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Background: The role of SNX26, a brain-enriched RhoGAP, in mature neurons remains unknown.
Results: SNX26 interacts with PSD-95 and regulates formation of dendritic spines.
Conclusion: SNX26 has a role in the activity-dependent structural change of dendritic spines in mature neurons.
Significance: Dynamic regulation of SNX26 plays a pivotal role in dendritic arborization of mature neurons.

SNX26, a brain-enriched RhoGAP, plays a key role in den-
dritic arborization during early neuronal development in the
neocortex. Inmature neurons, it is localized to dendritic spines,
but little is known about its role in later stages of development.
Our results show that SNX26 interacts with PSD-95 in dendritic
spines of cultured hippocampal neurons, and as a GTPase-acti-
vating protein for Cdc42, it decreased the F-actin content in
COS-7 cells and in dendritic spines of neurons. Overexpression
of SNX26 resulted in a GTPase-activating protein activity-de-
pendentdecrease in total protrusions and spinedensity together
with dramatic inhibition of filopodia-to-spine transformations.
Such effects of SNX26 were largely rescued by a constitutively
active mutant of Cdc42. Consistently, an shRNA-mediated
knockdown of SNX26 significantly increased total protrusions
and spine density, resulting in an increase in thin or stubby type
spines at the expense of the mushroom spine type. Moreover,
endogenous expression of SNX26was shown to be bi-direction-
ally modulated by neuronal activity. Therefore, we propose that
in addition to its key role in neuronal development, SNX26 also
has a role in the activity-dependent structural change of den-
dritic spines in mature neurons.

Dendritic spines, highly specialized and micron-sized post-
synaptic compartments extending from dendrites, are key
mediators of excitatory synaptic transmission in the brain (1).
During development, and in response to a variety of physiolog-
ical stimuli affecting synaptic activity, marked changes in the
number and shape of spines occur; such changes are thought to

affect various processes such as learning and memory forma-
tion (2–4). Improper formation and/or morphological abnor-
malities of dendritic spines are associated withmany neurolog-
ical disorders, including mental retardation, schizophrenia,
Alzheimer disease, autism spectrum disorders, and Down syn-
drome (5–8). During spinogenesis, thinly elongated highly
motile protrusions (dendritic filopodia) that are rich in actin
transform into dendritic spines, which, anatomically, are com-
posed of a head connected by a neck to the dendrite (9, 10). A
major component of both dendritic spines and filopodia is fila-
mentous actin (F-actin), which can be dynamically remodeled
(9, 11, 12). Dendritic spines can mature into stable mushroom-
like shapes and can undergo remodeling in response to various
forms of synaptic plasticity, including long term potentiation
(LTP)3 and long term depression (LTD). LTP induces an
increase in spinal density or size, and LTD results in shrinkage
or retraction of spines in the forebrain (13, 14). In addition, it
has been reported that drugs such as cytochalasins, which
inhibit actin dynamics, can interfere with LTP (15).
The small GTPases of the Rho family, includingCdc42, Rac1,

and RhoA, are prominent regulators of actin cytoskeleton reor-
ganization (16). As such, these proteins control a variety of pro-
cesses, including adhesion, migration, neuronal development,
and morphogenesis. Cdc42 stimulates the formation of highly
dynamic microspike-like structures called filopodia, whereas
Rac1 stimulates the formation of membrane ruffles and lamel-
lipodia. RhoA induction results in the formation of focal adhe-
sions and stress fibers (16). Rho GTPases cycle in a tightly reg-
ulatedmanner between aGDP-bound inactive state and aGTP-
bound active state (17). This cycling is regulated by the actions
of threemajor classes of proteins as follows: guanine nucleotide
exchange factors, guanine nucleotide dissociation inhibitors,
and GTPase-activating proteins (GAPs). Among them, GAPs
stimulate the relatively weak intrinsic GTP hydrolyzing activity
of their substrate GTPases, thereby inactivating them. It has
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been reported that numerous guanine nucleotide exchange fac-
tors that activate Rho GTPases are involved in dendritic spine
regulation; however, there are few reports on the role of GAPs
in inactivating Rho GTPases (18).
Sorting nexin 26 (SNX26; also known as TC10 and Cdc42

GTPase-activating protein or neurite outgrowthmultiadaptor-
GAP) is a brain-enriched RhoGAP with multiple domains and
was initially reported to be involved in insulin-stimulating glu-
cose transporter 4 translocation in fat cells (19). It includes an
N-terminal Phox homology (PX) domain followed by an Src
homology 3 (SH3) domain and a RhoGAP domain, and it has
repeated proline-rich sequences at the C terminus. Its expres-
sion is reported to be specific in mRNA levels of the brain and
testis (19). It is predominant in postsynaptic density fractions
and shows an age-dependent decrease in expression. SNX26
can be phosphorylated by the tyrosine kinase Fyn; furthermore,
nerve growth factor (NGF)-stimulated neurite outgrowth can
be suppressed by SNX26 overexpression and enhanced by a
GAP-defective mutant form of SNX26 in PC12 cells (20).
Recently, only depletion of SNX26 caused a decrease in den-
dritic outgrowth and branching with neither SNX26 overex-
pression nor down-regulation having an effect on axonal mor-
phogenesis in primary cultured cortical neurons (21). It has
been also reported that SNX26 regulates dendritic arborization
and cortical thickness through the control of Cdc42 and cofilin
activity during late cortical development in genetically modi-
fied mice (22).
Although SNX26 is expressed at high levels during early

postnatal development, its expression is maintained in mature
neurons; moreover, it is concentrated in the postsynaptic den-
sity region and is localized especially to dendritic spines, raising
the possibility that SNX26 might also affect synaptic plasticity
in mature neurons, but its roles in mature neurons remain
mostly unreported.
Here, we report that SNX26 interacts with PSD-95 in den-

dritic spines. We also reveal that SNX26 decreases cytosolic
F-actin content in COS-7 cells as well as in dendritic spines of
neurons. In addition, both overexpression and knockdown of
SNX26were found to altermarkedly the number andmorphol-
ogy of dendritic spines, especially inhibiting the conversion of
filopodia-to-spines in a GAP activity-dependent manner. Neu-
ronal activity was observed to modulate bi-directionally the
expression of SNX26. Based on these results, we suggest that
coordinated dynamic regulation of SNX26 may play a pivotal
role in dendritic arborization of developing neurons and in the
structural change of mature neurons.

EXPERIMENTAL PROCEDURES

Plasmid Construction, Antibody, and Reagent—SNX26 con-
structs originated from human and mouse were kindly pro-
vided by Dr. Tadashi Yamamoto (University of Tokyo, Tokyo,
Japan). DNAs corresponding to the regions of human and
mouse SNX26 or rat PSD-95 were amplified by polymerase
chain reaction and subcloned into the indicated expression vec-
tors enhanced GFP and HA. To visualize F-actin structures, we
have performed in vitro annealing for Lifeact, a 17-amino acid
peptide, known to be localized at F-actin structures without
interfering with actin dynamics (23) and subcloned into

mCherry vector (generously provided from Dr. Roger Y. Tsien,
University of California at San Diego). The fidelity of all con-
structs was verified by sequencing. The following antibodies
were used: GFP (Abcam, Cambridge, UK); tubulin-� (Abcam);
SNX26 (Abcam); PSD-95 (SYSY, Göttingen, Germany);
Cdc42 and RhoA (Santa Cruz Biotechnology); Rac1 (EMD
Millipore, Billerica, MA), and anti-HA (Covance, Princeton,
NJ). Anti-SNX26 mouse antibody was provided by Dr.
Tadashi Yamamoto (University of Tokyo). HRP-conjugated
secondary antibodies were obtained from Jackson ImmunoRe-
search (West Grove, PA). Alexa 488-conjugated donkey anti-
goat antibody, Texas Red-conjugated goat anti-mouse anti-
body, and Texas Red-X phalloidin (TxRed-phalloidin) were
from Molecular Probes (Eugene, OR), and all other reagents
were from Sigma.
Cell Culture, Transfection, and Preparation for Quantifica-

tion of F-actin Content—Experiments were performed in
accordance with the guidelines set forth by the Seoul National
University Council Directive for the proper care and use of
laboratory animals.
COS-7 cells (KoreanCell Line Bank, Seoul, South Korea) and

HEK293T cells (ATCC, Manassas, VA) were grown in Dulbec-
co’s modified Eagle’s medium (Invitrogen) supplemented with
10% fetal bovine serum (Hyclone, Logan, UT) at 37 °C in 5%
CO2. Transfection was carried out using Lipofectamine 2000
reagent (Invitrogen), and cells were grown for 24 h. For prepa-
ration of the quantification of F-actin contents, cells were
fixed in 4% paraformaldehyde, 4% sucrose, phosphate-buffered
saline (PBS) for 15min, washed two times for 5min in PBS, and
permeabilized for 5min in 0.25%Triton X-100/PBS. They were
blocked for 30 min in 10% bovine serum albumin (BSA)/PBS at
37 °C and incubatedwithTxRed-phalloidin, 3%BSA/PBS for 30
min at 37 °C. For neuron cultures, primary rat hippocampal
neurons were prepared as described (24). Briefly, hippocampi
were dissected from embryonic day 18 Sprague-Dawley fetal
rats, dissociated with papain, and triturated with a polished
half-pore Pasteur pipette. Cells (2.5 � 105) in minimum Eagle’s
medium supplementedwith 0.6% glucose, 1mMpyruvate, 2mM

L-glutamine, 10% fetal bovine serumand antibioticswere plated
on poly-D-lysine-coated glass coverslips in a 60-mm Petri dish.
Four hours after plating, the medium was replaced with Neu-
robasal (Invitrogen) supplemented with 2% B-27 and 0.5 mM

L-glutamine. The neurons were transfected at indicated days in
vitro (DIV) using the calcium phosphate method (24). Briefly, a
total of 6 �g of cDNA and 9.3 �l of 2 M CaCl2 were mixed in
distilled water to a total volume of 75 �l, and the same volume
of 2� borate-buffered saline was added. The neuron culture
medium was completely replaced by transfection medium
(minimum Eagle’s medium, 1 mM pyruvate, 0.6% glucose, 19
mM glutamine, and 19 mM HEPES, pH 7.65), and the cDNA
mixture was added to the neurons, which were then incubated
in a 5% CO2 incubator for 60 min. They were washed with
transfection medium, pH 7.35, and then returned to the origi-
nal culture medium.
Microscopy, Image Analysis, and Quantification of F-actin

Content—Images were acquired with a Zeiss Axiovert 200 M
inverted microscope (Carl Zeiss, Oberkochen, Germany)
equipped with a �40 oil-immersion objective lens, N.A. 1.0,
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using an ORCA-R2 CCD camera (Hamamatsu Photonics,
Hamamatsu, Japan) driven by MetaMorph imaging software
(Molecular Devices, Sunnyvale, CA) with a GFP- or a mono-
meric red fluorescent protein-optimized filter set (Omega
Optical, Brattleboro,VT). For quantification of F-actin content,
we have manually selected transfected cells showing moderate
levels of GFP expression (300–600 arbitrary fluorescence
units) and excluded the cells showing either lowor high levels of
GFP expression. Analysis and quantification of data were per-
formedwithMetaMorph software, and statistical analyses were
carried out with PASW Statistics 18 (IBM, Armonk, NY). Data
are presented asmeans� S.E. Formultiple conditions, we com-
pared means by analysis of variance (ANOVA) followed by
Tukey’s honestly significant difference (HSD) post hoc test to
reveal statistically different groups.
Image Analysis and Quantification for Dendritic Spines and

Filopodia—Digital images for morphometric analysis of den-
dritic spines were obtained with a Nikon A1 confocal micro-
scope (Nikon Instruments, Tokyo, Japan) equipped with a CFI
PlanApochromat�60 oil-immersion objective lens, N.A. 1.4 at
a resolution 512 � 512 using digital zooming. For analysis, well
branched pyramidal or multipolar neurons were randomly
selected. One to three secondary dendrites in each neuronwere
chosen. To determine the number of dendritic spines and filo-
podia, spineswere defined as dendritic protrusions of�5�min
length with heads and filopodia as dendritic protrusions of�10
�m in length without apparent heads. Spine head was defined
as the tip structure that should be at least two times thicker than
the spine neck. Spines can be morphologically divided into
three types as follows: thin, mushroom-shaped, and stubby
spines (25). To distinguish spine types, the thin type was
defined as spines having a long thin neck and a small bulbous
head; the mushroomed-shaped was defined as having a neck
and a large head, and the stubby typewas defined as ones devoid
of a neck. The density and types of spines from a single dendrite
were grouped and averaged. Analysis and quantification of data
were performedwithMetaMorph software, and statistical anal-
yses were carried out with PASW Statistics 18. Data are pre-
sented as means � S.E. For multiple conditions, we compared
means by ANOVA followed by Tukey’s HSD post hoc test. Sta-
tistical differences between two conditions were determined
using Student’s t test.
Co-immunoprecipitation and Immunoblotting—To detect

SNX26 binding to PSD-95 in vivo, HEK293T cells were trans-
fected using Lipofectamine 2000 (Invitrogen). The cells were
washed twice with cold PBS and extracted at 4 °C for 1 h in lysis
buffer (10 mM Tris-HCl, pH 7.4, 5 mM EDTA, 150 mM NaCl,
10% glycerol, 1% Triton X-100, 1 mM sodium orthovanadate, 1
mM PMSF, 10 mM leupeptin, 1.5 mM pepstatin, and 1mM apro-
tinin). They were then clarified by centrifugation at 15,000 � g
for 15min, and protein concentrations were determined with a
Bradford protein assay reagent kit (Bio-Rad). Samples contain-
ing 1 mg of total protein were immunoprecipitated for 4 h with
anti-GFP antibody, followed by an additional 2 h of incubation
at 4 °C with protein A-Sepharose beads (GE Healthcare). The
beads were extensively washed with lysis buffer and subjected
to SDS-PAGE and transferred to a PVDFmembrane (Bio-Rad).
The membrane was blocked with 5% skim milk/TBS-T for 1 h,

washed, and probed with primary antibody for 2 h at room
temperature. After extensive washing in TBS-T, themembrane
was incubated withHRP-conjugated secondary antibody (Jack-
son ImmunoResearch). Proteins were visualized with ECL rea-
gent (GE Healthcare).
RNA Interference—The small hairpin RNA (shRNA) for RNA

interference against both rat and mouse SNX26, mRNA was
designed on the basis of the mouse SNX26 cDNA sequence
(GenBankTM accession number NM_178252.2), targeting to
the region of nucleotide 1149–1169. Complementary oligonu-
cleotides were synthesized separately, with the addition of a
BamHI site at the 5� end and an EcoRI site at the 3� end. The
forward targeting sequence of shRNA for SNX26 (shRNA-
SNX26) was 5�-GAGGCTTCGGCATGAGTTTGA-3�. The
forward targeting sequence of scrambled shRNA for SNX26
(shRNA-scr) was 5�-GACTGTGGTCGATGGCAGTTA-3�.
The annealed cDNA fragments were cloned into the BamHI-
EcoRI sites of the vector pSIREN-DNR-DsRed-Express (BD
Biosciences). The efficiency of shRNAs was tested on protein
levels of GFP-tagged mouse SNX26 (GFP-mSNX26) in
HEK293T cells as described previously (21). It has been
reported that this sequence is also effective in cultured rat cor-
tical neurons (21). For evading RNA interference, silencemuta-
tions within the shRNA-SNX26 targeting sequence (T1155G
and C1156A) in GFP-mSNX26 were generated using the
QuikChange� site-directed mutagenesis kit (Stratagene, Aus-
tin, TX). The fidelity of all constructs was verified by
sequencing.

RESULTS

SNX26 Expression Is Developmentally Regulated in Postnatal
Brain and Neuron Culture—SNX26mRNAwas expressed pre-
dominantly in the brain and testis and concentrated in the cor-
tex and hippocampus (19, 20). The SNX26 protein levels in the
brain of postnatal mice are reported to be negatively regulated
during postnatal development (20). In this study, we investi-
gated the SNX26 protein distribution in different tissues and
confirmed the developmental expression pattern of SNX26 in
the postnatal mouse brain. Consistent with the results in previ-
ous reports (19, 20), SNX26 protein is highly expressed in brain,
particularly in the cortex andhippocampus (Fig. 1A);moreover,
expression of SNX26 is negatively regulated during postnatal
development (Fig. 1B).
We also investigated the expression of SNX26 protein in pri-

mary cultured hippocampal neurons in vitro by Western blot-
ting. The SNX26 expression levels gradually increased from
DIV 2 to 7 and then decreased, and after DIV 16, the levels
approached a steady state (Fig. 1,C andD).Whenwe compared
protein expression patterns of representative members of the
Rho protein family (Cdc42, Rac1, and RhoA) with that of
SNX26 in cultured cortical neurons (Fig. 1D), the developmen-
tal expression pattern of Cdc42, but not of Rac1 or RhoA, was
similar to that of SNX26. The results suggest that SNX26 may
function in relation to Cdc42, which is consistent with recent
findings that SNX26 acts as a GAP toward Cdc42 in the control
of neurite outgrowth (20, 21).
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SNX26ReducesCytosolic F-actinContent via itsGAPActivity—
Because SNX26 exhibits GAP activity toward Cdc42, we tested
whether SNX26 expression modulates the actin cytoskeleton.
COS-7 cells were transfected with GFP, GFP-SNX26 full-
length (FL), or its various deletion mutants, and then the cells
were stained with TxRed-phalloidin for F-actin detection. In
cells expressing GFP-SNX26 or its RhoGAP domain, F-actin
content decreased, by�60%, from that inGFP-transfected con-
trol cells and in surrounding nontransfected cells (Fig. 2A).
Consistently, typical F-actin structures such as stress fiber
and the cortical actin had largely disappeared, and some amor-
phous actin aggregates were observed in central areas. Cells
expressing other deletion mutants lacking RhoGAP, such as
�RhoGAP, PRD, PX, or SH3, show no apparent disappearance
of F-actin compared with control (Fig. 2).
A GAP-defective mutant of SNX26 FL (Arg-350 to Ile-350;

R350I) or its RhoGAP domain (RI-RhoGAP) (20) failed to have
an effect on the alteration of F-actin content inCOS-7 cells (Fig.
3, A and B), indicating that the GAP activity of SNX26 is
responsible for its effect on F-actin content. Not only in COS-7

cells but also in the dendritic spines of cultured hippocampal
neurons, the SNX26 FL or RhoGAP domain induced a marked
reduction of F-actin content, which was fully cancelled by
RI-RhoGAP (Fig. 3, C–F). These results suggest a direct
involvement of theGAP activity of SNX26 in actin cytoskeleton
remodeling.
SNX26 Interacts with PSD-95 via Its PX and RhoGAP

Domains and Co-localizes to Dendritic Spines in Cultured Hip-
pocampal Neurons—PSD-95, a PDZ domain scaffold protein
that is located in dendritic spines of excitatory neurons, has
prominent roles in both synaptic development and plasticity
(26, 27). It is crucial for tethering a variety of other synaptic
proteins, such as N-methyl-D-aspartate (NMDA) receptors,
into the postsynaptic density region of spines (28). Because
SNX26 is reported to be abundant in the postsynaptic density
fraction and is localized to dendritic spines (20), we examined
whether SNX26 interacts with PSD-95. HEK293T cells were
co-transfected eitherwithHA-tagged FL or deletionmutants of
SNX26 or with GFP-tagged FL or deletion mutants of PSD-95
and were subsequently immunoprecipitated with specific anti-

FIGURE 1. Expression patterns of SNX26 protein in various tissues and during development of postnatal brain and neuron culture. A, tissue distribution
of SNX26 protein from 2-week-old mice. Arrow points to the size of SNX26, �150 kDa. B, Western blot analysis of postnatal mouse brains. Postnatal brains were
lysed, evenly loaded (100 �g) in SDS-polyacrylamide gels, and immunoblotted with a specific anti-SNX26 mouse antibody. SNX26 expression gradually
decreases during maturation. C, developmental changes of SNX26 protein expression in cultured rat hippocampal neurons. Cultured primary hippocampal
neurons were prepared at the indicated DIV, lysed, and evenly loaded (75 �g) in SDS-polyacrylamide gels. Western blot analysis was performed using a specific
anti-SNX26 antibody. SNX26 expression rises during DIV 2–7 and then decreased, and after DIV 16 the levels persisted. D, developmental changes of SNX26,
Cdc42, Rac1, and RhoA protein expression in cultured rat cortical neurons. Cultured primary cortical neurons were prepared at the indicated DIV, lysed, and
evenly loaded (75 �g) in SDS-polyacrylamide gels. Western blot analysis was performed using each specific antibody. The developmental expression pattern
of Cdc42, but not of Rac1 or RhoA, are similar to that of SNX26. �Tub, �-tubulin.
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bodies. Because PSD-95 has an SH3 domain in its middle, an
interaction between the SH3 domain of PSD-95 and the pro-
line-rich domain (PRD) of SNX26 was expected (Fig. 4, A and
B); however, the PX and RhoGAP domains of SNX26 bound to
PSD-95 (Fig. 4C). We further investigated those interactions
and determined that SNX26 FL and PX domain interacts either
with PSD-95 FL or with its�SH3mutant, whereas the RhoGAP
domain only interacted with PSD-95 FL (Fig. 4,D and E). There
was no interaction between SNX26-PRD and PSD-95 (Fig. 4E).
Immunoprecipitation assays with brain lysates showed that
SNX26 bound to PSD-95 in rat brains (Fig. 4F). When overex-
pressed in cultured hippocampal neurons, SNX26 co-localized
with PSD-95 at dendritic spines (Fig. 4G); in addition, endoge-
nous SNX26 partially co-localizedwith PSD-95 (Fig. 4H). Thus,
SNX26 in dendritic spines interacts with PSD-95 andmay have
a role in the regulation of dendritic spines.
SNX26 Affects Dendritic Spine Formation—The number of

dendritic spines increased during 10–15 DIV and reached a
plateau at later stages. To investigate the effects of SNX26 on
dendritic spine formation, cultured hippocampal neurons at
DIV 13 were co-transfected with GFP or GFP-SNX26 and with
mCherry empty vector (23) and then fixed at DIV 14. SNX26
overexpression induced an �38.2% decrease in total dendritic
protrusions. We defined spines as dendritic protrusions of �5
�m in length with heads, and filopodia as dendritic protrusions

of �10 �m in length without apparent heads (see under
“Experimental Procedures”).When we classified dendritic pro-
trusions into those two groups, despite the overall decrease
in protrusion density, we found that spine density was mark-
edly decreased, whereas filopodia density was dramatically
increased compared with that in the control group (Fig. 5).
Because dendritic filopodia are considered spine precursors,
these results indicate that overexpression of SNX26 inhibits the
transformation from dendritic filopodia to dendritic spines.
To identify which domain(s) of SNX26 may be responsible

for the observed effects, neurons were co-transfected with
mCherry and various deletion mutants of SNX26. Among the
mutants, only the RhoGAP domain showed effects similar to
those of SNX26 FL (Fig. 6), indicating that the RhoGAPdomain
is responsible for the effects of SNX26 on dendritic spine for-
mation. This was confirmed by results from a GAP-defective
mutant of SNX26 (R350I), which showed a comparable level of
dendritic spine development to that in the control group
(Fig. 7).
To determine whether the spine-inhibiting effect of SNX26

ismediated by SNX26 acting as a GAP for Cdc42, neurons were
co-transfected with GFP or the GFP-tagged constitutive active
form of Cdc42 (Cdc42CA) and mCherry-SNX26. Cdc42CA
largely rescued the SNX26-induced defects in spine formation

FIGURE 2. SNX26 decreases the F-actin content via its RhoGAP domain. A, representative images for SNX26-induced reduction in F-actin content. COS-7
cells expressing GFP or the GFP-tagged indicated deletion mutants of SNX26 were fixed and stained with TxRed-phalloidin to visualize F-actin. Scale bar, 10 �m.
B, arbitrary fluorescence unit (A.F.U.) of TxRed intensity in each group was measured. Over 40 cells were analyzed for each group. Data are presented as
means � S.E. of three independent experiments. Tf, transfected cells; unTf, untransfected cells. ***, p � 0.001 (Student’s t test). C, in each group, TxRed intensity
of transfected cells was normalized to that of untransfected cells. Either SNX26 full-length or only the RhoGAP domain containing mutants decrease F-actin
content. ***, p � 0.001 (ANOVA and Tukey’s HSD post hoc test). CTL, control.
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(Fig. 8), suggesting that SNX26 can act as a GAP for Cdc42 and
can regulate spine formation in neurons.
SNX26Depletion Alters the Number andMorphology of Den-

dritic Spines in Neurons—To assess further the physiological
effects of endogenous SNX26 on spine formation, we generated
small hairpin RNA (shRNA) for mouse SNX26. Suppression of
SNX26 expression by shRNA-SNX26, but not by scrambled

shRNA-SNX26 (shRNA-scr), was confirmed by performing
immunofluorescence andWestern blot analyses of transfected
HEK293T cells (Fig. 9A) and was further confirmed by immu-
nofluorescence staining of SNX26 in hippocampal neurons
(Fig. 9B). We also generated the GFP fusion construct resistant
to shRNA-SNX26 (GFP-mSNX26-res) and confirmed its resis-
tancy to shRNA-SNX26 (Fig. 9A).
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In cultured hippocampal neurons, spines emerged during
DIV 9 and 10, increased in abundance during DIV 11–15, and
reached a plateau at later stages (data not shown). To investi-
gate the effect of shRNA-SNX26 on dendritic spine formation,
neurons were transfected at DIV 8 with shRNA-scr or shRNA-
SNX26 andGFP orwith shRNA-SNX26 andGFP-mSNX26-res
and were then fixed at DIV 13. When endogenous SNX26 was
knocked down, the densities of protrusions and spines, but not
that of filopodia, were significantly increased (Fig. 9,C–F).
These effects were successfully rescued by co-expression of
shRNA-SNX26 and GFP-mSNX26-res (Fig. 9, C–F). Although
with co-expression the spine density was overly decreased, and
filopodia density was increased, we believe that these effects
were from overexpression of GFP-mSNX26-res, consistent
with SNX26 overexpression phenotype observed in Fig. 5.
The predominant effect of SNX26 depletion in neurons was

on dendritic spinemorphology. The absence of SNX26 resulted
in a decrease in the proportion ofmushroom-shaped spines and
a concomitant increase in the proportions of thin and stubby
spines (Fig. 9, G and H). Again, these were largely rescued by
co-expression of shRNA-SNX26 and GFP-mSNX26-res (Fig. 9,
G and H).
Consistently, Cdc42CA but not RacCA expression resulted

in an increase in the number of both thin and stubby spines and
a reduction in the number of mushroom-shaped spines
(Fig. 10F). As expected, a Cdc42 dominant negative form
(Cdc42DN) induced a similar dendritic morphological pheno-
type as SNX26 expression (Figs. 5 and 10). Taken together,
these results suggest that SNX26, by acting as a GAP toward
Cdc42, regulates dendritic spine formation as well as spine
morphogenesis.
SNX26 Expression Is Activity-dependently Altered in Mature

Neurons—Avariety of synaptic activities can induce changes in
the shape and number of dendritic spines in mature neurons
(13, 14, 29). Because overexpression or depletion of SNX26 can
have profound effects ondendritic spine development,we spec-
ulated on whether neuronal activity can affect SNX26 expres-
sion. Picrotoxin-mediated inhibition ofGABAA inhibitory tone
was reported to increase spontaneous synaptic activity in cul-
tured hippocampal neurons, whereas tetrodotoxin-mediated
inhibition ofNa� channels induced the opposite effect (30).We
found that SNX26 levels significantly increased or decreased in
response to picrotoxin or tetrodotoxin treatment, respectively
(picrotoxin, 0.39 � 0.05; tetrodotoxin, 1.19 � 0.03; Fig. 11, A
and B).

Consistently, chemically induced synaptic plasticity with
NMDA and/or glycine (named chem-LTD and chem-LTP
hereafter) (20) treatment also resulted in significant alterations
in SNX26 expression levels. Induction of chem-LTP signifi-
cantly reduced SNX26 expression, whereas chem-LTD induc-
tion increased it (chem-LTP, 0.44 � 0.05; chem-LTD, 1.24 �
0.11, Fig. 11, D and E). These results suggest that SNX26
expression levels are bi-directionally regulated, depending on
neuronal activity.

DISCUSSION

Recent studies reveal that SNX26 functions as a Cdc42-spe-
cific GAP that can regulate dendrite growth of cortical neurons
and neocortical dendritic complexity during early neuronal
development (21, 22). Those authors reported increases in total
dendritic length and branch numbers following SNX26 overex-
pression in cultured rat cortical neurons. In contrast, knock-
down of endogenous SNX26 inhibited the increases in total
dendritic length and branch numbers. Those results were
expected because the effects of SNX26 were reversed by co-ex-
pressing an shRNA-resistant SNX26 in cortical neurons during
early developmental stages, both in vitro and in vivo. In support
of those results, Rosario et al. (22) have reported that SNX26
depletion results in oversimplification of cortical dendritic
complexity, hyperactivation of Cdc42, and cofilin phosphoryl-
ation. They also reported a significant decrease in neocortical
thickness in various brain regions, including the parietal,
somatosensory, and auditory cortices, a decrease that is associ-
ated with developmental defects in SNX26-deficient mice.
Taken together, these results indicate that SNX26 is involved in
the regulation of dendritic branching and neuronal complexity
in the developing brain, despite its expression in mature neu-
rons and its localization in dendritic spines; however, its roles in
the later stages of neuronal development have not been
described (21).
Dendritic spines can undergo dynamic changes in size,

shape, and number depending on neuronal activity, and such
changes are closely associated with various neurological dis-
eases, such as mental retardation, schizophrenia, Alzheimer
disease, Down syndrome, and autism spectrum disorder.
Therefore, identifying factors that regulate dendritic spine for-
mation and morphology and that result in spine dysfunction is
essential to describing inmore detail the physiology and patho-
physiology of the nervous system.

FIGURE 3. GAP activity of SNX26 is required to decrease the F-actin content in COS-7 cells as well as in dendritic spines of neurons. A, COS-7 cells
expressing GFP, GFP-SNX26, GFP-RhoGAP, GFP-RI-RhoGAP, or GFP-R350I were fixed and stained with TxRed-phalloidin to visualize F-actin. Scale bar, 10 �m. B,
normalized intensity ratio (transfected/untransfected (Tf/unTf)) of cells expressing SNX26 or RhoGAP was significantly lower than that of cells expressing GFP
(CTL, control), GFP-RI-RhoGAP (GAP activity-deficient mutant of RhoGAP domain), or R350I (GAP activity-deficient mutant of SNX26 FL). Data are presented as
means � S.E. of three independent experiments in which �40 transfected cells were examined for each group. ***, p � 0.001 (ANOVA and Tukey’s HSD post
hoc test). C, representative images of dendritic spines of neurons. Cultured hippocampal neurons were transfected at DIV 15 with cyan fluorescent protein and
with GFP or GFP-SNX26 FL, fixed at DIV 16, and then stained with TxRed-phalloidin. Scale bar, 2 �m. D, TxRed intensities in dendritic spines and neighboring
dendritic shafts were compared. Over 30 transfected individual spines and dendrites were examined for each group. Data are presented as means � S.E. of
three independent experiments. The normalized intensity ratio (spine/shaft) of cells expressing SNX26 FL was much lower than that of cells expressing control
(CTL). ***, p � 0.001 (ANOVA and Tukey’s HSD post hoc test). E, representative images of dendritic spines of neurons. Cultured hippocampal neurons were
transfected at DIV 15 with GFP, GFP-RhoGAP, or GFP-RI-RhoGAP, fixed at DIV 16, and then stained with TxRed-phalloidin. Scale bar, 2 �m. F, TxRed intensities
in dendritic spines and neighboring dendritic shafts were compared. Over 30 transfected individual spines and dendrites were examined for each group. Data
are presented as means � S.E. of three independent experiments. The normalized intensity ratio (spine/shaft) of cells expressing RhoGAP was much lower than
that of cells expressing control or RI-RhoGAP. ***, p � 0.001 (ANOVA and Tukey’s HSD post hoc test).
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FIGURE 4. SNX26 interacts with PSD-95 through PX and RhoGAP domains. A, schematic representation of SNX26 full-length and various deletion mutants
used in the experiments. Abbreviation used is as follows: RhoGAP, Rho GTPase-activating protein. B, schematic representation of full-length PSD-95 and
deletion mutants used in the experiments. C–E, HEK293T cells were co-transfected with GFP, GFP-SNX26, or GFP-tagged deletion mutants and HA-PSD-95 (C)
or co-transfected with GFP, PSD-95-GFP, or GFP-tagged deletion mutants and HA-SNX26 (D). Twenty four hours after transfection, the cells were lysed,
immunoprecipitated with anti-GFP antibody, and immunoblotted with anti-HA antibody. IP, immunoprecipitation; IB, immunoblot. Interaction of SNX26 with
PSD-95 was further investigated to pin down binding domains. E, HEK293T cells were co-transfected with each construct indicated, lysed, and immunopre-
cipitated with anti-GFP antibody followed by immunoblotting with anti-HA antibody. F, SNX26 endogenously interacts with PSD-95 in rat brains. Brain lysates
were immunoprecipitated with an anti-PSD-95 antibody or normal rabbit serum (NRS), and immunoblotted with an anti-SNX26 antibody. G, neurons were
co-transfected at DIV 13 with PSD-95-GFP and mCherry-SNX26 and fixed at DIV 14. PSD-95-GFP and mCherry-SNX26 are co-localized at spines. Scale bar, 15 �m.
H, endogenous SNX26 partially co-localizes with PSD-95 at dendritic spines. Cultured hippocampal neurons at DIV 14 were fixed and immunostained with
either a specific SNX26 or a specific PSD-95 antibody, followed by either Alexa 488-conjugated donkey anti-goat (SNX26) or Texas Red-conjugated anti-mouse
antibody (PSD-95). Arrowheads indicate dendritic spines where two proteins were co-localized. Scale bar, 7 �m.
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A previous study reported that the suppression of NGF-in-
duced neurite outgrowth by SNX26, and its GAP-defective
mutant R350I, promotes neurite outgrowth in PC12 cells (20).
In contrast, others reported that SNX26 has significant GAP
activity in vitro but no detectable GAP activity in vivo (19).
Despite the inconsistency in the GAP activity of SNX26 in vivo,
our results show that overexpression of SNX26 causes a signif-
icant reduction in cytosolic F-actin content in COS-7 cells and
neuron spines (Fig. 3). Moreover, RI-RhoGAP, a defective GAP

mutant of SNX26-RhoGAP, failed to induce these changes,
indicating that modulation of the actin cytoskeleton by SNX26
depends on its GAP activity.
Neurons in early developmental stages have abundant filop-

odia, the precursors of dendritic spines, and as spine matura-
tion progresses, neurons undergo transformation of filopodia-
to-spines. Our results show that overexpression of SNX26
inhibits this transformation. A recent study reported that cofi-
lin, an actin-severing protein, is a downstream effector involved

FIGURE 5. Overexpression of SNX26 alters dendritic spine formation. A, cultured hippocampal neurons were co-transfected at DIV 13 with GFP-SNX26 and
mCherry and fixed at DIV 14. Asterisks point to some of representative filopodia. Scale bar, 15 �m. B–E, quantification of the number of total protrusions, spines,
and filopodia with or without expression of SNX26. Spines were defined as dendritic protrusions of �5 �m in length with heads and filopodia as dendritic
protrusions of �10 �m in length without heads. Data were collected from 24 to 36 dendrites of 16 to 24 neurons for each group in three independent
experiments. ***, p � 0.001 (Student’s t test); CTL, control.

FIGURE 6. Effects of SNX26 domains on dendritic spine formation. A, cultured hippocampal neurons were co-transfected at DIV 12 with the indicated
GFP-tagged SNX26 domains and mCherry and fixed at DIV 14. Scale bar, 15 �m. B–E, quantification of the number of total protrusions, spines, and filopodia with
expression of each domain of SNX26. Spines were defined as dendritic protrusions of �5 �m in length with heads and filopodia as dendritic protrusions of �10
�m in length without heads. Data were collected from 22 to 36 dendrites of 14 –24 neurons for each group in three independent experiments. ***, p � 0.001;
*, p � 0.01 (ANOVA and Tukey’s HSD post hoc test). CTL, control.
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in actin regulation by SNX26 (22). Cofilin breaks and disman-
tles actin filaments, an action that stimulates actin dynamics by
increasing the pool of actin subunits available for recycling.
That study also suggested that activation of Cdc42 by SNX26
depletion may induce filopodia formation and concomitantly
reduce actin dynamics through cofilin inhibition. Our results
show that SNX26 expression remains low during the later
stages of development, and SNX26 overexpression during
those stages inhibited transformation of filopodia-to-spines.
Therefore, we find it probable that SNX26 plays a role in the
initiation of dynamic filopodia during early developmental

stages, but the conversion of filopodia into stable dendritic
spines during later stages requires inhibition of SNX26.
To date, the only reported regulator of the GAP activity of

SNX26 is Fyn (20), which phosphorylates SNX26 on the 406
tyrosine residue and inhibits its GAP activity. Moreover, Fyn
has key roles in synapse development and synaptic plasticity
(31, 32) and has been associated with various higher brain func-
tions such as LTP, spatial memory (33), and contextual fear
memory (34, 35). Fyn-knock-out mice exhibit decreased spine
density and aberrant spine morphology over time (36, 37).
Moreover, Fyn phosphorylated protein-tyrosine phosphatase

FIGURE 7. GAP activity of SNX26 is attributed to its effect on dendritic spine formation. A, cultured hippocampal neurons were co-transfected at DIV 13
with GFP-SNX26 or GFP-R350I and mCherry and fixed at DIV 14. Scale bar, 15 �m. B–E, quantification of the number of total protrusions, spines, and filopodia
with expression of SNX26 or R350I. Spines were defined as dendritic protrusions of �5 �m in length with heads and filopodia as dendritic protrusions of �10
�m in length without heads. Data were collected from 20 to 24 dendrites of 15–16 neurons for each group in three independent experiments. ***, p � 0.001
(Student’s t test).

FIGURE 8. Inhibitory effect of SNX26 on spine formation can be largely abrogated by constitutively active Cdc42 co-expression. A, cultured hippocam-
pal neurons were co-transfected at DIV 13 with GFP or GFP-Cdc42CA and mCherry-SNX26 and fixed at DIV 14. Scale bar, 20 �m. B–E, quantification of the
number of total protrusions, spines, and filopodia with expression of SNX26 or SNX26 with Cdc42CA. Spines were defined as dendritic protrusions of �5 �m
in length with heads and filopodia as dendritic protrusions of �10 �m in length without heads. Data were collected from 18 to 26 dendrites of 10 –18 neurons
for each group in three independent experiments. ***, p � 0.001; *, p � 0.01 (Student’s t test).
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receptor T, a receptor-type protein-tyrosine phosphatase,
which increased the hemophilic interactions of protein-tyro-
sine phosphatase receptor T and inhibited the interaction
between protein-tyrosine phosphatase receptor T and neuroli-

gin, leading to negative regulation of spine and synapse forma-
tion (38). Taken together, these results indicate that SNX26
may interact with PSD-95 and Fyn, thereby contributing to
elaborate spine formation of developing neurons as well as to

FIGURE 9. Knockdown of endogenous SNX26 by shRNA causes alterations in dendritic spine formation, which can be partially rescued by resistant
mouse SNX26. A, HEK293T cells were co-transfected with GFP-mSNX26 or GFP-mSNX26-res and shRNA-scr or shRNA-SNX26, respectively. The knockdown
efficiency of shRNA-SNX26 was confirmed by immunostaining or Western blotting with anti-GFP antibody. Although the expression of GFP-mSNX26 was
successfully reduced by shRNA-SNX26, that of GFP-mSNX26-res was not affected by shRNA-SNX26. The term, res, indicates silent mutation that is resistant to
shRNA-SNX26. Scale bar, 10 �m; �Tub, �-tubulin. B, endogenous expression of SNX26 in cultured hippocampal neurons was reduced by shRNA-SNX26.
Hippocampal neurons were transfected with shRNA-scr or shRNA-SNX26 at DIV 8, fixed at DIV 13, and immunostained with anti-SNX26 antibody, followed by
Alexa 488-conjugated donkey anti-goat antibody. Alexa 488 channel shows endogenous levels of SNX26. dsRed channel shows the neurons transfected with
shRNA-scr or shRNA-SNX26. Arrowheads indicated the soma of neurons transfected with shRNAs. The neuron expressing shRNA-SNX26 showed the reduced
levels of SNX26 expression at soma compared with nontransfected neurons (arrows). Scale bar, 10 �m. C–H, cultured hippocampal neurons were transfected
at DIV 8 with shRNA-scr or shRNA-SNX26 with GFP or shRNA-SNX26 with GFP-mSNX26-res and fixed at DIV 13. Quantification of the number of total protrusions,
spines, and filopodia with expression of each group is shown. Spines were defined as dendritic protrusions of �5 �m in length with heads and filopodia as
dendritic protrusions of �10 �m in length without heads. Data were collected from 22 to 42 dendrites of 12–24 neurons for each group in three independent
experiments. *, p � 0.01 (ANOVA and Tukey’s HDS post hoc test); ***, p � 0.001 (Student’s t test). G, representative images of spine morphologies from the
dendrite in the neuron expressing shRNA-scr or shRNA-SNX26 with GFP or shRNA-SNX26 with GFP-mSNX26-res, respectively. Scale bar, 15 �m. G, pie graphs
illustrating the changes in the portion of different morphological types of spine protrusions in the neurons expressing shRNA-scr or shRNA-SNX26 with GFP or
shRNA-SNX26 with GFP-mSNX26-res.

SNX26, a Cdc42 RhoGAP in Dendritic Spine Regulation

OCTOBER 11, 2013 • VOLUME 288 • NUMBER 41 JOURNAL OF BIOLOGICAL CHEMISTRY 29463



precise spine regulation in response to synaptic activity of
mature neurons by controlling the actin cytoskeleton.
Knockdown of SNX26 by shRNA increases the number of

spines, but with a reduction in the proportion of mushroom-
shaped spines and an increase in the proportion of thin and
stubby spines (Fig. 9H). Stubby and thin spines are considered
premature spines that can mature into mushroom-shaped
spines (39); thus, our results indicate that SNX26 knockdown
can increase premature spine density via hyperactivation of
Cdc42. Similar results were obtained with alteration of
Cdc42CA expression (Fig. 10). Thus, SNX26 depletion results
in sustained activation of Cdc42 leading to an increase in spine
number and a change in spine morphology.
Our investigations into the effects of SNX26 domains on

spine formation indicate a relationship between SNX26 and
spine formation based on molecular interactions. For example,
the PX domain promotes spine formationwithout an alteration
in the number of filopodia (Fig. 6). In contrast, the SNX26 PRD
domain decreases the number of spines. Our results indicate
that PX seems to interact mainly with PSD-95; therefore, an
interaction between SNX26 and PSD-95 may be endogenously
interrupted by the overexpression of the PX domain, and con-
sequently, the proper function of endogenous SNX26 is per-
turbed, finally leading to an increase in spine number. The PRD

domain hasmultiple PXXPmotifs, which interact with the SH3
domain-containing proteins, and is responsible for SNX26 FL
aggregation (Figs. 2 and 4H), leading to a decrease in spine
number by perturbing the actions of signaling proteins in
spines.
Intriguingly, SNX26 shares significant redundancy with RICS

(PX-RICS/ARHGAP32/Grit/p200RhoGAP/p250RhoGAP/GC-
GAP), including redundancy in domain structures, binding part-
ners, and function. They are both mainly expressed in the same
brain regions and concentrated in the postsynaptic density region.
Structurally, RICS is similar to SNX26 and has an N-terminal PX
domain, an SH3 domain followed by a RhoGAP domain, and has
multiple proline-rich sequences in the C terminus. The RhoGAP
domain of RICS is very similar to that of SNX26, but there are
inconsistent reports on the GAP activity of RICS toward small
GTPases (40–43). One recent study showed that RICS exhibits
GAP activity toward RhoA and is involved in NMDA receptor-
mediated RhoA activation, leading to morphological plasticity of
the spines (41). Both SNX26 and RICS are reported to bind the
TrkA receptor (43, 44) and PSD-95 (40), findings that are sup-
ported by our current results. Furthermore, SNX26 and RICS are
known to be regulated by tyrosine phosphorylation (20, 45). Nev-
ertheless, knock-outs of RICS do not have any phenotypes at all
(46),whereas knock-outs of SNX26producemarked alterations in

FIGURE 10. Cdc42CA overexpression resulted in an increase in the number of both thin and stubby spines and a reduction in the number of mush-
room-shaped spines, although Cdc42DN overexpression is similar to SNX26 overexpression. A, representative images of spine morphologies from the
dendrite in the neuron expressing GFP, GFP-tagged constitutively active Cdc42 (Cdc42CA), or Rac1 (RacCA), or dominant negative Cdc42 (Cdc42DN), respec-
tively. Neurons at DIV 13 were transfected with indicated GFP or GFP-tagged constitutively active constructs and incubated 6 h after transfection, and neurons
were fixed and imaged. Neurons showing mild GFP signals ranging from 150 and 450 arbitrary fluorescence units (A.F.U.) were imaged and analyzed. For
GFP-Cdc42DN, neurons were transfected at DIV 12, fixed at DIV 14, and imaged. Scale bar, 7 �m. B–E, quantification of the number of total protrusions, spines,
and filopodia with expression of the indicated constructs. Spines were defined as dendritic protrusions of �5 �m in length with heads and filopodia as
dendritic protrusions of �10 �m in length without heads. Data were collected from 18 to 26 dendrites of 8 –12 neurons for each group in the three independ-
ent experiments. ***, p � 0.001; *, p � 0.05, ANOVA and Tukey’s HSD post hoc test. F, pie graphs illustrating the changes in the portion of different morpho-
logical types of spine protrusions in the neurons expressing GFP, GFP-Cdc42CA, GFP-RacCA, or GFP-Cdc42CA.
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dendritic arborization (22).However, a recent study showed that a
knockdown of RICS reduced the dendritic complexity of layer 2/3
neurons (47), a phenotype that is similar to that of SNX26 knock-
out mice (22). Taken together, these results suggest that SNX26
and RICSmay have different downstream effectors and upstream
regulators but that suggestion requires further study.
Neuronal activity has profound effects on the structural and

functional plasticity of the nervous system (2, 3, 13, 14). In this
study, we observed that sub-chronic treatment of picrotoxin
resulted in a significant increase in SNX26 expression, whereas
that of tetrodotoxin induced the opposite effect (Fig. 11, A and
B). Considering the marked effects of SNX26 on both neuronal
morphology and dendritic spinogenesis, our results suggest
that the expression level of SNX26 may be an important con-
troller, through which neuronal activity can regulate neuronal
structural plasticity. This possibility is supported by our obser-
vation that induction of chem-LTD significantly increased
SNX26 expression, whereas that of chem-LTP had the opposite
effect (Fig. 11, D and E).
We suggest that SNX26, acting as a Cdc42-specific GAP,

interacts with PSD-95 and other upstream/downstream signal-
ing proteins and has an important role in dendriticmorphogen-
esis. Furthermore, our results raise the possibility that the

expression (and possibly the activity) of SNX26 might be con-
trolled by synaptic activity leading to changes in neuronal mor-
phology not only during early neuronal development but also
during synaptic plasticity in mature neurons.
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