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Background: TROY, together with the Nogo receptor, mediates Nogo-66 induced neurite outgrowth inhibition.
Results: TROY binds to RhoGDI� to activate RhoA and inhibit neurite outgrowth after Nogo-66 stimulation in cerebellar
granule neurons.
Conclusion: TROY/RhoGDI� interaction transduces the inhibitory effects of Nogo-66 on neurite extension by activating
RhoA.
Significance: TROY/RhoGDI� interaction plays a key role in RhoA activation and neurite outgrowth inhibition by Nogo-66.

TROY can functionally substitute p75 to comprise the Nogo
receptor complex, which transduces the inhibitory signal of
myelin-associated inhibitory factors on axon regeneration fol-
lowing CNS injury. The inhibition of neurite extension relies on
TROY-dependent RhoA activation, but how TROY activates
RhoA remains unclear. Here, we firstly identified Rho guanine
nucleotide dissociation inhibitor � (RhoGDI�) as a binding
partner of TROY using GST pull-down combined with two-di-
mensional gel electrophoresis and mass spectra analysis. The
interactionwas further confirmedby coimmunoprecipitation in
vitro and in vivo. Deletion mutagenesis revealed that two
regions of the TROY intracellular domain (amino acids 234–
256 and 321–350) were essential for the interaction with
RhoGDI�. Secondly, TROY and RhoGDI� were coexpressed in
postnatal dorsal root ganglionneurons, cortexneurons, and cer-
ebellar granule neurons (CGNs). Thirdly, TROY/RhoGDI�
associationwas potentiated byNogo-66 andwas independent of
p75/RhoGDI� interaction. Fourthly, TROY/RhoGDI� interac-
tion was still able to activate RhoAwhen p75 was deficient. Fur-
thermore, RhoA activation was decreased dramatically when
TROY was knocked down in p75-deficient CGNs cells. Finally,
RhoGDI� overexpression abolished RhoA activation and fol-
lowing neurite outgrowth inhibition by Nogo-66 in both wild-
type and p75-deficient CGNs. These results showed that the
association of RhoGDI� with TROY contributed to TROY-de-
pendentRhoAactivation andneurite outgrowth inhibition after
Nogo-66 stimulation.

Myelin-associated inhibitory factors (MAIFs)3 play a crucial
role in the inhibition of axon regeneration and the limited func-
tional recovery after CNS injury (1). Among five identified
MAIFs, Nogo, myelin-associated glycoprotein, and oligoden-
drocyte myelin glycoprotein (OMgp) directly bind to the Nogo
receptor complex, which can be composed of either Nogo
receptor (NgR)�p75 neurotrophin receptor (p75)�LINGO-1 or
NgR�TROY�LINGO-1 (2–4). The tripartite receptor complex
then activates the small RhoA GTPase to induce growth cone
collapse and exert inhibition of axonal regrowth as well as com-
pensatory sprouting of remaining axons (5, 6).
TROY, an orphan receptor of tumor necrosis factor receptor

(TNFR) superfamily member 19 (TNFRSF19), is more widely
expressed in postnatal and adult neurons than p75. Different
from p75, TROY exhibits a coordinated expression pattern
with LINGO-1 and NgR. TROY, LINGO-1, and NgR all reach
the highest expression at postnatal day 4 (P4) and decline slowly
into adulthood (3). Furthermore, TROY shows a higher affinity
for full-length NgR than p75 (3, 7). These results suggested that
TROY might play a more important role than p75 in MAIFs-
induced inhibition of neurite outgrowth in the postnatal CNS.
Themouse TROY is a single-pass type I transmembrane gly-

coprotein with 416 amino acids (Fig. 2A). The ectodomain (aa
30–170) of TROY contains cysteine-rich domains that are used
by TNFR family members to bind to TNF-like ligands (8, 9).
The hydrophobic stretch (aa 171–193) is assigned as the trans-
membrane domain ofTROY.The intracellular domain (ICD) of
TROY spans amino acids 194–416. The TROY ICD does not
harbor the death domain discovered in p75 and some other
TNFR family members (e.g. TNFRSF1A, TNFRSF6, and
TNFRSF12) (9), although it has been found to be able to induce
cell death (10, 11).
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As the transmembrane component of the NgR trimeric
receptor complex, both TROY and p75 were able to mediate
MAIF-induced inhibition of axonal regeneration through
RhoA activation (7, 12). p75 has been found to facilitate the
release of RhoA by competitive binding to the Rho guanine
nucleotide dissociation inhibitor � (RhoGDI�) through its
mastoparan-like � helix in the death domain (13). RhoGDI� is
ubiquitously distributed across the postnatal CNS and can reg-
ulate RhoA activity by binding to and sequestering RhoA in the
cytosol and protecting RhoA from formation of active RhoGTP
(14). Unlike p75, TROY lacks the mastoparan-like � helix and
the death domain in its intracellular region, which raises the
question whether TROY can utilize RhoGDI� to achieve RhoA
activation, thereby inhibiting neurite outgrowth. To date, the
underlying mechanism that makes TROY activate RhoA
remains elusive.
In this study, we identified RhoGDI� as a binding partner of

TROY. The association of RhoGDI� with TROY was further
confirmed in vitro and in vivo. Moreover, enhanced TROY/
RhoGDI� interaction by Nogo-66 was independent of p75 and
played an essential role in Nogo-66-induced RhoA activation
and neurite outgrowth inhibition.

EXPERIMENTAL PROCEDURES

Animals—Sprague-Dawley rats and wild-type C57BL/6J
mice were obtained from SIPPR/BK Experimental Animal
(Shanghai, China). Mice with a functional-deficient mutation
of p75 on the C57BL/6J background (15) was a gift from Dr.
Zhen-Ge Luo (Institute of Neuroscience, Chinese Academy of
Science, Shanghai, China). All procedures involving animal
care and treatment were approved by the Animal Care and Use
Committee of the Second Military Medical University (Shang-
hai, China) and performed according to the Guide for the Care
andUse of Laboratory Animals (7th edition, National Institutes
of Health, 1996).
Antibodies—Rabbit polyclonal anti-GST antibody (catalog

no. G7781) and rabbit polyclonal anti-HA antibody (catalog no.
H6908) were purchased from Sigma. Mouse monoclonal anti-
His antibody (catalog no. AB 102) was from Tiangen (Beijing,
China). Mouse monoclonal anti-Myc antibody (catalog no.
11667149001) was from Roche Applied Science. Rabbit poly-
clonal anti-RhoGDI� antibody (catalog 2564) and rabbitmono-
clonal anti-Myc antibody (catalog no. 2278) were fromCell Sig-
naling Technology (Beverly, MA). Goat (catalog no. sc-13711)
and rabbit (catalog no. sc-50320) polyclonal anti-TROY anti-
bodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Mouse monoclonal anti-Tuj1 antibody (catalog no.
G7121) was from Promega (Madison, WI).
Plasmids Construction and siRNA—pcDNA-Myc-RhoGDI�

was provided by Dr. Lan Bao (Shanghai Institute of Biochemis-
try and Cell Biology, Chinese Academy of Science, Shanghai,
China). The cDNAs for TROY-ICD and deletion mutants were
amplified by PCR and subcloned into the pKH3 vector. Full-
length RhoGDI� cDNAwas inserted into the peGFP-N2 vector
to generate GFP-RhoGDI�. cDNAs for TROY-ICD and
Nogo-66 were subcloned into the pGEX-4T-1 vector (Amer-
sham Biosciences) to generate GST fusion proteins. All con-
structs were fully sequenced before transformation or transfec-

tion. The siRNAs targeting mouse TROY (NM_013869) were
designed and synthesized by Shanghai GeneChem (Shanghai,
China). The siRNA sequences were as follows: 1#, 5-GGGAA-
TGTTTCAGAA-TCTA-3; 2#, 5-GGTCTGTTTCCCGTTCC-
AT-3; 3# 5-ACTGCAAGAGGCAGTTCAT-3; and 5-TTCTC-
CGAACGTGTCACGT-3 as a scramble control.
Protein Purification and GST Pull-down Assay—GST and

GST fusion proteins with TROY-ICD (aa 194–416) or
Nogo-66 were expressed in Escherichia coli BL21 cells. All
fusion proteins were precipitated with glutathione-Sepharose
4B beads (Amersham Biosciences) and eluted with 10 mM glu-
tathione in 50mMTris (pH 8.0) according to the instructions of
the manufacturer (Amersham Biosciences). A GST pull-down
assay was performed as described previously (16). Briefly, equal
amounts of immobilized GST fusion proteins were mixed and
incubated for 3 h at 4 °C with brain lysates in GST binding
buffer containing 40 mM HEPES, 50 mM sodium acetate, 200
mMNaCl, 2mMEDTA, 5mMdithiothreitol, 0.5%Nonidet P-40,
and mixture protease inhibitors (Roche). Glutathione beads
werewashed three times in the sameGSTbinding buffer. Then,
the beads were eluted with SDS-PAGE sample buffer, and the
supernatants were collected. For identification of possible
TROY-ICD-binding proteins, the supernatants were subjected
to two-dimensional SDS-PAGE/isoelectric focusing followed
by MALDI-TOF/TOFmass spectra analysis. The supernatants
were also applied to a denaturing 12% polyacrylamide gel, and
Western blot analyses were conducted using anti-GST and
anti-RhoGDI� antibodies to confirm the TROY/RhoGDI�
interaction.
For the detection of direct TROY/RhoGDI� interaction,

purified GST-TROY-ICD and His-RhoGDI� were used. Puri-
fied, bacterially expressed His-RhoGDI� was prepared using
nickel-nitrilotriacetic acid-agarose (Qiagen, Chatsworth, CA)
according to the protocols of the manufacturer. GST-TROY-
ICD or GSTwas first incubated with glutathione-Sepharose 4B
beads and then incubated with an equal amount of purified
His-RhoGDI� in GST binding buffer. After washing, protein
complexeswere eluted fromglutathione, separated on a 12%gel
by SDS-PAGE, and followed by Western blot analysis.
CoimmunoprecipitationandWesternBlotAnalysis—HEK293T

cell lysates, cerebellar granule neurons, and brain tissues homo-
genates from adult male Sprague-Dawley rats or 7-day-old
C57/BL6J mice (P7) were prepared as described previously (17,
18). Briefly, the tissues and cells were lysed in solubilization
buffer (25 mM HEPES-NaOH (pH 7.4), 125 mM potassium ace-
tate, 5mMMgCl2, 0.32M sucrose, 1%TritonX-100, andmixture
protease inhibitors). Proteins solubilized from each homoge-
nate were quantified using a BCA kit (Beyotime, Haimen,
China). Equal amounts of protein were first incubated with pri-
mary antibodies for 3 h at 4 °C under mild agitation. Protein
G-agarose beads (Roche) were then added for 3 h. After wash-
ing three times with solubilization buffer, the immunoprecipi-
tated samples were boiled for 10 min in sample loading buffer
and subjected to Western blot analysis.
For Western blot analysis, proteins were separated by elec-

trophoresis in 12% SDS-PAGE and subsequently electrotrans-
ferred to a PVDF membrane (Millipore, Billerica, MA). After
blocking, the membranes were incubated with primary anti-
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bodies overnight at 4 °C undermild agitation. Horseradish per-
oxidase-conjugated secondary antibody (Kangcheng, Shanghai,
China) was used. The blots were visualized by an ECL reaction
system (Pierce). Densitometry analysis was performed by
QuantityOne (Bio-Rad).
Cell Culture and Transfection—Cerebellar granule neuron

(CGNs) cultures were prepared according to a procedure
described previously (19) with minor modifications. Seven-
day-old, wild-type C57BL/6J mice or p75-deficient mice were
sacrificed by decapitation to get primary CGNs. After dissoci-
ation and filtering, cells were first cultured on poly-L-lysine-
coated (0.1 mg/ml, Sigma), 6-well tissue culture plates or 8 � 8
mm coverslips and maintained in DMEM/F12 with 10% fetal
bovine serum (Invitrogen). Neurobasal-A medium completed
with 2% B27 supplement (Invitrogen), 1% N2 supplement, 20
mM Gluta MAX, and 100 units/ml penicillin and streptomycin
(Invitrogen,) was used 3 h later. Cells were kept at 37 °C in a
humidified atmosphere of 5% CO2 and 95% air. After 24-hour
incubation, the CGNs were harvested for coimmunoprecipita-
tion or Western blot analysis.
For transfection of DNA constructs, CGNswere subjected to

electrotransfection (O-05 program, Amaxa Biosystems, Köln,
Germany) right after dissection and according to the instruc-
tions of the manufacturer. The cells were plated directly on
coverslips precoatedwith 10�g/mlmouse laminin (Invitrogen)
in 10% FBS/DMEM. The culture medium was replaced with
fresh medium 3 h after transfection.
Immunocytochemistry and Immunohistochemistry—Cul-

tured cells were gently rinsed with PBS, fixed with 4% parafor-
maldehyde in 0.1 M phosphate buffer (pH 7.4) for 20 min at
room temperature, and permeabilized with 0.3% Triton X-100.
The fixed cells were incubated with primary antibodies over-
night at 4 °C and then stainedwith FITC- orTRITC-conjugated
secondary antibodies (Jackson ImmunoResearch Laboratories
and Vector Laboratories).
For immunohistochemistry, animals were anesthetized and

perfused transcardially with 4% paraformaldehyde in 0.1 M

phosphate buffer (pH 7.2) (20). Brains were removed from the
cranial vaults, post-fixed for 2 h in the same fixative, and then
cryopreserved overnight in 20% sucrose in 0.1 M phosphate
buffer at 4 °C. Frozen sections were cut at a thickness of 14 �m
and incubated in blocking buffer containing 5% BSA and 0.5%
TritonX-100 for 20min.After blocking, the brain sectionswere
incubated overnight at room temperature with primary anti-
bodies diluted in the same blocking buffer. After rinsing in PBS,
sectionswere incubatedwith FITC- orTRITC-conjugated anti-
rabbit, anti-mouse, or anti-goat IgG antibodies. Images were
obtained using a Nikon fluorescent microscope or a Leica SP5
confocal microscope.
RhoA Activation Analysis—RhoA activity in cell lysates was

analyzed using a Rho activation assay kit (Millipore) according
to the instructions of themanufacturer and our previous report
(21). Briefly, CGN cultures were stimulated by GST or GST-
Nogo-66 (100 nM) (2) for specified time periods before being
lysed in 250 �l of supplied lysis buffer containing mixture pro-
tease inhibitors. About 20 �l of each lysate was used for protein
quantification and Western blot analysis of total RhoA. For
detection of the active RhoA (GTP-bound RhoA), equal

amounts of protein from each sample were incubated with
Rhotekin binding domain (RBD) affinity agarose beads for 45
min at 4 °C. After centrifugation (10 s, 14,000 � g, 4 °C), pellet
beads were washed three times in the wash buffer. Bound pro-
teins were collected and examined by Western blot analysis.
The amount of GTP-bound RhoA was normalized to the total
amount of RhoA in cell lysates as described previously (22, 23)
and then normalized to values at time 0min. Statistical analysis
was performed for data from three independent experiments.
Data were shown as mean � S.D.
Neurite Outgrowth Assay—A neurite outgrowth assay was

performed as described previously (24, 25). After GFP-
RhoGDI� or control GFP-N2 vector transfection, dissociated
primary CGNs were plated onto immobilized substrate (GST
or GST-Nogo-66 (50 ng/cm2) (2). Cells were cultured for 24 h
before fixation and staining. Cells were observed under a fluo-
rescent microscope (Nikon). Neurite lengths were measured
using ImageJ software. For each GFP-positive neuron, the
length of the longest neurite was measured. The averaged neu-
rite lengths of each group were normalized to that of wild-type
CGNs with neither Nogo-66 treatment nor RhoGDI� overex-
pression. Three independent experiments, at least 150 neu-
rons/condition from duplicate wells, were performed. The data
were analyzed by one-way analysis of variance with post hoc
Bonferroni (homogeneity of variances assumed) or Games-
Howell (homogeneity of variances not assumed) comparisons.
All values were expressed as mean � S.D.

RESULTS

RhoGDI� Interacts with TROY in Vitro and in Vivo—Al-
though TROY acts as a coreceptor to form a tripartite complex
withNgR�LINGO-1 and activates RhoA to exert axon regrowth
inhibition (2, 3), the possible mechanism by which TROY acti-
vates RhoA is scarcely reported.We proposed to gain an insight
into the TROY signaling pathway through searching binding
partners of the TROY-ICD. GST-TROY-ICD fusion protein
was expressed in E. coli BL21 cells, extracted, and purified. The
purified GST-TROY-ICD recombinant protein was then incu-
batedwith rat brain lysates to pull down the binding candidates.
GST protein was used as the control for GST-TROY-ICD. The
bound samples were subjected to two-dimensional SDS-
PAGE/isoelectric focusing withMALDI-TOF/TOFmass spec-
tra analysis. Using the Mascot program (Matrix Science, Lon-
don, UK), we identified RhoGDI� as a candidate with the
following indicators: Mascot score, 95; molecular weight,
23393; calculated pI, 5.12; and percent sequence coverage, 32%.
The association of RhoGDI� with the TROY-ICD was fur-

ther confirmed by GST precipitation assay with rat brain
lysates. As shown in Fig. 1A, endogenous RhoGDI� could be
precipitated by GST-TROY-ICD but not by GST. We next
checked the direct interaction between TROY and RhoGDI�
using an in vitro GST pull-down assay with purified His-
RhoGDI� and GST-TROY-ICD. Consistent with the above
results, we found that GST-TROY-ICD, but not GST, could
interact with His-RhoGDI � (Fig. 1B).
To further investigate whether TROY-ICD and RhoGDI�

could forma complex in vitro and in vivo, a reciprocal coimmuno-
precipitation assay was performed. In HEK293T cells expressing
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bothGFP-taggedRhoGDI� andMyc-taggedTROY-ICD(Fig. 1,C
andD),GFP-RhoGDI� could specifically immunoprecipitatewith
Myc-TROY-ICD and vice versa. Moreover, in lysates of cultured
mouse CGNs (Fig. 1, E and F) andmouse whole brain (G), endog-
enous TROY and RhoGDI� were immunoprecipitated with each
other. These data supported the interaction of TROY with
RhoGDI� in vitro and in vivo.
Amino Acids 234–256 and 321–350 of TROY Are Required

for RhoGDI� Binding—Because TROY-ICD does not contain
the death domain and themastoparan-like� helix that p75 uses
to bind to RhoGDI� (Fig. 2A), we next mapped the region
responsible for TROY/RhoGDI� interaction by deletion
mutagenesis. A series of C- andN-terminal truncationmutants
of TROY-ICD tagged with HA were constructed and named
mutant 1–8 (Fig. 2B, M1–8). These mutants were separately
cotransfected into HEK293T cells with GFP-RhoGDI�. The
transfected cells were lysed 48 h later and subjected toWestern
blot analysis using anti-HA or anti-GFP antibody. All of the

TROY-ICDmutants and RhoGDI� constructs were detected at
the predicted molecular mass (Fig. 2C, bottom panel). The
lysateswere then subjected to coimmunoprecipitation followed
by immunoblot analysis with the corresponding antibodies.
When an anti-GFP antibody was used to immunoprecipitate
with the cell lysates, HA-taggedM1 (aa 194–390),M2 (aa 194–
371), M3 (aa 194–350), andM6 (aa 234–416) were detected in
the precipitates, whereas M4 (aa 194–321), M5 (aa 194–285),
M7 (aa 256–416), andM8 (aa 276–416)were not detected (Fig.
2C). When cotransfected cell lysates were subjected to immu-
noprecipitation with the anti-HA antibody, GFP-tagged
RhoGDI� cotransfectedwithM1,M2,M3, andM6, but notM4,
M5, M7, or M8, were detected in the precipitates (Fig. 2D). We
are inclined to conclude that two regions of TROY-ICD (aa
234–256 and 321–350) are indispensable for RhoGDI� associ-
ation, although it is possible that the largest N-terminal and
C-terminal deletions present in M7/M8 and M4/M5, respec-
tively, may affect interaction through misfolding.

FIGURE 1. TROY interacts with RhoGDI�. A and B, GST pull-down assay. Purified GST-TROY-ICD was incubated with lysates from adult rat brain (A) and purified
His-RhoGDI� (B). The bound samples were analyzed by immunoblot analysis with anti-RhoGDI�, anti-GST, and anti-His. The 5% input of GST-fusion proteins is
shown at the bottom. C and D, coimmunoprecipitation using recombinant proteins. Lysates of HEK293T cells transfected with GFP-RhoGDI� and Myc-TROY-
ICD were first immunoprecipitated (IP) with anti-GFP (C) or anti-Myc (D) followed by immunoblot (IB) analysis with anti-Myc or anti-GFP, respectively. E and F,
coimmunoprecipitation in vitro using endogenous proteins. Lysates from C57BL/6J (P7) CGNs were immunoprecipitated with anti-RhoGDI� or anti-TROY
antibodies, followed by immunoblot analysis with anti-TROY and anti-RhoGDI� antibodies, respectively. Normal mouse or goat IgG (IgG IP) was used as the
control. G, coimmunoprecipitation in vivo using endogenous proteins. 500 �g of protein from homogenates of adult mouse brain was subjected to immuno-
precipitation with anti-TROY antibody. Normal goat IgG (IgG) was used as the control. Resulting immunocomplexes were probed with anti-mouse RhoGDI�
antibody. 10% of lysates were loaded as input (bottom panel).
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TROY Is Colocalized with RhoGDI� in Postnatal Neurons—
As colocalization was the premise of functional interaction, we
next examined whether TROY and RhoGDI� were colocalized
in postnatal neurons. Double immunofluorescent staining
revealed that both TROY and RhoGDI� were strongly
expressed in primary CGNs, dorsal root ganglion (DRG) neu-
rons, and cortex neurons (Fig. 3,A–C). Furthermore, immuno-
histochemistry showed that TROY and RhoGDI� were coex-
pressed in most DRG neurons and were broadly codistributed
in the cerebellum and cerebral cortex neurons (Fig. 3, D–F).
These results support the coexpression pattern of TROY and
RhoGDI� in postnatal neurons in these regions.
TROY/RhoGDI� Interaction Is Enhanced by Nogo-66

Stimulation—To resist the possibility that TROY/RhoGDI�
interaction was incidental or not associated with MAIF signal-
ing, we examined the influence of Nogo-66 treatment on
TROY/RhoGDI� interaction in cultured CGNs. After GST or
GST-Nogo-66 (100 nM) treatment for 30 min, the CGNs were
lysed and subjected to immunoprecipitation to detect the asso-
ciation of TROY with RhoGDI�. As shown in Fig. 4, A and B,
GST-Nogo-66 but not GST treatment significantly enhanced
TROY/RhoGDI� association. p75 has been reported to be
coexpressed with TROY and could associate with RhoGDI� in
CGNs (26). To exclude the possible influences of p75, we
repeated the experiment in cultured p75-deficient (p75�/�)

CGNs. As shown in Fig. 4, C and D, the significant increase of
TROY/RhoGDI� association by GST-Nogo-66 was still
detected when p75 was deficient. Taken together, these results
demonstrated that the association of TROYwith RhoGDI�was
potentiated by Nogo-66 stimulation and was independent of
p75.
RhoA Is Activated by Nogo-66 Stimulation in both Wild-type

andp75�/�CGNs—RhoAactivation is a pivotal signaling event
during MAIF-induced neurite outgrowth inhibition (27, 28).
We next tested whether RhoGDI� was involved in TROY-me-
diated RhoA activation upon Nogo-66 stimulation. Cultured
CGNswere treated with Nogo-66 (100 nM) for several specified
time periods. Afterward, RhoA activity was detected using a
GST-fused Rho-binding domain of Rhotekin that could precip-
itate GTP-bound active RhoA (21). As shown in Fig. 5,A and B,
Nogo-66 (100 nM) rapidly activated RhoA in about 15 min in
wild-type CGNs. The increased RhoA activities were also
detectedwhenNogo-66was present for 30 and 60min (Fig. 5,A
and B).

We also determined the role of TROY in RhoA activation
using p75�/� or TROY knockdown (TROY-kd) CGNs. A sig-
nificant increase of RhoA activity was observed 30 and 60 min,
but not 15 min, after Nogo-66 stimulation in these CGNs (Fig.
5, C–F). However, the Nogo-induced RhoA activation was
reduced in either p75�/� or TROY-kd CGNs compared with

FIGURE 2. Mapping the region of TROY for RhoGDI� interaction by deletion mutagenesis. A, schematic representation of mouse TROY. SP, signal peptide;
Cys, cysteine-rich motifs; TM, transmembrane domain; TF, TRAF2-binding domain; Tail, cytoplasmic tail. The numbers denote the starting numbers of amino
acids for each domain. B, schematic of TROY-ICD deletion constructs. The numbers on the right denote the starting and ending numbers of the amino acids of
the mutants. C and D, HEK293T cells were transfected with each of the HA-tagged mutant constructs plus GFP-tagged RhoGDI�, respectively. Cell lysates were
first immunoprecipitated (IP) with anti-GFP (C) or anti-HA (D) antibodies, followed by immunoblot analyses (IB) with anti-HA or anti-GFP antibodies.
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wild-type CGNs. Furthermore, RhoA activation was dramati-
cally decreased when TROY was knocked down in p75�/�

CGNs cells (Fig. 5,G andH). These results suggested that either
p75 or TROYwas able to mediate Nogo-66 induced RhoA acti-
vation in CGNs.
RhoGDI� Overexpression Eliminates Neurite Outgrowth

Inhibition and RhoA Activation Induced by Nogo-66—Because
Nogo-66 enhancedTROY/RhoGDI� interaction, the increased
RhoA activity and following neurite outgrowth inhibition by
Nogo-66 might be attributed to the dissociated RhoA from
RhoGDI�, which was recruited to TROY. We supposed that
RhoGDI� overexpression, which attenuatedTROY/RhoGDI�-
induced RhoA activation, could abolish the inhibitory effect of
Nogo-66 on neurite outgrowth. To test this hypothesis, GFP-
RhoGDI� was overexpressed in the wild-type and p75�/�

CGNs. GFP was used as the control. The primary CGNs were
subjected to Nogo-66 treatment for 24 h, and the neurite
lengths were measured. As shown in Fig. 6, A and B, Nogo-66
inhibited neurite extension in both wild-type and p75�/� neu-
rons. Moreover, less of an inhibitory effect was observed in

p75�/� CGNs compared with that in wild-type CGNs.
RhoGDI� overexpression had no significant effect on neurite
length of either type of neurons when Nogo-66 was not admin-
istered. However, RhoGDI� overexpression eliminated the
inhibitory effects of Nogo-66 on neurite outgrowth either in
wild-type neurons, where both TROY and p75 exist, or in
p75�/� neurons (Fig. 6, A and B).

We also examined RhoA activity of CGNs after 24-hour
Nogo-66 treatment. As shown in Fig. 6, C and D, a significant
increase of RhoA activity was observed in wild-type, p75�/�,
and TROY-kd CGNs after Nogo-66 stimulation. Compared
with the wild-type CGNs, RhoA activity was only slightly
decreased in either p75�/� or TROY-kd CGNs when treated
with Nogo-66 for 24 h, which was accompanied by the obser-
vation that the absence of p75 caused less of an inhibitory effect
on neurite outgrowth upon Nogo-66 treatment. Meanwhile,
RhoA activation was significantly reduced when TROY was
knocked down in p75-deficient CGNs cells. When RhoGDI�
was overexpressed, significantly diminished RhoA activation
was observed in wild-type, p75�/�, TROY-kd, and p75�/�/

FIGURE 3. TROY and RhoGDI� are colocalized in postnatal neurons. Primary cultured C57BL/6J mouse (P7) Cortical neurons (A), DRG neurons (B), and CGNs
(C) were double-stained with anti-TROY (red) and anti-RhoGDI� (green). The overlaid images (yellow) indicate that RhoGDI� and TROY were expressed and
colocalized. Scale bar � 20 �m. D–F, adult mouse DRG, cerebral cortex, and cerebellum cryosections were double-stained with anti-TROY (red) and anti-
RhoGDI� (green). The overlaid images (yellow) indicate that TROY was widely codistributed with RhoGDI� in these regions. The images were obtained using a
confocal microscope. Scale bar �100 �m.
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TROY-kd CGNs, and RhoA activation by Nogo was decreased
significantly in p75�/�/TROY-kd CGNs cells. Taken together,
these results demonstrated that TROY/RhoGDI� interaction
was involved inTROY-mediated RhoA activation and that neu-
rite outgrowth inhibition induced by Nogo-66.

DISCUSSION

Both TROY and p75 can form a receptor complex with
NgR�LINGO-1 and transduce the signal of myelin inhibitors (2,
3). It has been reported that p75 utilized the mastoparan-like �
helix, which is sited in the death domain, to bind to RhoGDI�
and displaced RhoA from inactivation (13). However, neither
death the domain nor mastoparan-like � helix was found in the
intracellular region of TROY (9, 29), which suggested that
TROY might not be able to directly bind to RhoGDI� to acti-
vate RhoA. Unexpectedly, in this study, we identified RhoGDI�
as a binding partner of TROY (Fig. 1). In addition, we found that
two intracellular regions of TROY (aa 234–256 and 321–350)
played an essential role in the interaction with RhoGDI� (Fig.

2). Furthermore, the interaction between TROY and RhoGDI�
was similarly enhanced in both wild-type and p75�/� CGNs
following Nogo-66 stimulation, which suggested that the inter-
action between TROY and RhoGDI� was independent of the
p75 receptor (Fig. 4). This indicated that the intracellular
domain of TROY, which was distinct from that of p75, could
also transduce the downstream signals of Nogo-66 via binding
to RhoGDI�.

Rho GTPases such as RhoA, RhoC, and Rac1 have been
reported to exert essential functions in regulating various bio-
logical episodes such as cell migration, proliferation, neuronal
process guidance, and so forth (30–32). In particular, RhoAwas
considered as a negative regulator of neurite extension (30–32).
RhoA activity was tightly controlled by the RhoGTPase cycle.
Among the regulatory proteins involved in the RhoGTPase
cycle, RhoGDI� was a limiting factor for RhoA activation (33,
34). In this study, we demonstrated that RhoA activation by
Nogo-66 was accompanied by enhanced TROY/RhoGDI�
interaction (Fig. 4). Furthermore, RhoGDI� overexpression

FIGURE 4. TROY/RhoGDI� interaction is enhanced by Nogo-66 in a p75-independent way. A and B, blot images (A) and histograms (B) showing enhanced
RhoGDI�/TROY interaction by Nogo-66 stimulation in wild-type CGNs. Primary cultured mouse P7 CGNs were treated with 100 nM GST-Nogo-66 or GST or
vehicle control for 30 min. Cell lysates were immunoprecipitated (IP) with anti-RhoGDI� or anti-TROY and subsequently immunoblotted (IB) with anti-TROY or
RhoGDI�. The inputs (bottom panels) represent 5% of the lysates for immunoprecipitation. Data were normalized to blot densities from the control group. Data
are expressed as mean � S.D. of three independent experiments. *, p � 0.05; **, p � 0.01. C and D, representative blot images and histograms showing
enhanced RhoGDI�/TROY interaction by Nogo-66 stimulation in p75-deficient p75�/� CGNs. *, p � 0.05.
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diminished RhoA activation in wild-type, p75�/�, TROY-kd,
and p75�/�/TROY-kd CGNs, whereas RhoA activation by
Nogo was decreased significantly decreased in p75�/�/
TROY-kd CGNs cells (Fig. 6,C andD). These results suggested
that TROY/RhoGDI� association was crucial for TROY-medi-
ated RhoA activation induced by Nogo-66.
Consistent with reports of other groups that increased RhoA

activity could be detected from 10min to 24 h inMAIF-treated

neurons (35, 36), RhoA was activated continuously (24 h) in
both wild-type and p75�/� CGNs after Nogo-66 treatment in
our study (Fig. 5). We found that Nogo-66-induced RhoA acti-
vation was only moderately reduced in p75�/� CGNs (Fig. 5, C
and D). In addition, the RhoA activity was also slightly
decreased in TROY-kd cells (Fig. 5, E and F). However, RhoA
activation was decreased dramatically in p75�/�/TROY-kd
CGNs (Fig. 5,G andH). As both TROY and p75 were expressed

FIGURE 5. RhoA is activated by Nogo-66 through TROY/RhoGDI� interaction. A and B, representative blots (A) and histograms (B) showing RhoA activation
by Nogo-66 in WT CGNs. RhoA activity was indicated by the amount of RBD-bound RhoA (GTP-RhoA) first normalized to that of total RhoA in cell lysates and
then normalized to values at time 0. Data are expressed as mean � S.D. of three independent experiments. *, p � 0.05; **, p � 0.01. C and D, representative blots
(C) and histograms (D) showing RhoA activation by Nogo-66 in p75�/� CGNs. **, p � 0.01. E and F, representative blots (E) and histograms (F) showing RhoA
activation by Nogo-66 in TROY-kd CGNs. **, p � 0.01. G and H, representative blots (G) and histograms (H) showing RhoA activation by Nogo-66 in p75�/�/
TROY-kd CGNs. *, p � 0.05.
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in CGNs, they may play complementary roles in mediating
RhoA activation induced by Nogo-66. Nevertheless, these
results suggested a crucial role of TROY in mediating Nogo-66
induced RhoA activation.
In the adult mouse, p75 expression was limited to a small

subpopulations of spinal cord-ascending sensory neurons,
DRG neurons, and retinal ganglion neurons and was undetect-
able in the cerebral cortex, cerebellum, and most retinal gan-
glion neurons (35, 37), where neurons were alsoMAIF-respon-

sive (2). In contrast, TROYwas widely expressed acrossmost of
these regions. The higher expression levels of TROY were
detected at postnatal day 23 and in adulthood compared with
p75 (2–4). Consistent with previous reports (2, 3, 38), our study
showed that TROY was expressed broadly and confined to the
RhoGDI�-expressing neurons in the adult cerebral cortex, cer-
ebellum, and DRG (Fig. 3). These results suggest a possibly
wider role of TROY/RhoGDI� interaction in the context of the
MAIF-NgR network.

FIGURE 6. RhoGDI� overexpression eliminates neurite outgrowth inhibition and RhoA activation induced by Nogo-66. A and B, images (A) and histo-
grams (B) showing neurite outgrowth in wild-type and p75�/� CGNs. CGNs transfected with GFP or GFP-RhoGDI� were grown on either GST-Nogo-66 or GST
(control)-coated slides. After 24 h, neurons were subjected to immunostaining and visualized using confocal microscopy. Scale bar � 20 �m. Neurite length
was quantified by measuring the lengths of the longest individual neurites from at least 150 neurons. Data were expressed as mean � S.D. *, p � 0.05; **, p �
0.01. C and D, immunoblot analyses (C) and histograms (D) showing RhoA activities after 24-hour Nogo-66 treatment in wild-type, p75�/�, TROY-kd, and
p75�/�/TROY-kd CGNs. RhoA activity is indicated by the amount of GTP-RhoA normalized to that of total RhoA in cell lysates and normalized to values of
wild-type CGNs without Nogo-66 treatment at time 0. Data are expressed as mean � S.D. of three independent experiments. *, p � 0.05; **, p � 0.01.
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In addition to the more widely and coordinated distribution
of TROY with NgR and LINGO-1, TROY bound to NgR with a
near 8-fold higher affinity than p75 (2, 7). Our results showed
that TROY interacted with RhoGDI� in a p75-independent
way (Fig. 4). Furthermore, the NgR�TROY�LINGO-1 complex
still showed equal efficiency in activating RhoA compared with
the NgR�p75�LINGO-1 complex when a high concentration of
Nogo-66 (100 nM) was administered (2). These results sug-
gested that TROY was superior to p75 in mediating Nogo-66-
induced RhoA activation and following neurite extension inhi-
bition via binding to RhoGDI�.

In support of our notion, Shao et al. (3) reported that TROY-
deficient CGNs were resistant to low-dose (500 ng and 1 �g)
Nogo-66 stimulation. The results suggested that low-dose
Nogo-66 preferred to utilize the TROY/RhoGDI� interaction
rather than the p75/RhoGDI� interaction to transduce the
inhibitory signal. When high-dose Nogo-66 was administered,
bothTROY and p75 seemed to contribute to neurite outgrowth
inhibition, as less neurite outgrowth inhibition induced by
Nogo-66 was observed in p75�/� neurons (Fig. 6, A and B) and
TROY-deficient neurons compared with that in wild-type neu-
rons (2, 3). However, a truncated TROY lacking its intracellular
domain but not a truncated p75 protein lacking the intracellu-
lar domain fully reversed the inhibitions by Nogo-66 in both
wild-type and p75-deficent neurons (2, 3, 24). The evidence
that targeting TROY but not p75 could rescue Nogo-66/NgR
signaling suggests that TROYmight play more important roles
inNogo-66 induced axonal regeneration inhibition in postnatal
CNS.
TROY was highly expressed in astrocytes and microglia that

did not have NgR or LINGO-1 protein expression (39, 40).
Meanwhile, RhoGDI�was ubiquitously expressed in these glial
cells (41, 42) and was involved in the regulation of RhoA, RhoC,
and Rac1 activity (43). These findings suggest that the function
of TROY/RhoGDI� interaction in the nervous system might
not be limited to neurite outgrowth regulation. TROY expres-
sion has been found to be elevated in both human glioma cells
and infiltratingmicroglia (44, 45). The increasedTROY expres-
sion was strongly inversely related with the life span of patients
(44). Meanwhile, RhoGDI� was found to be down-regulated in
glioma cells (41, 46). Furthermore, the increased TROY expres-
sion and decreased RhoGDI� expression were accompanied
with reduced RhoA activation and increased Rac1 activation in
glioma cells (44, 47–49). It would be interesting to further
examine the role of TROY/RhoGDI� interaction in glial tumor
invasion and progression.
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