Sprague–Dawley rats obtained from the Faculty
of Veterinary Sciences (Buenos Aires, Argentina), as described
(Brocco et al. 2003) (see Data S1 for details). All animal
procedures were carried out according to the guidelines of NIH
Publications No. 80-23 and approved by the Committee for Care
and Use of Laboratory Animals, National University of San Martin
(CICUAE-UNSAM No. 03/2011). Mouse neuroblastoma N2a cells
were cultured in Dulbecco’s modified Eagle’s medium with 20%
(vol/vol) fetal bovine serum, penicillin, and streptomycin.

Neuronal cultures or N2a cells were transiently transfected with
2 lg of DNA or 50 nM siRNA mixed with 1 lL of Lipofec-
tamine�2000 (Invitrogen, Carlsbad, CA, USA) following the
manufacturer’s instructions or with 3 lL of polyethylenimine
(PEI; Faculty of Pharmacy and Biochemistry, University of Buenos
Aires), respectively. For Pak1 inhibition, 10 mM stock solution of
1,10-disulfanediyldinaphthalen-2-ol (IPA-3; Sigma-Aldrich, St.
Louis, MO, USA) was prepared in dimethylsulfoxide (Deacon
et al. 2008). Transfected neurons were incubated with dimethylsul-
foxide, 5 lM and 20 lM IPA-3 for 2 h prior fixation. For Rac1
inhibition, 10 mM stock solution of 6-N-[2-[5-(diethylamino)
pentan-2-ylamino]-6-methylpyrimidin-4-yl]-2-methylquinoline-4,6-
diamine chloride (NSC 23766; Santa Cruz Biotechnology, Dallas,
TX, USA) was prepared in water and transfected neurons were
incubated with medium only or 100 lM of NSC 23766 for 24 h
prior fixation.

Materials

Mammalian expression plasmids: pRFP-C1 encoding the red
fluorescent protein (RFP), pEGFP-C1 (Clontech Laboratories,
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Mountain View, CA, USA) encoding the enhanced green fluores-
cent protein (EGFP), RFP-tagged wild-type (wt) Gpm6a (Gpm6a-
RFP) described previously (Alfonso et al. 2005), EGFP-tagged wt
Coro1a (wtCoro1a-EGFP), and a deletion mutant containing only
5 WD repeats (aa 65-306) of Coro1a [Coro1a(WD1-5)-EGFP]
kindly provided by Dr William Trimble (Yan et al. 2005), EGFP-
tagged Rac1 T17N [Rac1DN-EGFP; Addgene#12982 (Subauste
et al. 2000)], EGFP-tagged Rac1 Q61L [Rac1CA-EGFP;
Addgene#12968 (Subauste et al. 2000)], myc-tagged Pak1
K299R [Addgene#12210 (Sells et al. 1997)], and myc-tagged
Pak1 H83L/H86L [Addgene#12211 (Sells et al. 1997)].

siRNAs: siGENOME non-targeting siRNA Pool #2, Coro1a
siRNAs targeting either its coding DNA sequence (CDS) [prevali-
dated in Suo et al. (Suo et al. 2014)] or its 30-UTR region (custom
designed). Coro1a siRNAs had the following sequence: Coro1a-
CDS, sense 50CCAUGACAGUGCCUAGAAAdTdT, antisense
50UUUCUAGGCACUGUCAUGGdTdT; Coro1a-UTR, sense 50GU
GGAUAAGACGAAAAUAAdTdT, antisense 50UUAUUUUCGUC
UUAUCCACdTdT. All siRNAs were purchased from Dharmacon.

Primary antibodies: monoclonal anti-Gpm6a rat IgG (1/250;
Medical and Biological Laboratories), polyclonal rabbit antibody
against C-terminus of Gpm6a (1/3000) developed in our laboratory
(Scorticati et al. 2011; Fuchsova et al. 2015), anti-Coro1a rabbit
antiserum (1/6000 for western blot, 1/4000 for immunocytochem-
istry) kindly provided by Dr Pierre Ferrier (Nal et al. 2004),
monoclonal anti-c-myc mouse IgG1 (1/1000; Sigma-Aldrich),
monoclonal anti-Rac1 mouse antibody (1/1000 for western blot, 1/
20 for immunocytochemistry; Cytoskeleton), monoclonal anti-
alpha-tubulin mouse IgG1 (1/1000; Sigma-Aldrich), monoclonal
anti-MAP2 mouse IgG1 (1/200; Sigma-Aldrich). Secondary anti-
bodies: goat anti-rabbit IgG conjugated to Alexa Fluor (AF) 488 (1/
1000; Molecular Probes, Eugene, OR, USA), rhodamine red-
conjugated goat anti-rat IgG (1/1000; Jackson Immuno-Research,
West Grove, PA, USA), goat anti-rabbit IgG AF 647 (1/1000,
Molecular Probes) and goat anti-mouse AF 633 (1/1000; Molecular
Probes).

Drugs: Pak1 inhibitor 1,10-disulfanediyldinaphthalen-2-ol (IPA-3;
Sigma-Aldrich); Rac1 inhibitor NSC 23766 (Santa Cruz Biotech-
nology, Dallas, TX, USA).

Immunocytochemistry

Twenty-four hours or 48 hours (for siRNAs) after transfections,
cells were fixed in 4% (wt/vol) paraformaldehyde, 4% (wt/vol)
sucrose in phosphate-buffered saline (PBS; 20 min, 25�C). Alter-
natively, cells were fixed with 90% (vol/vol) methanol in MES
buffer [100 mM 2-(N-Morpholino)ethanesulfonic acid (MES), pH
6.9, 1 mM EGTA, 1 mM MgCl2], 5 min, ice-cold. If not indicated
otherwise, fixation was followed by permeabilization with 0.1%
(vol/vol) Triton X-100 (TX100) in PBS (2 min). Cultures were
blocked with 3% (wt/vol) bovine serum albumin (BSA) in PBS
(BSA-PBS) with 0.2% (vol/vol) fish skin gelatin followed by
incubation with primary antibodies in PBS with 1% (wt/vol) BSA
(overnight, 4°C) and secondary antibodies (1 h, 25�C). F-actin was
stained with rhodamine red- or AF 488-conjugated phalloidin (1/
1000; Molecular Probes) and nuclei with 40,6-Diamidino-2-
phenylindole dihydrochloride (DAPI) (1/3000). Coverslips were
mounted in FluorSave Reagent (Calbiochem, San Diego, CA,
USA). Fluorescent images were acquired using Nikon E600

microscope with epifluorescence illumination (Plan APO 1009 oil,
1.4 NA objective), Nikon Eclipse 80i microscope (Plan APO 609
oil, 1.4 NA, 0.13mmWD objective) with CoolLED pE excitation
system or Olympus FluoviewFV1000 confocal laser scanning
microscope (Plan APO N 609 oil, 1.42 NA, FN 26.5 objective)
with FV10-ASW software.

RNA isolation, cDNA synthesis, and quantitative polymerase chain

reaction (qPCR)

Neurons plated in 35 mm plastic Petri dishes (2 DIV) were
transfected with siRNAs, cultured and homogenized in 500 lL
TRIzol reagent (Invitrogen) 48 h later. Proteins and total RNA were
isolated, cDNA was synthesized by retrotranscription, and qPCR
reactions were performed on a 7500 Real-Time PCR System from
Applied Biosystems (see Data S1 for details).

Immunoprecipitation (IP)

Coro1a was immunoprecipitated from the adult rat hippocam-
pus using the anti-Coro1a rabbit antiserum (see Data S1 for details).

SDS-PAGE and western blotting

The protein samples were loaded on 10% SDS- polyacrylamide gels
(18 lg/lane for Input Hipp lysate corresponding to 3% of total protein
used per each IP) and transferred to a nitrocellulose membrane by
electroblotting. After 2 h of blocking in tris-buffered saline contain-
ing 0.2% (vol/vol) Tween-20 and 1% (wt/vol) BSA, the membranes
were incubated with the primary antibodies overnight. Antigen–
antibody complexes were detected with goat anti-mouse IRDye680
LT (1/20 000), or goat anti-rabbit IRDye800 CW (1/15 000) from
LiCor Biosciences using an Odyssey clx infrared imaging system.
Alternatively, a horseradish peroxidase-linked purified recombinant
Protein A (1/20 000; Pierce) was used according to standard
enhanced chemiluminescence western blotting protocol using Super
Signal West Pico chemiluminescent substrate (Pierce). Immunoblots
were quantified by densitometric analyses using ImageJ software
(National Institutes of Health, Bethesda, MA, USA).

Image analysis and Quantification

Co-localization was analyzed using Colocalization Analysis
plugins (ImageJ software; see Data S1 for details). Colocalization
Highlighter plugin was used to visualize co-localized pixels in
each region of interest (ROI) analyzed (Fig. 1c).

To quantify filopodium formation in N2a cells, the percentage of
transfected cells showing filopodia was calculated. In primary
hippocampal neurons, filopodium density (number of protrusions
per 45-lm neurite length as shown in the Fig. 3a) was quantified and
results are expressed as fold change in filopodium density over
control (see Data S1 for details).

Analysis of confocal images was used to evaluate the
localization of Rac1 at cell membrane in neurons over-expressing
Gpm6a-RFP or RFP. The distribution of fluorescence intensities
along a line drawn across the soma of transfected neurons was
measured in each channel. The fluorescence intensity at the cell
border was normalized to the average fluorescence intensity in the
cytoplasm for each cell (Fig. 6c). On average, 10–15 neurons
from each condition done in duplicates were analyzed in two
independent experiments.
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Statistical data analysis

Calculations and graphs were done with GraphPad Prism 6.00.
Group means were analyzed for overall statistical significance using
unpaired Student’s t-test, two-tailed; and when corresponds one-way
or two-way ANOVA followed by Tukey multiple comparison test for
post hoc effects. Results are reported as means + SEM. For all tests,
p ≤ 0.05 was considered statistically significant.

Results

Coro1a associates with Gpm6a in rat hippocampal neurons

Previously, we have identified a 57 kDa protein coronin-1a
(Coro1a) to co-immunoprecipitate with Gpm6a (Fuchsova
et al. 2015). To verify this finding, reciprocal co-immuno-
precipitation studies using the anti-Coro1a antibody were
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Fig. 1 (a) Gpm6a and Rac1 co-immunoprecipitate with Coro1a from

rat hippocampal lysates. Western blot of proteins co-immunoprecipi-
tated from rat hippocampal lysates using anti-Coro1a antibody and
probed with anti-Gpm6a, anti-Rac1 and anti-Coro1a antibodies. For

this purpose, the membrane (different kDa areas) was cut and
incubated with indicated antibodies. Non-immune rabbit serum was
used as a control. Gpm6a and Rac1 are present in the anti-Coro1a
immunoprecipitate. Bands representing Gpm6a are indicated by stars.

(b) Coro1a co-localizes with Gpm6a in hippocampal neurons. Confocal
image of hippocampal neurons (4 DIV) co-immunostained with anti-
bodies against Gpm6a (red), Coro1a (green) and dendritic marker

MAP2 (blue). A portion of Gpm6a-labeled spots co-localizes
with Coro1a (arrowheads; insets 1 and 2). Scale bar, 20 lm.

(c) Co-localization was evaluated in ROIs (50 9 50 pixels) as shown

in the example. Co-localized pixels (in white) are highlighted with Co-
localization Highlighter plugin (ImageJ). Fluorescence intensity profile
of anti-Coro1a (green) and anti-Gpm6a (red) along the white line

indicated in the ROI shows the overlap of both signals. (d) Confocal
image of hippocampal neurons (21 DIV) co-immunostained with anti-
Coro1a antibody (green) and F-actin marker phalloidin (red). Co-
localizing spots are indicated by arrowheads (maximized view). Scale

bar, 20 lm. (e) Fluorescence intensity profile of anti-Coro1a (green)
and phalloidin (red) signals along the white line across the soma as
indicated in the Fig. 1d shows the overlap of both signals at the

juxtamembrane areas of cell.
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carried out in rat hippocampal lysates. The resulting
immunoprecipitates were immunoblotted with anti-Gpm6a
and anti-Coro1a antibodies. The endogenous Gpm6a migrat-
ing at ~ 35–40 kDa was detected in the hippocampal lysate
as well as in the anti-Coro1a immunoprecipitates (Fig. 1a,
lanes 1 and 2). As previously observed, Gpm6a migrates by
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
as multiple bands because of post-translational modifications
of the protein such as phosphorylation and glycosylation
(Fuchsova et al. 2009). In contrast, no Gpm6a was detected
in immunoprecipitates when non-immune rabbit serum was
used (Fig. 1a, lane 3). In addition to Gpm6a and Coro1a,
Rac1 was detected in the anti-Coro1a immunoprecipitates
(Fig. 1a, lanes 1 and 2), but not in immunoprecipitates when
non-immune rabbit serum was used (Fig. 1a, lane 3).
Previous analysis of Coro1a distribution in the brain by

immunohistochemistry and immunoblotting revealed expres-
sion throughout different brain regions, including cortex,
hippocampus, cerebellar molecular layer, basolateral amyg-
dala, as well as olfactory bulb, with minimal expression in
the thalamus (Jayachandran et al. 2014). This distribution
fits well with the distribution of Gpm6a antigen in the rat
brain (Yan et al. 1993; Roussel et al. 1998; Alfonso et al.
2005; Cooper et al. 2008). To evaluate the subcellular
localization of both proteins, we used primary cultures of rat
hippocampal neurons, fixed with methanol, permeabilized,
and co-immunostained with antibodies against Gpm6a,
Coro1a, and dendritic marker MAP2 and analyzed by
confocal microscopy. Consistent with previous findings
(Alfonso et al. 2005), a punctuate pattern of the endogenous
Gpm6a was observed in the plasma membrane and along the
neurites (Fig. 1b; red label). Coro1a labeling was detected in
the cell soma as well as in spots in the juxtamembrane region
and along the neurites (Fig. 1b; green label). We observed
that some of these Coro1a-labeled spots were associated with
Gpm6a (Fig. 1b, maximized views 1 and 2, arrowheads).
Co-localization analysis of confocal images using the
Colocalization Analysis plugins of ImageJ revealed that co-
localization of these spots with Gpm6a labeling was
significant. A value of R = 0.523; SEM � 0.021 for Pear-
son’s correlation coefficient indicating co-localization was
calculated for the analyzed regions of interest (ROI 50 9 50
pixels; an example of ROI shown in Fig. 1c). This value is
significantly higher than the value obtained for randomly
overlapped channels (R = 0.199; SEM � 0.019, p < 0.0001
unpaired t-test, two-tailed). Mander’s colocalization
coefficients using the calculated thresholds (tM) were 0.87;
SEM�0.026 for the red channel (tM1) and 0.83;
SEM�0.024 for the green channel (tM2). Figure 1c shows
an example of the analyzed ROI, where co-localized pixels
are highlighted. The profile plot shows the overlap of the
anti-Coro1a (green) and anti-Gpm6a (red) fluorescence
intensity peaks along a straight line as indicated in the
merged view (Fig. 1c). Taken together, our IP results and

co-localization assays suggest that in hippocampal neurons,
Coro1a associates with Gpm6a.

Coro1a localizes in F-actin-enriched regions in hippocampal

neurons

Coro1a belongs to the group of actin regulators (Rybakin and
Clemen 2005; Chan et al. 2011; Bustelo et al. 2012). Thus,
we next evaluated whether Coro1a is localized to F-actin-rich
areas in neurons. Costaining of Coro1a with fluorescently
labeled F-actin marker phalloidin to visualize cytoskeleton
was performed in hippocampal neurons. Confocal micro-
scopy analysis demonstrated that Coro1a-labeled spots co-
localized with F-actin accumulations along the neurites
(Fig. 1d, arrowheads in maximized view) and with F-actin-
rich juxtamembrane regions in the cell body (Fig. 1d and e).
The profile plot in Fig. 1e shows the overlap of the anti-
Coro1a (green) and phalloidin (red) fluorescence intensity
peaks along a straight line intersecting the cell soma as
indicated in Fig. 1d. In conclusion, our data confirm that also
in hippocampal neurons Coro1a is enriched in F-actin areas
consistent with a role for Coro1a in mediating actin
dynamics.

Expression of Coro1a dominant-negative form and Coro1a

down-regulation interfere with Gpm6a-induced filopodium

formation

Previously, we have demonstrated that filopodium formation
is one of the processes governed by Gpm6a. Its over-
expression was shown to induce an increase in filopodium
density in hippocampal neurons, as well as in various cell
lines (Alfonso et al. 2005). To assess the involvement of
Coro1a in this process, we performed over-expression
experiments in primary hippocampal neurons and in neu-
roblastoma cell line N2a.
First, we examined the subcellular localization of the

endogenous Coro1a in primary hippocampal neurons over-
expressing RFP-tagged Gpm6a (Figure S2). Neurons of 3
DIV were transfected with Gpm6a-RFP or RFP alone as a
control and immunocytochemical staining with anti-Coro1a
antibody was done. Similar to the endogenous Gpm6a, some
Gpm6a-RFP labeled puncta co-localized with the endoge-
nous Coro1a (Figure S2, maximized views, arrowheads). No
co-localization was observed in control neurons transfected
with RFP alone.
Next, we used a dominant-negative approach by express-

ing a dominant-negative construct containing only five WD
repeats of Coro1a tagged with EGFP [Coro1a(WD1-5);
Fig. 2a]. This choice was based on previous studies showing
that over-expression of this region interferes with Coro1a
function (Mishima and Nishida 1999; Yan et al. 2005). Co-
expression experiments were first performed in N2a cells.
The effect of Coro1a(WD1-5) over-expression on the
morphology of Gpm6a-transfected cells was examined.
Over-expression of wtCoro1a-EGFP and EGFP alone were
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Gpm6a-induced filopodium formation in N2a cells. (a) Schematic
representation of Coro1a domain organization (Gatfield et al. 2005).
The N-terminal domain containing the seven predicted propeller

blades (gray), the linker region (white), and the coiled coil domain
(black). Mutant Coro1a(WD1-5) consists of the 5 WD repeat domains
(aa 65–306). (b) Localization of wt and mutant Coro1a in N2a cells

transfected with indicated vectors and labeled with phalloidin to
visualize F-actin cytoskeleton. Scale bar, 10 lm. (c) Over-expression
of neither wt nor mutant Coro1a alone induces filopodia formation. The
percentage of single transfected N2a cells showing filopodia was

quantified in red channel visualizing rhodamine red-phalloidin. On
average, 70–100 cells for each transfection condition done in
triplicates were analyzed in multiple experiments. Data are mean-

s+SEM. One-way ANOVA followed by Tukey multiple comparison test
for post hoc effects, *p < 0.05 wtCoro1a-EGFP versus Coro1a(WD1-

5)-EGFP. (d) Co-expression of wt and mutant Coro1a with Gpm6a-

RFP in N2a. Wt Coro1a accumulated at the juxtamembrane areas and
in filopodial protrusions where Gpm6a was localized (third row).
Mutant Coro1a(WD1-5) showed cytoplasmic localization and no

overlap with Gpm6a (bottom row). Scale bar, 10 lm. (e) The
percentage of double transfected N2a cells with filopodia was
quantified in red channel visualizing RFP. On average, 60–120 cells

from three to nine groups for each transfection condition were
analyzed in multiple experiments. Data are means + SEM. One-way
ANOVA followed by Tukey multiple comparison test for post hoc effects,
**p < 0.01 EGFP+RFP versus EGFP+Gpm6a-RFP, ***p < 0.001

EGFP+RFP versus wtCoro1a-EGFP+Gpm6a-RFP, *p < 0.05
EGFP+RFP versus Coro1a(WD1-5)-EGFP+Gpm6a-RFP, **p < 0.01
EGFP+Gpm6a-RFP versus Coro1a(WD1-5)-EGFP+Gpm6a-RFP,

**p < 0.01 wtCoro1a-EGFP+Gpm6a-RFP versus Coro1a(WD1-5)-
EGFP+Gpm6a-RFP.
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used as controls. Figure 2b shows that upon over-expression,
wt Coro1a accumulates in the cytoplasm and at the cell
cortex where it co-localizes with F-actin-rich regions as
revealed by costaining with phalloidin (Fig. 2b, middle row).
Conversely, expression of the central WD repeats region
[Coro1a(WD1-5)-EGFP] exhibited a diffuse distribution in
the cytoplasm with no accumulation at the juxtamembrane
region nor at the F-actin-rich areas (Fig. 2b, bottom row).
Over-expression of neither wt nor mutant form of Coro1a
induced filopodium formation when compared to EGFP
(Fig. 2c). Moreover, the expression of Coro1a(WD1-5)
reduced filopodium formation when compared to
wtCoro1a-EGFP but not to EGFP alone. Upon co-expression
with Gpm6a-RFP, wt Coro1a accumulated at the plasma
membrane and in filopodial protrusions where Gpm6a was
localized (Fig. 2d, third row). In contrast, Coro1a(WD1-5)
showed cytoplasmic localization and no overlap with Gpm6a
(Fig. 2d, bottom row). Quantification of the percentage of
cells showing filopodia revealed that Gpm6a-induced
filopodium formation was significantly lower upon Coro1a
(WD1-5) co-expression, while wt Coro1a did not display any
effect (Fig. 2e). Co-expression of Gpm6a-RFP with EGFP
and RFP with EGFP were used as controls. These results
indicate that in the absence of Coro1a function, Gpm6a
cannot induce filopodium formation.

To evaluate the effect of the truncated form of Coro1a in
cells that normally express Gpm6a, we next examined the
effect of Coro1a(WD1-5) over-expression on Gpm6a-
induced filopodium formation in primary hippocampal
neurons. Neurons of 3 DIV were co-transfected with
indicated constructs and fixed 24 h later (Fig. 3a). Co-
expression of Gpm6a-RFP with EGFP and RFP with EGFP
were used as controls. Figure 3a shows that, as previously
reported by our group (Alfonso et al. 2005), over-expression
of Gpm6a-RFP together with EGFP significantly increased
filopodium density comparing to the control co-expression of
EGFP with RFP. Similar to N2a cells, co-transfection of wt
Coro1a with Gpm6a did not exhibit any effect on Gpm6a-
induced increase in filopodium density (Fig. 3a, third row).
On the other hand, co-expression of the mutant Coro1a
(WD1-5) with Gpm6a inhibited the induction of filopodium
formation (Fig. 3a, bottom row). Filopodium density (num-
ber of protrusions per 45-lm of neurite length) as shown in
the enlarged pictures (Fig. 3a) was quantified. The quantifi-
cation results in the Fig. 3b show that co-expression with the
mutant Coro1a leads to an approximately 50% reduction in
Gpm6a-induced filopodia. Filopodium density of neurons co-
expressing wt or mutant form of Coro1a with RFP alone did
not differ from that of control neurons over-expressing EGFP
with RFP (Fig. 3c). Thus, it can be concluded that a
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Fig. 3 Over-expression of Coro1a
dominant-negative form reduces Gpm6a-
induced filopodium formation in

hippocampal neurons. (a) Micrographs of
hippocampal neurons (4 DIV) co-transfected
with indicated vectors. Scale bar, 20 lm. (b)

Filopodium density was quantified. Data are
means+SEM. 10–20 neurons per group done
in duplicates were analyzed in three

independent experiments. One-way ANOVA

followed by Tukey multiple comparison test
for post hoc effects, ***p < 0.001
EGFP+RFP versus EGFP+Gpm6a-RFP,

***p < 0.001 EGFP+RFP versus wtCoro1a-
EGFP+Gpm6a-RFP, *p < 0.05 EGFP+
Gpm6a-RFP versus Coro1a(WD1-5)-

EGFP+Gpm6a-RFP, *p < 0.05 wtCoro1a-
EGFP+Gpm6a-RFP versus Coro1a
(WD1-5)-EGFP+Gpm6a-RFP. (c) Control

over-expression of neither wt nor mutant
Coro1a co-transfected with RFP induces
filopodia formation. One-way ANOVA revealed

no significant differences between groups.
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dominant-negative form of Coro1a that does not distribute to
the plasma membrane interferes with Gpm6a-induced
filopodium outgrowth in N2a cells as well as in primary
hippocampal neurons.
To further support our finding that Gpm6a induces

filopodium formation via Coro1a, we have employed
siRNA approach to down-regulate Coro1a expression.
Primary hippocampal cultures were transfected with two
different Coro1a siRNAs targeting its 30-UTR or CDS
region or by control non-targeting siRNA. Efficient down-
regulation of Coro1a expression was confirmed by mea-
suring mRNA and protein levels of Coro1a using qPCR
and western blot, respectively, only in neurons transfected
with siRNA targeting Coro1a CDS region (termed Coro1a
siRNA and used in all further experiments). We have
detected 40% down-regulation of Coro1a mRNA and
approximately 30% down-regulation of Coro1A protein
level comparing to control non-targeting siRNA (Fig. 4a).
Subsequently, the effect of siRNA down-regulation of
Coro1a on Gpm6a-induced filopodium formation was
evaluated in hippocampal neurons over-expressing RFP-
tagged Gpm6a. Primary hippocampal cultures were co-

transfected with siRNA targeting Coro1a or with control
non-targeting siRNA and vectors expressing Gpm6a-RFP
or RFP alone as a control. Neurons were fixed 48 h later
and immunolabeled with anti-Coro1a antibody. Coro1a
fluorescence intensity as a measure of Coro1a protein
expression in transfected neurons was quantified by
immunofluorescence microscopy. We have observed 58%
and 48% decreases of Coro1a expression in neurons
transfected with Coro1a siRNA and RFP or with Coro1a
siRNA and Gpm6a-RFP, respectively, when compared to
control non-targeting siRNA (Figure S3). Quantification of
filopodium density (number of protrusions per 45-lm of
neurite length) showed that this down-regulation led to a
statistically significant reduction of 33% in Gpm6a-induced
filopodium formation when compared to control non-
targeting siRNA (Fig. 4b and c). These results confirm that
Coro1a mediates the function of Gpm6a in the formation
of filopodia.

Gpm6a-induced filopodium formation involves Rac1

Coro1a is known to regulate plasma membrane localization
and activation of Rac1 and its downstream effector Pak1.
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Fig. 4 Down-regulation of Coro1a expression impairs Gpm6a-induced

filopodium formation in hippocampal neurons. (a) Western blot shows
Coro1a and tubulin protein levels in hippocampal neurons (4 DIV)
transfected with control or Coro1a siRNAs. Quantification of Coro1a

relative expression levels was done by densitometric analysis of
immunoblots from three independent experiments. Coro1a intensity
was normalized to tubulin and fold change over control was calculated.

Data are means+SEM. Unpaired t-test, two-tailed, *p = 0.0104 Control
siRNA versus Coro1a siRNA. (b) Micrographs of hippocampal neurons
(4 DIV) co-transfected with RFP or Gpm6a-RFP and control or Coro1a

siRNA 2 days prior fixation. Scale bar, 20 lm. (c) Filopodium density

was quantified. Data are means + SEM. 10–20 neurons per group
done in triplicates were analyzed in two independent experiments.
One-way ANOVA followed by Tukey multiple comparison test for post

hoc effects, ***p < 0.001 RFP+Control siRNA versus Gpm6a-
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versus Gpm6a-RFP+Coro1a siRNA, ***p < 0.001 Gpm6a-RFP+Con-
trol siRNA versus Gpm6a-RFP+Coro1a siRNA.
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To evaluate the participation of Rac1 in Gpm6a-induced
filopodium formation, we co-transfected hippocampal neu-
rons (3 DIV) with Gpm6a-RFP and EGFP-tagged domi-
nant-negative (DN) Rac1 (T17N). The substitution T17N
blocks Rac1 in its inactive GDP-bound form and is
thought to exert its dominant-negative effect by sequester-
ing rate-limiting GDP–GTP nucleotide exchange factors
necessary for activation of endogenous Rac1 (Ridley et al.
1992). Co-expression of Gpm6a-RFP with EGFP and RFP
with EGFP were used as controls. Consistent with
previously reported observations (Zhang et al. 2005),
Rac1DN-expressing neurons exhibited smooth dendrites
(Fig. 5a, maximized views, third row). Co-expression of
this mutant with Gpm6a led to a significant reduction in
the number of membrane protrusions comparing to the
control neurons expressing Gpm6a with EGFP alone
(Fig. 5a, maximized views, second and fourth row; see
graph in the Fig. 5b for filopodium density quantification).
This indicates that the active form of Rac1 is required for
filopodium formation induced by Gpm6a.
To further support our results, we have employed

pharmacological inhibition of Rac1 by NSC 23766, a
specific inhibitor of the activation of Rac1 GTPase without
altering RhoA or Cdc42 activation (Gao et al. 2004).
Primary hippocampal cultures transfected with EGFP-
tagged Gpm6a or EGFP alone as a control were treated
with NSC 23766 at 100 lM or with fresh medium (0 lM)
for 24 h prior fixation (Fig. 5c). We have found that
100 lM NSC 237666 applied to the neurons blocked 70%
of Gpm6a-induced filopodium formation (Fig. 5d). Thus,
Rac1 activity is necessary for filopodium formation
induced by Gpm6a.
Next, we evaluated whether Gpm6a over-expression

affects the localization of Rac1. Hippocampal neurons of 3
DIV were co-transfected with Gpm6a-RFP or RFP and
EGFP-tagged Rac1 wt, EGFP-tagged Rac1DN or with
EGFP-tagged constitutively activate (CA) Rac1 (Q61L)
resistant to GTPase stimulation by Rho GTPase activating
proteins (Diekmann et al. 1994) to evaluate exogenous Rac1
distribution. Cells were fixed 24 h later. To evaluate
endogenous Rac1 distribution, Gpm6a-RFP or RFP express-
ing neurons were fixed with methanol and immunolabeled
with a monoclonal anti-Rac1 antibody. Fluorescence inten-
sity at plasma membrane was analyzed by confocal
microscopy as described in Methods section (Fig. 6c).
Fig. 6a shows the localization of Rac1 mutants (green) in
neurons over-expressing Gpm6a-RFP or RFP. The corre-
sponding plot profiles on the right show the distribution of
fluorescence intensities along a line drawn across the somas
of transfected neurons. Quantification of fluorescence inten-
sity at plasma membrane depicted in the Fig. 6b revealed
significantly higher plasma membrane localization of
Rac1DN (green column) in neurons over-expressing Gpm6a
when compared to RFP transfected cells. In contrast,

Rac1CA localization at the plasma membrane was equally
high in Gpm6a or RFP expressing neurons. In addition, we
observed co-localization of both Rac1 mutants with Gpm6a
accumulations in the cytoplasm. Both Rac1wt-EGFP and
endogenous Rac1 were also localized to plasma membrane at
a higher level upon Gpm6a-RFP over-expression when
compared to control neurons over-expressing RFP (Fig-
ure S4). Thus, we conclude that Gpm6a over-expression
results in elevated membrane recruitment of Rac1 suggesting
a role of Gpm6a in spatial regulation of Rac1 that can
contribute significantly to its polarized signaling.

Pak1 activation participates in Gpm6a-induced filopodium

formation
The p21-activated kinase 1 (Pak1), one of the major
downstream effectors of Rac1 (Kreis and Barnier 2009),
has been shown to act downstream of Coro1a in the process
of plasma membrane translocation of Rac1 (Castro-Castro
et al. 2011). At the same time, another study has demon-
strated that the kinase activity of Pak1 is necessary for the
formation of dendritic spines and protrusions in hippocampal
neurons (Zhang et al. 2005).
Thus, we next assessed the role of Pak1 in the process

of filopodium formation mediated by Gpm6a. Hippocampal
neurons of 3 DIV were co-transfected with mutant forms
of Pak1 along with Gpm6a-RFP. We used the catalytically
inactive form of Pak1 with a single-point mutation in the
kinase domain (kinase-dead K299R) as well as the Pak1
form with two-point mutations in the p21-binding domain
(H83L/H86L). This double mutant is unable to bind to
Cdc42 or Rac1, and has an enhanced kinase activity
toward itself and exogenous substrates (Sells et al. 1997).
Twenty-four hours later, cells were fixed, permeabilized,
and immunolabeled with an anti-myc antibody to visualize
neurons over-expressing mutant forms of Pak1. Filopodium
density was determined as stated previously. Figure 7a
shows that Gpm6a co-expression with the kinase-dead
Pak1 (K299R) caused a dramatic decrease in the number
of Gpm6a-induced filopodia. On the other hand, upon
Gpm6a co-expression with the p21-binding domain mutant
(H83L/H86L) of Pak1, no effect on filopodium density
was observed compared with co-expression of Gpm6a with
EGFP (Fig. 7b). To further confirm that Pak1 activity is
required for Gpm6a-induced filopodium formation, we
used a small molecule, IPA-3, that directly and non-
competitively inhibits Group I PAK activity by stabilizing
the kinase in a semi-open, catalytically inactive conforma-
tion (Deacon et al. 2008). Hippocampal neurons of 3 DIV
were transfected with Gpm6a-RFP and RFP alone as a
control. Twenty-two hours later, cells were treated for 2 h
with 5 lM, and 20 lM IPA-3 or vehicle, fixed, and
filopodium density was determined. Figure 7c shows that
5 lM and 20 lM IPA-3 applied to the neurons blocked
55% and 88% of Gpm6a-induced filopodium formation,
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Fig. 5 Inhibition of Rac1 impairs Gpm6a-induced filopodium formation
in hippocampal neurons. (a) Micrographs of hippocampal neurons

(4 DIV) co-transfected with indicated vectors. Dominant-negative (DN)
form of Rac1 (T17N) blocks Rac1 in its inactive GDP-bound form. Scale
bar, 20 lm. (b) Filopodium density was quantified. Data are mean-
s+SEM. 10–20 neurons per group done in duplicates were analyzed in

three independent experiments. One-way ANOVA followed by Tukey
multiple comparison test for post hoc effects, *p < 0.05 EGFP+Gpm6a-
RFP versus RFP+Rac1DN-EGFP, *p < 0.05 EGFP+Gpm6a-RFP ver-

sus Gpm6a-RFP+Rac1DN-EGFP, ***p < 0.001 EGFP+Gpm6a-RFP
versus RFP+EGFP. (c) Micrographs of hippocampal neurons (4 DIV)

transfected with EGFP or Gpm6a-EGFP and treated with NSC 23766
(Rac1 inhibitor) at 100 lMorwith freshmediumonly (0 lM) for 24 hprior

fixation. Scale bar, 20 lm. (d) Filopodium density was quantified. Data
are means + SEM. 10–20 neurons per group done in duplicates were
analyzed in three independent experiment. NSC23766blockedGpm6a-
induced filopodium formation. Two-way ANOVA revealed statistically

significant vector x NSC 23766 concentration interaction (p < 0.0001).
Tukey multiple comparison test for post hoc effect, ***p < 0.001 EGFP
versus Gpm6a-EGFP in non-treated neurons. No difference in filopo-

dium density was found between EGFP and Gpm6a-EGFP when
neurons were incubated with 100 lM NSC 23766.
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respectively. No effect of IPA-3 on RFP-expressing
neurons was observed (Fig. 7c). Collectively, these results
point to the fact that Pak1 kinase activity is required for
Gpm6a-induced filopodium formation in hippocampal
neurons.

Discussion

A number of molecules have been implicated in neuronal
filopodium formation in a context-dependent manner, sug-
gesting that intricate networks of interconnected signaling
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Fig. 6 Localization of Rac1 mutants in neurons over-expressing
Gpm6a-RFP. (a) Confocal images of hippocampal neurons (4 DIV)
co-transfected with indicated vectors. Dominant-negative (DN) form of

Rac1 (T17N) blocks Rac1 in its inactive GDP-bound form. Constitutively
activate (CA) form of Rac1 (Q61L) is resistant to GTPase stimulation by
Rho GTPase activating proteins. Corresponding fluorescence intensity

profiles along a line of approximately 15 lm drawn across the soma as
indicated are shown. Scale bar, 5 lm. (b) Quantification of fluorescence
intensity at plasma membrane. Fluorescence intensity at plasma
membrane was normalized to the average fluorescence in the

cytoplasm for each fluorescent protein (Gpm6a-RFP red channel,
RFP red channel, Rac1DN-EGFP green channel, Rac1CA-EGFPgreen
channel) as described in Methods section. Data are means + SEM. 10–

15 neurons per group done in duplicates were analyzed in two
independent experiments. One-way ANOVA followed by Tukey multiple

comparison test for post hoc effects, ***p < 0.001 Rac1DN-
EGFP+RFP (green channel) versus Rac1DN-EGFP+Gpm6a-RFP
(green channel), ***p < 0.001 Rac1DN-EGFP+RFP (red channel)

versus Rac1DN-EGFP+Gpm6a-RFP (red channel), ***p < 0.001
Rac1CA-EGFP+RFP (red channel) versus Rac1CA-EGFP+Gpm6a-
RFP (red channel). (c) Example of the quantification. Confocal image of

a neuron co-transfected with RFP and Rac1CA-EGFP. Scale bar,
20 lm. Corresponding fluorescence intensity profile along a line of
approximately 15 lm across the soma is shown. In this example,
accumulation of Rac1CA-EGFP at plasma membrane can be seen as

the peaks of high fluorescence intensity (shaded in gray) at the cell
border. Normalized plasma membrane fluorescence intensity of each
fluorescent protein was determined as the ratio of fluorescence intensity

at the cell border (0.4 lmwidth shaded in gray) to average fluorescence
intensity in the cytoplasm.
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pathways converge to regulate actin dynamics. This com-
plexity is not surprising, given the fact that in the nervous
system, filopodia underlie many major morphogenetic events
(Mattila and Lappalainen 2008; Gallo 2013). In previous
studies, we and others have demonstrated that the neuronal
membrane glycoprotein Gpm6a is a key modulator for neurite
outgrowth, filopodium/spine formation, and synaptogenesis
(Lagenaur et al. 1992; Mukobata et al. 2002; Alfonso et al.
2005; Michibata et al. 2008; Zhao et al. 2008; Fuchsova
et al. 2009; Brocco et al. 2010; Huang et al. 2011; Scorticati
et al. 2011; Mita et al. 2015; Formoso et al. 2015). In order
to clarify the mechanism that mediates Gpm6a morphogenetic
effects, we searched for proteins that form complexes with
endogenous Gpm6a in rat hippocampus. Using immunopre-
cipitation experiments followed by mass spectrometry, the
cytoskeletal regulator Coro1a was identified as one of the
proteins that associate with Gpm6a (Fuchsova et al. 2015). In
this study, we provide evidence that Coro1a mediates the
function of Gpm6a in the formation of filopodia possibly
through a process that involves Rac1 and Pak1.
First, we demonstrated that in rat hippocampus, the

endogenous Gpm6a specifically associates with Coro1a as
revealed by the co-immunoprecipitation assays. Indeed,
previous analysis of neuronal distribution of both proteins
suggests that their expression correlates throughout different
brain regions, including the hippocampus (Yan et al. 1993;
Roussel et al. 1998; Alfonso et al. 2005). Here, our
subcellular localization studies in rat hippocampal neurons
confirmed a co-localization of a portion of Coro1a-labeled
spots with endogenous Gpm6a. Moreover, Coro1a co-
localized with F-actin-rich areas along the neurites and in
the juxtamembrane regions of primary hippocampal neurons.
This is in accordance with the immunofluorescence
microscopy studies done in hematopoietic cells that revealed
co-localization of Coro1a with the cortical F-actin-rich areas
at the plasma membrane (Gatfield et al. 2005) and consistent
with the previously published role for Coro1a in mediating
actin dynamics in a variety of processes in immune cells
(Rybakin and Clemen 2005; Chan et al. 2011; Bustelo et al.

2012). Gatfield et al. (2005) have demonstrated that Coro1a
is organized into three domains: an N-terminal, WD repeat-
containing b-propeller connected by a linker region to a
coiled coil (Fig. 2a). The N-terminal b-propeller domain
mediates plasma membrane binding, while interaction with
F-actin cytoskeleton occurs via a stretch of positively
charged residues in the linker region exclusively upon
trimerization mediated via the coiled coil domain (Gatfield
et al. 2005). In their study, the authors suggested that by
linking the plasma membrane to the underlying actin
cytoskeleton in immune cells, Coro1a may facilitate the
integration of extracellular signals with F-actin remodeling.
Nevertheless, the binding partners of the N-terminal of
Coro1a at the plasma membrane remain unknown. In this
sense, Gpm6a might act as the N-terminal binding partner of
Coro1a, although it remains to be established whether the
interaction between Gpm6a and Coro1a is direct and which
part of the molecule mediates the binding.
Next, we asked whether Coro1a participates in the process

of filopodium formation triggered by Gpm6a over-expres-
sion. Observed co-localization of the endogenous Coro1a
with over-expressed Gpm6a in rat hippocampal neurons
suggested its involvement. Subsequent interference with this
process using the expression of a dominant-negative form of
Coro1a or by Coro1a down-regulation using the siRNA
approach clearly demonstrated that Coro1a mediates Gpm6a-
induced filopodium formation. Thus, Coro1a may link
Gpm6a with F-actin remodeling. In addition, we observed
that the small GTPase Rac1 was present in the anti-Coro1a
immunoprecipitates and that the Gpm6a-induced filopodium
formation was also dependent on Rac1. Its pharmacological
inhibition or co-expression of Rac1-inactive GDP-bound
form led to a significant reduction in the number of
membrane protrusions. Our results are in agreement with
the known function of Coro1a in the regulation of the plasma
membrane translocation and activation of Rac1 (Castro-
Castro et al. 2011; Bustelo et al. 2012; Ojeda et al. 2014) as
well as with a critical role of Rac1 in the maintenance and
reorganization of dendritic structures in maturing neurons

Fig. 7 Pak1 activation participates in Gpm6a-induced filopodium
formation. Confocal images of hippocampal neurons (4 DIV) co-

transfected with indicated vectors. Scale bar, 20 lm. (a) Kinase-
dead Pak1 (K299R) causes a significant decrease in the number of
Gpm6a-induced filopodia. Filopodium density was quantified. Data

are means+SEM. 10–20 neurons per group done in duplicates were
analyzed in three independent experiments. One-way ANOVA followed
by Tukey multiple comparison test for post hoc effect, *p < 0.05

EGFP+Gpm6a-RFP versus Pak1K299R+Gpm6a-RFP, **p < 0.01
EGFP+Gpm6a-RFP versus EGFP+RFP, **p < 0.01 EGFP+Gpm6a-
RFP versus Pak1K299R+RFP. (b) The p21-binding domain mutant
(H83L/H86L) of Pak1 shows no effect on Gpm6a-induced filopodium

density. Filopodium density was quantified. Data are means+SEM.
10–20 neurons per group done in duplicates were analyzed in two
independent experiments. One-way ANOVA followed by Tukey com-

parison test, **p < 0.01 EGFP+Gpm6a-RFP versus EGFP+RFP,
**p < 0.01 EGFP+Gpm6a-RFP versus Pak1H83L/H86L+RFP.

(c) Micrographs of hippocampal neurons (4 DIV) transfected with
RFP or Gpm6a and treated with IPA-3 (Pak1 inhibitor) at 5, 20, or
0 lM [vehicle dimethylsulfoxide] for 2 h prior fixation. Filopodium

density was quantified. Data are means + SEM. 10–20 neurons per
group done in duplicates were analyzed in three independent
experiment. IPA-3 blocked Gpm6a-induced filopodium formation.

Two-way ANOVA revealed statistically significant vector x IPA-3
concentration interaction (p < 0.0001). Tukey multiple comparison
test for post hoc effect, ***p < 0.001 RFP versus Gpm6a-RFP in
neurons treated with vehicle. No difference in filopodium density was

found between RFP and Gpm6a-RFP when IPA-3 was applied at
either concentration.
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(Nakayama et al. 2000; Zhang et al. 2003; Vadodaria et al.
2013). Coro1a over-expression has been shown to induce the
F-actin-dependent translocation and activation of Rac1, but
not that of more distantly related members of Rho family of
small GTPases such as RhoA and Cdc42. Conversely,
Coro1a inactivation led to ineffective activation of Rac1 and
Rac1-downstream routes (Castro-Castro et al. 2011). Thus,
altered Rac1 activation appears a likely mediator of Gpm6a
effects.
However, this is in contrast with our previous observation

that no activation or inhibition of Rac1 by Gpm6a could be
detected in N2a and COS7 cells (Alfonso et al. 2005). One
possible explanation of this discrepancy is that Rac1
involvement in Gpm6a-induced filopodium formation is cell
type specific and acts only in hippocampal neurons. Another
possibility is that while activated Rac1 is necessary for
Gpm6a-induced filopodium formation, Gpm6a by itself acts
as a scaffolding protein that modulates Rac1 translocation to
plasma membrane, but does not affect GTP loading. By
anchoring Coro1a at the plasma membrane, it could make
possible the subsequent activation of Rac1 by guanine
nucleotide exchange factors in the correct subcellular local-
ization.
Indeed, Rac1 activation involves two steps: translocation

to plasma membrane and nucleotide exchange. Previous
studies have shown that these are separable events (Mois-
soglu et al. 2006). The spatial regulation of membrane
translocation of Rac1 is not directly dependent on the
activation (the nucleotide-bound) state of the molecule. Rac1
recruitment to membrane precedes its interaction with protein
factors such as guanine nucleotide exchange factors that
promote Rac1 activation through the exchange of GDP for
GTP (Das et al. 2015). Accordingly, in our experiments,
Gpm6a over-expression resulted in elevated membrane
recruitment of GDP-bound Rac1 thus indicating a role of
Gpm6a in spatial regulation of Rac1 translocation rather than
in nucleotide exchange. Our observation is consistent with
data showing that Rac1 recruitment to membrane precedes
nucleotide exchange of GDP for GTP.
It is tempting to speculate that upon Gpm6a over-

expression, mislocalized active signaling complexes may
lead to an overabundance of filopodial protrusions with
consequences for neuronal remodeling and connectivity.
Indeed, the spatial restriction of signaling ensures localized
and polarized intracellular responses to extracellular cues.
The best-known regulators of the dynamic segregation of the
inactive and active Rac1 pools in different subcellular
localizations are the Rho GDP dissociation inhibitors
(RhoGDIs) that sequester GDP–Rac1 in the cytosol
(DerMardirossian and Bokoch 2005). Alternatively, recent
studies suggest that Rac1 activity is regulated by endocyto-
sis, localization to endosomes and subsequent recycling to
the plasma membrane. This guarantees localized signaling,
leading to the formation of actin-based migratory protru-

sions. Rac1 recruitment to these endomembranes occurs
independently of the nucleotide-bound state (Palamidessi
et al. 2008). Notably, in our confocal studies, we observed
that the spots of over-expressed Gpm6a in cell soma co-
localized with Coro1a (Figure S2, arrowheads) as well as
with both Rac1 mutants (Rac1DN and Rac1CA; Fig. 6a). It
would, therefore, be of interest to determine the origin of
these punctuate membrane structures and identify whether
they form components of distinct membrane trafficking
pathways. In this context, the roles for Gpm6a and Coro1a in
endocytosis can be highly relevant. For example, Gpm6a has
been shown to act as a scaffolding molecule in the regulation
of endocytosis and recycling of G protein-coupled receptors
such as the l-opioid receptor (Wu et al. 2007). On the other
hand, Coro1a was shown to mediate stability, recycling, and
re-internalizing the signaling endosome induced by neuronal
exposure to NGF (Suo et al. 2014).
The major downstream effector of Rac1, Pak1 (Kreis and

Barnier 2009), acts downstream of Coro1a in the process of
plasma membrane translocation of Rac1 (Castro-Castro et al.
2011). In addition, a direct interaction of coronin and Pak
was observed in Dictyostelium, where Pak and coronin also
partially co-localized (Swaminathan et al. 2014). In hip-
pocampal neurons, the kinase activity of Pak1 has been
shown previously to be required for the formation of
dendritic spines and protrusions (Zhang et al. 2005). Con-
sistent with the aforementioned studies, we observed that
Pak1 activation is required for Gpm6a-induced filopodium
formation. Taken together, our results point to a Gpm6a-
induced filopodium formation by signaling pathway that
involves Coro1a, Rac1, and Pak1, possibly via spatial
regulation of the subcellular localization of its components.
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Figure S4. Localization of wt Rac1 in neurons over-expressing
Gpm6a-RFP.

Data S1. Material and Methods.
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