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Rap1GAP interacts with RET and suppresses
GDNF-induced neurite outgrowth
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Glial cell line-derived neurotrophic factor (GDNF) was originally recognized for its ability to promote survival of
midbrain dopaminergic neurons, but it has since been demonstrated to be crucial for the survival and differentiation
of many neuronal subpopulations, including motor neurons, sympathetic neurons, sensory neurons and enteric neu-
rons. To identify possible effectors or regulators of GDNF signaling, we performed a yeast two-hybrid screen using
the intracellular domain of RET, the common signaling receptor of the GDNF family, as bait. Using this approach,
we identified Rapl1GAP, a GTPase-activating protein (GAP) for Rapl, as a novel RET-binding protein. Endogenous
Rap1GAP co-immunoprecipitated with RET in neural tissues, and RET and Rap1GAP were co-expressed in dop-
aminergic neurons of the mesencephalon. In addition, overexpression of RaplGAP attenuated GDNF-induced neu-
rite outgrowth, whereas suppressing the expression of endogenous RaplGAP by RNAIi enhanced neurite outgrowth.
Furthermore, using co-immunoprecipitation analyses, we found that the interaction between RET and Rap1GAP
was enhanced following GDNF treatment. Mutagenesis analysis revealed that Tyr981 in the intracellular domain of
RET was crucial for the interaction with Rap1GAP. Moreover, we found that Rap1 GAP negatively regulated GNDF-
induced ERK activation and neurite outgrowth. Taken together, our results suggest the involvement of a novel inter-
action of RET with Rap1GAP in the regulation of GDNF-mediated neurite outgrowth.
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is required to induce branching of ureteric buds during
kidney development [5] and is important for cell fate de-
cision of undifferentiated spermatogonia in the testis [6].
The significance of GDNF is underscored by its potent

Introduction

Glial cell line-derived neurotrophic factor (GDNF)
was originally discovered by its ability to promote the

survival of midbrain dopaminergic neurons [1] but has
since been demonstrated to be crucial for the survival
and differentiation of many neuronal subpopulations,
including motor neurons, sympathetic neurons, sensory
neurons and enteric neurons [2-4]. Moreover, GDNF
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neuroprotective and restorative effects in several animal
models of Parkinson’s disease and motor neuron disease,
making it an attractive therapeutic candidate for treat-
ment of neurodegenerative diseases [7, 8].

GDNF signals through a multi-component receptor
system consisting of the GDNF family receptor-a and
the RET receptor tyrosine kinase or NCAM [9, 10]. All
members of the GDNF family, including GDNF, neur-
turin, artemin and persephin, share RET as their com-
mon signaling receptor, and their binding specificity is
determined by distinct GDNF receptor o proteins [3].
Activation of the receptor tyrosine kinase RET, which
can be achieved either by interactions between GDNF
receptor-a subunits and GDNF family members or by
various oncogenic mutations, results in distinct cellular
outcomes, including proliferation, differentiation, surviv-
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al and motility [3, 4]. Ablation of RET results in defects
in the kidney and enteric nervous system in mice [11].
In addition, RET-deficient mice show progressive, adult-
onset loss of dopaminergic neurons in the nigrostriatal
system [12]. In humans, inactivating mutations in RET
lead to the development of Hirshsprung’s disease, which
is characterized by megacolon aganglionosis [13, 14],
while activating mutations cause various types of endo-
crine tumors [15]. Several experiments have shown that
upon activation, RET recruits various signaling modules
and triggers a variety of intracellular signaling pathways,
including the Ras or Rap1/ERK, phosphatidylinositol
3-kinase (PI3K)/Akt, phospholipase Cy (PLCy) and Rac/
c-Jun N-terminal kinase (JNK) pathways [16-22]. How-
ever, despite considerable progress in understanding the
RET signaling pathways responsible for cell survival and
proliferation, the mechanism underlying RET-mediated
neuronal differentiation remains largely unknown.

To gain insight into the mechanisms by which GDNF-
mediated activation of RET enhances neuronal differen-
tiation, we performed a yeast two-hybrid screen on a hu-
man brain cDNA library using the intracellular domain of
RET as bait, and we identified RaplGAP as a candidate
binding partner for RET. Rapl GAP belongs to the family
of GTPase activating proteins (GAPs), which accelerate
hydrolysis of bound GTP to GDP, to block the activity of
small G proteins. Specifically, Rapl GAP suppresses the
activation of Rapl, a small G protein with 53% amino
acid identity to Ras [23, 24]. Members of the Rapl GAP
family (RaplGAPs), including Rap1 GAP, Rap1GAPII,
signal-induced proliferation-associated gene-1 (SPA-1),
spine-associated RapGAP (SPAR), E6-targeted protein
1 (E6TP1) and several SPA-1-like proteins (SPA-Ls),
are highly expressed in non-proliferating tissues, such
as the nervous system and pancreas [25]. In addition,
Rap1GAPs act as tumor suppressors. For example, deg-
radation of the E6TP1 protein increases the incidence of
cervical cancer [26], while deletion of the spal gene in
mice creates a spectrum of myeloid disorders that resem-
ble chronic myeloid leukemia [25]. Furthermore, SPAR
is involved in regulating synaptic plasticity and enlarge-
ment of dendrite spine heads [27]. However, the roles of
Rapl1GAP in the nervous system are largely unknown.
Thus far, there is no evidence to show that Rap1 GAPs
interact with any receptor tyrosine kinases (RTKs) that
play a crucial role in neural development.

In the present study, we identified a novel interaction
between RET and Rapl GAP and demonstrated that Rap-
1GAP negatively regulates GNDF-induced ERK activa-
tion and neurite outgrowth. Our results suggest a novel
role for Rap1GAP in the regulation of GDNF-mediated
cell differentiation.

Results

Rap1GAP is identified as a RET-binding protein in yeast-
hybrid screen

To identify potential interaction partners for RET
within the nervous system, we performed a yeast two-
hybrid screening on a human brain cDNA library using
the intracellular domain of RET (amino acids 658-1 114)
as bait (Figure 1A). Among the positive clones, we iden-
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Figure 1 RET interacts with Rap1GAP in a yeast two-hybrid
screen. (A) Schematic representation of the pGilda-RET" bait.
Cad, Cadherin domain; Cys, cysteine-rich domain; TM, trans-
membrane domain; TK, tyrosine kinase domain; LexA, LexA
fusion vector pGilda. (B) A fragment of human Rap1GAP (amino
acids 26-223) was isolated from the two-hybrid screen. GAP,
GTPase-activating protein domain. (C, D) A filter assay and (C)
liquid culture assay using o-nitrophenyl-p-galactoside (ONPG)
(D) were performed to analyze B-galactosidase activity. Full-
length wild-type Rap1GAP was co-transformed into the yeast
reporter strain EGY48 along with the bait encoding the intracel-
lular domain of RET or the EGF receptor. Positive and negative
controls are described in the Materials and Methods section.
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tified one as a cDNA fragment corresponding to amino-
acid residues 26-223 of Rap1 GAP. This region includes a
portion of the GAP catalytic domain and the N-terminal
flanking sequences, as shown in Figure 1B. We used a
B-galactosidase activity filter assay and liquid culture
assay to further test the interaction between full-length
RapIGAP and RET. As shown in Figure 1C and 1D,
RET showed a robust interaction with Rap1GAP, while
the EGF receptor, another RTK, did not. Thus, according
to our yeast two-hybrid assays, Rapl GAP selectively in-
teracts with the intracellular domain of RET.

RET immunoprecipitates with Rap1GAP in neural tissues

To test whether endogenous Rap1 GAP and RET could
form a complex in mammalian tissues, we performed
immunoprecipitation assays with homogenates of rat
neural tissues. We first examined the expression of the
two proteins in various tissues. As shown in Figure 2A,
Rap1GAP was expressed in the midbrain, spinal cord,
basal forebrain, hippocampus, hypothalamus and cer-
ebellum, while RET was expressed in the midbrain, spi-
nal cord, basal forebrain, hypothalamus and cerebellum
but not in the hippocampus. These results are consistent
with previous reports [28]. In NIH3T3 cells, neither
RET nor RaplGAP was detectable, while in PC12 cells,
only RaplGAP was expressed. Proteins from these ho-
mogenates were immunoprecipitated with an anti-RET
antibody and immunoblotted with anti-Rap1GAP or anti-
RET antibodies. As shown in Figure 2B, RaplGAP co-
immunoprecipitated with RET in the midbrain and spinal
cord, but not in hippocampus due to the lack of RET in
hippocampus. In addition, the homogenate proteins were
immunoprecipitated with an anti-Rap1 GAP antibody and
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Figure 2 Endogenous Rap1GAP interacts with RET in the rat
mesencephalon and spinal cord. (A) Western blot analysis of
Rap1GAP and RET in rat neural tissues and cell lines. (B) Co-
immunoprecipitation of endogenous RET with Rap1GAP. Tissue
homogenates from the midbrain, spinal cord and hippocampus
as well as from NIH3T3 cells were prepared, immunoprecipi-
tated with an anti-RET or anti-Rap1GAP antibody and then
immunoblotted with an anti-Rap1GAP or anti-RET antibody,
respectively. (C) Co-immunoprecipitation of endogenous RET,
with Rap1GAP or Rap1GAP, with RET from rat midbrain tis-
sues. Rabbit IgG was used as an immunoprecipitation control,
and the heavy chain of IgG was visualized for input control. IP,
immunoprecipitation; IB, immunoblot.

immunoblotted with anti-RET or anti-Rapl GAP antibod-
ies. RET co-immunoprecipitated with Rapl GAP in mid-
brain and spinal cord but not in the hippocampus, while
Rap1GAP was expressed in all of these tissues. These re-
sults were further confirmed by using control IgG immu-
noprecipitation in rat midbrain tissue (Figure 2C). Thus,
endogenous RET and Rapl1GAP could interact with one
another, providing a basis for their physiological func-
tion.

RET is co-expressed with Rap 1 GAP in neurons

To obtain further morphological evidence that RET
and Rapl1GAP are co-expressed in the neural cells, we
next carried out immunohistochemical analyses. Specifi-
cally, we processed slices of rat mesencephalon for triple
labeling immunofluorescence. As shown in Figure 3A,
both RET (green) and RaplGAP (red) were detected in
the substantia nigra. Most of the RET-expressing neu-
rons were also immunopositive for the dopaminergic
cell marker tyrosine hydroxylase (TH), while Rapl GAP
expression was widespread in the substantia nigra. Fur-
thermore, Rapl GAP and RET were co-expressed in TH-
positive neurons. In addition, RaplGAP and RET were
co-expressed in spinal cord neurons (data not shown). To
clarify the subcellular localization of RaplGAP and RET,
we fixed the primary cultured mesencephalic neurons on
coverslips and processed them for immunofluorescence
triple labeling. As shown in Figure 3B, RET (green)
and Rap1GAP (red) were co-expressed in cultured TH-
positive mesencephalic dopaminergic neurons (blue),
including both somatodendritic and axonal regions. Fur-
thermore, in the midbrain, we observed that RET (green)
and Rap1GAP (red) were co-localized with EEAT1 (blue),
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Figure 3 Rap1GAP and RET are co-expressed in rat mesencephalic neurons. (A) Tissue slices from the rat mesencephalon
were triple labeled with anti-Rap1GAP (red), anti-RET (green) and anti-TH (purple), and protein expression was observed
by immunofluorescence confocal microscopy. The merged images show that Rap1GAP and RET were co-expressed in TH-
positive mesencephalic neurons. Scale bars, 20 pm. (B) Triple labeling immunofluorescence showed the subcellular localiza-
tion of RET (green) and Rap1GAP (red) in primary cultured TH-positive (blue) mesencephalic neurons. Scale bar, 5 um. (C)
Triple labeling immunofluorescence showed the subcellular localization of RET (green), Rap1GAP (red) and EEA1 (an early
endosome marker, blue) in rat mesencephalic neurons. The merged images demonstrate that Rap1GAP and RET were co-

localized with early endosomes. Scale bar, 5 um.

a specific marker of early endosomes. Thus, these results
demonstrate that RET and Rap1 GAP are co-expressed in
neurons.

Rap1GAP suppresses GDNF-induced neurite outgrowth
in PC12-GFRol-RET cells

To identify a possible physiological role of Rapl GAP
in the downstream signaling of RET, we first performed
a neurite outgrowth assay in PC12 cells, which are repre-
sentative of differentiated cells. Endogenous Rapl GAP
was expressed in PC12 cells; however, little endogenous
RET was detected in these cells (Figure 2A). Thus, we
used our previously established PC12-GFRal1-RET
cell line that stably expresses GFRal and RET [22]. To
explore the influence of RaplGAP on GDNF-induced
cell differentiation, we generated a GFP-Rapl1GAP fu-
sion construct and transfected the construct into PC12-
GFRa1-RET cells. After incubation with 50 ng/ml GDNF
for 3 days, the control cells, transfected with an enhanced
green fluorescent protein (EGFP) vector, showed en-

larged cell bodies and elongated neurites, suggesting that
GDNF stimulates differentiation of PC12-GFRa1-RET
cells (Figure 4A). Interestingly, overexpression of GFP-
Rap1GAP significantly attenuated the neurite outgrowth
induced by GDNF (Figure 4A and 4B), indicating that
Rap1GAP negatively regulates the signaling activated by
GDNF that mediates neurite outgrowth.

To further support the effect of Rapl GAP on GDNF-
induced cell differentiation, we employed an RNAi
approach. We designed and synthesized three siRNA
sequences targeting Rapl GAP. Western blot analyses
showed that all these sequences were able to knock down
Rap1GAP expression levels effectively (Figure 4C).
We selected the most effective RNAi sequence and co-
transfected it with GFP into PC12-GFRal-RET cells. We
then examined the differentiation of GFP-positive cells
following GDNF stimulation. Compared with the RNAi
control group, suppressing Rapl GAP gene expression
by RNAI significantly increased GDNF-induced cell dif-
ferentiation (Figure 4D and 4E). These results further
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Figure 4 Rap1GAP negatively regulates GDNF-induced neurite outgrowth in PC12-GFRa1-RET cells. (A) PC12-GFRa1-
RET cells were transfected with the pEGFP-Rap1GAP or EGFP vector and then incubated with or without GDNF for 72 h.
Cells were visualized using fluorescence microscope (with a 20x% objective) based on GFP expression. (B) Quantification
(shown as mean + s.d.) of neuronal differentiation of PC12-GFRa1-RET cells overexpressing Rap1GAP. **P < 0.01 as in-
dicated. (C) Western blot analysis was used to evaluate Rap1GAP expression in cells 72 h after transfection with various
siRNA constructs. All the cell extracts were immunoblotted with a Rap1GAP antibody. Lane 1, missense RNAi was used as a
negative control; lanes 2-4, various siRNA constructs against Rap1GAP. Anti-actin was used as a loading control. (D) PC12-
GFRa1-RET cells transfected with Rap1GAP siRNA or control siRNA were serum starved and then incubated with or without
GDNF for 72 h. Cells were visualized using fluorescence microscope. (E) Quantification (shown as mean * s.d.) of the neu-
ronal differentiation of PC12-GFRa1-RET cells following Rap1GAP RNAI treatment. **P < 0.01 as indicated. (F) Rap1GAP
interacts with RET in PC12-GFRa1-RET cells. PC12-GFRa1-RET cells were serum-starved for 12 h and then treated with
or without 50 ng/ml GDNF for 10 min. The cell lysates were immunoprecipitated with anti-RET or anti-Rap1GAP followed by
immunoblotting with anti-Rap1GAP or anti-RET, respectively. Immunoprecipitation with normal IgG was used as a negative
control. The inputs represent 5% of the lysates used for the immunoprecipitation reaction. The data are representative of four
independent experiments. IP, immunoprecipitation; IB, immunoblot. (G) Quantification of Rap1GAP bound to RET in PC12-
GFRa1-RET cells shown in Figure 4F. Blots of Rap1GAP or RET without GDNF treatment were used for normalization. The
data represent the mean + s.d. of four independent experiments. *P < 0.05.

suggest that endogenous RaplGAP is a crucial negative  co-immunoprecipitation assays. We immunoprecipitated
regulator in GDNF-induced cell differentiation. cell lysates with either an anti-RET or anti-Rapl GAP

To determine whether endogenous Rapl GAP associ-  antibody, then immunoblotted with an anti-Rap1GAP or
ates with RET in PC12-GFRal-RET cells, we performed  anti-RET antibody, respectively. As shown in Figure 4F
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and 4G, we detected an interaction between RaplGAP
and RET in lysates from cells that were treated with or
without GDNF, and the interaction was strengthened
following GDNF treatment. Under the same conditions,
RET and Rap1GAP did not co-immunoprecipitate when
control IgG was used. These results demonstrate that
GDNF treatment significantly enhanced the RET-Rap-
1GAP interaction in PC12-GFRal-RET cells, strongly
suggesting that Rap1GAP is involved in GDNF signal-
ing.

Identification of the crucial binding site for the interac-
tion of RET with Rapl GAP

GNDF treatment significantly enhanced the RET-Rap-
1GAP interaction in PC12-GFRal-RET cells, suggesting
that this interaction is ligand dependent. RET exerts its
biological effects mainly through distinct autophospho-
rylation of tyrosine residues. Five putative tyrosine phos-
phorylation sites within the intracellular domain of RET
(Y905, Y981, Y1015, Y1062 and Y1096) serve as poten-
tial docking sites for signaling molecules [29]. To iden-
tify which residue(s) may be involved in the interaction
with Rap1GAP, we constructed five RET mutants (Y905F,
Y981F, Y1015F, Y1062F and Y1096F) by mutating ty-
rosine residues to phenylalanine, as done in our previous
study [22]. We also constructed RET (K758M), which
changes Lys758 of the ATP-binding site within the kinase
domain of RET to Met, rendering the receptor catalyti-
cally inactive [30]. We then co-transfected these mutant
constructs into HEK293T cells together with RaplGAP
and GFRal and stimulated the cells with GDNF. The
K758M mutant of RET (i.e., the kinase-dead mutant)
almost abolished the interaction with Rap1 GAP (Figure
5A). The mutation of Tyr981 to Phe significantly attenu-
ated the interaction between RET and Rap1GAP, whereas
none of the other four tyrosine mutations appeared to be
relevant to Rap1 GAP binding because they did not obvi-
ously impair the interaction (Figure 5A). These results
suggest that Y981 is crucial to the interaction of RET
with Rapl1GAP. To further identify whether Rapl GAP
interacts with phosphorylated RET, we co-transfected
wild-type RET and RET (K758M) into HEK293T cells
together with RaplGAP and GFRal, and then stimulated
the cells with GDNF. Next, we immunoprecipitated cell
lysates with an anti-RaplGAP antibody and immunob-
lotted with an antibody against phosphorylated RET. As
shown in Figure 5B, we found that Rapl GAP interacted
with phosphorylated RET.

Rap1GAP suppresses GDNF-induced neurite outgrowth
by inhibiting ERK activation
Differentiation of PC12 cells is mainly associated with

A S & & F &
9 & N N o ) &
o N} Q Q S
S ® s
IP:RET IB:Rap1GAP
IP:RET IB:RET

IP:Rap1GAP IB:RET

IP:Rap1GAP IB:Rap1GAP

IB:Rap1GAP
Cell lysate

IB:RET

B

%
g

4—)6‘

IP:Rap1GAP IB:pRET

IP:Rap1GAP IB:Rap1GAP

Figure 5 Identification of the binding site for Rap1GAP in RET.
(A) HEK293T cells were co-transfected with wild-type RET or
the indicated RET mutants along with Rap1GAP and GFRa1,
and cells were then stimulated with 50 ng/ml GDNF for 10 min.
Cell extracts were analyzed by immunoprecipitation (IP) with
anti-RET or anti-Rap1GAP followed by immunoblotting (IB)
with antibodies against Rap1GAP or RET, respectively. The
bottom two panels show RET or Rap1GAP expression in total
extracts. WT, wild type; K, lysine; M, methionine; Y, tyrosine; F,
phenylalanine. (B) HEK293T cells were co-transfected with wild-
type RET or the RET (K758M) mutant, along with Rap1GAP
and GFRa1, and cells were then stimulated with 50 ng/ml GDNF
for 10 min. Cell extracts were analyzed by immunoprecipitation
(IP) with anti-Rap1GAP followed by immunoblotting (IB) with
antibodies against Rap1GAP, RET or phospho-RET (905).

the activation of the Ras-Raf-MEK-ERK and PI3K-Akt
signaling pathways [31, 32]. Therefore, using selective
kinase inhibitors, we examined whether blockade of each
of these pathways could inhibit GDNF-induced neurite
outgrowth. As shown in Figure 6A, blockade of the ERK
pathway by the MEK1 inhibitor PD98059 significantly
inhibited GDNF-induced neurite outgrowth in PC12-
GFRal-RET cells, whereas the PI-3 kinase inhibitor
LY294002 had little effect. These results suggest that
GDNF-induced neurite outgrowth is highly dependent on
the ERK pathway but not on the PI-3 kinase pathway. To
further examine the effects of Rap1-GAP on ERK activa-
tion, we overexpressed or knocked down RaplGAP by
transfection with GFP-RaplGAP or Rap1GAP siRNA,
respectively, in PC12-GFRa1-RET cells. After the cells
were treated with GDNF, we collected the lysates and
subjected them to western blot analysis with an anti-
pERK antibody. As shown in Figure 6B and 6C, GDNF
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Figure 6 Rap1GAP inhibits GDNF-induced activation of the ERK signaling pathway. (A) Effects of kinase inhibitors on GDNF-
induced differentiation of PC12-GFRa1-RET cells. PC12-GFRa1-RET cells were serum starved and incubated for 72 h with
or without 50 ng/ml GDNF in the presence of DMSO as a control, PD98059 (10 uM), or LY294002 (10 uM). Data are shown
as the mean * s.d. ##P < 0.01 as indicated. (B) PC12-GFRa1-RET cells were transfected with GFP, GFP-Rap1GAP or
Rap1GAP siRNA, then serum starved for 6 h, and then stimulated with 50 ng/ml GDNF for the indicated time. Cell extracts
were used for western blot analysis with anti-ERK or anti-pERK or were subjected to a Rap1 activity assay, as described in
the Materials and Methods section. (C-D) Quantification of relative pERK levels (C) or relative Rap1 activity levels (D). Cells
transfected with GFP but not stimulated with GDNF were used for normalization. Data represent the mean = s.d. of three in-

dependent experiments. *P < 0.05; **P < 0.01 as indicated.

induced sustained ERK phosphorylation, and this effect
was strengthened by siRNA treatment against Rap1 GAP.
In contrast, the pERK level was suppressed by overex-
pression of RaplGAP, indicating an inhibitory effect of
Rapl1GAP on ERK signaling. We also performed pull-
down assays to detect Rapl activation using the GST-
tagged Rap1GTP-binding domain of RalGDS (GST-Ral-
GDS-RBD) to capture Rapl in the GTP-bound state. As
shown in Figure 6B and 6D, overexpression of Rapl GAP
greatly attenuated the RaplGTP level, whereas knock-
down of Rap1GAP increased RaplGTP level. Taken
together, these results suggest that Rapl1 GAP negatively
regulates GDNF-induced neurite outgrowth by inhibiting
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ERK activation.
Discussion

Given the functional diversity of the RET receptor
tyrosine kinase, understanding the complex intracel-
lular signaling pathways triggered by RET activation is
important. To gain a better understanding of RET signal-
ing, we sought to identify new RET-interacting proteins.
Therefore, we conducted a yeast two-hybrid screen using
the intracellular domain of RET as bait, and we identified
Rap1GAP as a binding candidate for RET. Rapl1 GAP be-
longs to the family of GTPase-activating proteins, which
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accelerate hydrolysis of bound GTP to GDP, thereby
inhibiting the activity of small G proteins, such as Rapl.
Thus, Rap1 GAP regulates the involvement of these small
G proteins in signaling pathways [33]. The Gao activates
Rap1 by sequestering Rap1GAP [34], while Rapl1 GAPII
interacts with the Gai to inactivate Rapl [35, 36], sug-
gesting distinct mechanisms of the Rap1 GAPs in regulat-
ing G protein-coupled receptor signal transduction. Ras-
GAP has been reported to interact with RTKs (e.g., TrkA
and the EGF receptor) to inhibit the transient activation
of ERK and to negatively regulate cell proliferation [37-
39]. In contrast, Rap1 GAP is unable to be recruited to ac-
tivated TrkA and remains disseminated in the cytoplasm
[40]. Furthermore, to date, there is no evidence to show
that Rap1GAPs interact with RTKs. In the present study,
a yeast two-hybrid screen identified a robust interaction
between RET and Rap1GAP, while the EGF receptor was
not found to bind to Rap1GAP, suggesting a selective in-
teraction between Rap1 GAP and RTKs. Furthermore, en-
dogenous Rap1 GAP was found to co-immunoprecipitate
with RET in neural tissues (e.g., spinal cord and mesen-
cephalon). Morphological studies revealed that RET and
Rap1GAP were co-expressed in dopaminergic neurons
in the mesencephalon. Moreover, endogenous Rapl1 GAP
interacted with RET in PC12-GFRal-RET cells, and this
interaction was strengthened by GDNF treatment. Mu-
tagenesis analysis demonstrated that Tyr981 within the
intracellular domain of RET was crucial for the interac-
tion with Rap1GAP. Thus, this study provides the first
evidence that RaplGAP interacts with RET, suggesting
that Rap1GAP may serve as a novel regulator of distinct
RTK signaling.

Previously, GDNF was demonstrated to promote neu-
rite outgrowth in various primary cultures of sympathetic
neurons [41], midbrain dopaminergic neurons [42], mo-
toneurons [43], sensory neurons [44] and enteric neurons
[45], and similar effects have been observed in vivo [46-
48]. To explore the function of RaplGAP in GDNF/RET
signaling, we initially chose PC12-GFRa1-RET cells as
an experimental model [22], taking advantage of the fact
that these cells show neurite outgrowth in response to
GDNF stimulation and express endogenous Rap1GAP.
Overexpression of GFP-Rap1GAP significantly attenuat-
ed GDNF-induced neurite outgrowth, while knockdown
of endogenous Rapl GAP by RNAi greatly enhanced
GDNF-induced neurite outgrowth. Thus, Rapl1GAP is a
crucial negative regulator of GDNF-induced neurite out-
growth.

GDNF can trigger many intracellular signaling path-
ways, including the Ras/ERK, PI3K/Akt and Rac/INK
pathways [3]. Among these, the Ras/ERK and PI3K/
AKT pathways have been reported to be more relevant

to cell differentiation. PI3K/AKT signaling regulates
growth cone turning and terminal branching responses,
whereas Ras/ERK signaling regulates local signaling
related to microtubule assembly and axon extension [49,
50]. Recently, RET activation was shown to induce sus-
tained ERK activation via the Rap1 pathway in the TGW
neuroblastoma cell line [21]. In the present study, GDNF
induced sustained activation of Rapl and ERK in PC12
cells. Our pharmacological data from using selective
kinase inhibitors suggested that GDNF-induced neurite
outgrowth was highly dependent on the ERK pathway,
but not on the PI3K pathway. More importantly, levels
of pERK and GTP-Rapl were suppressed by Rapl GAP
overexpression and enhanced by RNAi knockdown of
Rapl1GAP, indicating an inhibitory effect of Rapl GAP on
Rapl-ERK signaling. Thus, Rapl GAP may negatively
regulate GDNF-induced neurite outgrowth by inhibiting
ERK activation.

Materials and Methods

Plasmid constructs

Full-length RET constructs were a generous gift from Dr Car-
los F Ibanez. The intracellular domain of human RET (amino acids
658-1 114) was generated by PCR and cloned in-frame into the
LexA fusion vector pGilda (Clontech) to generate the bait pGilda-
RET'. Full-length RaplGAP cDNA was a generous gift from Dr
Patrick J Casey. Rapl GAP was cloned into pB42AD and EGF-
Py, vectors. All constructs were fully sequenced before being used
for transformation or transfection.

Yeast two-hybrid screen and assay

The yeast two-hybrid screen of a human brain cDNA library
was performed as previously described [22]. Filter-lift color as-
says and liquid culture assays with o-nitrophenyl-p-galactoside
(ONPQ) for B-galactosidase activity analysis were also performed
as described previously [S1]. During the analysis, pGilda-53 co-
transformed with pB42AD-T was used as a positive control, and
pGilda co-transformed with pB42AD was used as a negative con-
trol.

Cell culture and transfection

Wild-type PC12 cells and PC12-GFRal-RET cells [22] were
grown in Dulbecco’s modified Eagle’s medium (DMEM, Gibco
BRL) supplemented with 5% fetal bovine serum (FBS) and 5%
heat-inactivated horse serum (HyClone). Hygromycin and G418
were used to maintain exogenous protein expression in PC12-
GFRal-RET cells. Lipofectamine (Invitrogen) and a calcium
phosphate reagent (Promega) were used to transfect PC12-GFRal-
RET cells with the pPEGFP-Rap1GAP plasmid or vector alone ac-
cording to the manufacturer’s instructions. For immunoprecipita-
tion and immunoblotting assays, 24 h after transfection, cells were
starved for 12 h or 6 h and subsequently stimulated with 50 ng/ml
GDNF for 10 min at 37 °C.

RNAi
Three target siRNAs against full-length Rapl GAP were de-
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signed (no. 1, 715-735, 5'-CTGGTCTTCTCGCTCAAGTAT-3";
no. 2, 1 004-1 024, 5'-TGTCCACCAAGCTGCCATACA-3’; no.
3,2 908-2 928, 5'-TTGTCCTAGGACCGCCTATCA-3') and the
oligonucleotides were chemically synthesized by GenePharma
(Shanghai, China). The scrambled sequence of the control siRNA
was 5'-GTTCTCCGAACGTGTCACGT-3'. PC12-GFRal-RET
cells were seeded in 24-well plates (2 x 10° per well) overnight
and then transfected with Rap1GAP siRNA (20 uM) using 4 pl of
Lipofectamine 2000 (Invitrogen) in 0.5 ml of DMEM containing
10% FBS. The transfection medium was replaced with fresh cul-
ture medium 6 h later. The knockdown efficiency of each siRNA
construct against Rapl GAP was determined by western blot
analysis 72 h after transfection. The no. 2 siRNA oligo was used
for the PC12 differentiation and RET internalization assays. This
sequence was synthesized and subcloned into the U6/GFP/Neo
shRNA vector by GenePharma, and the U6-GFP-Rapl GAP RNAi
construct was used in the neurite outgrowth assay by transfection
with a calcium phosphate reagent (Promega).

Immunoprecipitation and immunoblotting

Various neural tissues were dissected and isolated from adult
male Sprague Dawley rats. Each tissue was homogenized using
a pestle tissue grinder at slow speed in solubilization buffer (25
mM HEPES-NaOH (pH 7.4), 125 mM potassium acetate, 5 mM
MgCl,, 0.32 M sucrose and 1% Triton X-100). Proteins solubilized
from each rat tissue homogenate were collected.

The harvested cells were washed twice with cold phosphate-
buffered saline (PBS), solubilized with ice-cold lysis buffer (50
mM Tris-HCI, pH 8.0, 1 mM EDTA, 150 mM NacCl, 0.5% sodium
deoxycholate, 0.02% sodium azide, 1 mM NaF, 1 mM sodium
vanadate, | mM phenylmethylsulfonyl fluoride, 1% Nonidet P-40,
1 mM dithiothreitol, 0.1% sodium dodecyl sulfate (SDS), 2 pg/
ml pepstatin, 2 pg/ml leupeptin and 2 pg/ml aprotinin) and incu-
bated on ice for 20 min. Lysates were clarified by centrifugation at
11 200 g for 10 min at 4 °C.

Protein concentration of the supernatants from tissue homo-
genates or cell lysates was determined by the Bradford method.
For immunoprecipitation, 500 ul of the supernatant was incubated
with 5 pul of the precipitating antibody for 3 h at 4 °C under mild
agitation. Protein G-agarose beads (Roche) were then added and
incubated for 3 h. The immunoprecipitated samples were washed
three times with lysis buffer, boiled for 3-5 min in sample-loading
buffer, subjected to SDS polyacrylamide gel electrophoresis
(SDS-PAGE), immunoblotted with corresponding antibodies and
visualized with enhanced chemiluminescence (ECL, Pierce). The
antibodies against RaplGAP (sc-10330) [34], RET (sc-1290) [52],
ERK(sc-94) [22] and pERK (sc-7383) [22] were from Santa Cruz;
anti-actin was from Kangcheng and anti-phospho-RET (905) was
from Cell Signaling [53].

Neurite outgrowth assays

Neurite outgrowth assays were performed as previously de-
scribed [22]. Briefly, PC12-GFRa1-RET cells were seeded in 12-
well plates coated with poly-L-lysine at a density of 1 x 10° cells/
ml. The cultures were kept in an atmosphere of 5% CO, and 95%
air at 37 °C, and the medium was changed every 3 days. After
transfection, the cells were washed twice with PBS (pH 7.4) and
then supplied with new medium supplemented with or without
50 ng/ml GDNF. GFP-positive cells were observed under a fluo-
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rescence microscope (Olympus, excitation at 454 nm) 3 days later.
Cells with one or more neurites of a length more than twice the
diameter of the cell body were scored as neurite-bearing positive
cells. At least 100 cells per group were randomly counted for each
experiment, and the experiment was repeated five times.

Immunohistochemistry and immunocytochemistry

Animal experiments were carried out in accordance with NIH
guidelines. Five adult male Sprague Dawley rats were anesthe-
tized with sodium pentobarbital (50 mg/kg, i.p.) and perfused
transcardially with 0.1 M PB (pH 7.4), followed by perfusion with
a solution of 4% paraformaldehyde and 0.2% saturated picric acid
in 0.1 M PB. The brains were removed, kept for 1.5 h in the same
fixative at 4 °C and cryoprotected overnight at 4 °C in 0.01 M
PBS (pH 7.4) with 20% sucrose. The tissues were then sliced into
14-um sections on a Leica 1900 cryostat and mounted onto glass
slides. The sections were washed in PBS, incubated with the pri-
mary antibodies (goat anti-RET [54], Neuromics; rabbit anti-Rap-
1GAP[55], Epitomics; mouse anti-TH [22], Sigma; or mouse anti-
EEA,, Chemicon) in PBS containing 3% bovine serum albumin
(BSA) and 0.3% Triton X-100 at 4 °C for 48 h. After three washes
in PBS, the sections were incubated with secondary antibodies
from Jackson ImmunoResearch (FITC-conjugated donkey anti-
goat, thodamine-conjugated donkey anti-rabbit or cy5-conjugated
donkey anti-mouse). Finally, the sections were washed and exam-
ined with a Leica SP2 confocal microscope.

Cultured mesencephalic neurons on cover glasses were fixed
in 4% paraformaldehyde with 0.2% saturated picric acid in 0.1
M phosphate buffer (PB) for 15 min at room temperature. After
one wash with 0.01 M PBS, cells were incubated with primary
antibodies (rabbit anti-RET(sc-13104) [52], Santa Cruz; goat anti-
Rap1GAP(sc-10330) [34], Santa Cruz; mouse anti-TH [22], Sig-
ma) in PBS containing 3% BSA and 0.3% Triton X-100 overnight
at 4 °C. Following three washes in 0.01 M PBS, the cells were in-
cubated with secondary antibodies from Jackson ImmunoResearch
(FITC-conjugated donkey anti-rabbit, rhodamine-conjugated don-
key anti-goat or cy5-conjugated donkey anti-mouse) for 30 min at
room temperature. Subsequently, the coverslips were washed in
0.01 M PBS and examined with a Leica SP2 confocal microscope.

Rapl activity assay

GDNF-treated or untreated cells were lysed on ice for 10 min
in lysis buffer (50 mM Tris-HCI (pH 7.4), 0.5 M NacCl, 1% NP40,
2.5 mM MgCl,, 10% glycerol, 1 mM sodium orthovanadate, 250
mM PMSEF, 10 pg/ml aprotinin and 10 pg/ml leupeptin) and the
resulting lysates were centrifuged at 15 000x g at 4 °C for 5 min.
The supernatants were added to 50 mg of Ral GDS-RBD agarose
beads (glutathione-sepharose beads pre-coupled to GST fused to
the Ras-binding domain of Ral GDS) and incubated at 4 °C for
45 min with gentle rotation. The beads were then washed four
times in lysis buffer and boiled in SDS sample buffer. The amount
of GTP-bound Rapl was analyzed by immunoblotting with an
anti-Rap| antibody (Santa Cruz).
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