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Glial cell line-derived neurotrophic 
factor (GDNF) plays a critical role 
in orchestrating the development and 
maintenance of different populations of 
central and peripheral neurons. GDNF 
was initially discovered by its abil-
ity to promote the survival of ventral 
midbrain dopaminergic neurons [1]. In 
addition, GDNF promotes the survival 
and control the differentiation of motor 
neurons and many peripheral neurons, 
including sensory and sympathetic neu-
rons. Moreover, it is required to induce 
proliferation, migration and survival of 
enteric neurons. GDNF promotes these 
trophic effects through the activation 
of the receptor tyrosine kinase (RTK) 
Ret. A distinctive feature of the receptor 
complex for GDNF is the requirement 
of two types of receptors, one special-
ized in GDNF binding, represented 
by the glycosyl-phosphatidyl inositol 
(GPI)-linked co-receptor GFRα1, and 
another involved in transmembrane 
signaling, represented by the RTK Ret 
or the neural cell adhesion molecule 
NCAM [1, 2]. Following homodi-
meric GDNF binding to GFRα1, Ret 
becomes dimerized and tyrosine phos-
phorylated, and triggers many differ-

ent signaling pathways, including the 
Ras-Raf-MAPK (ERK1/2) cascade, the 
phosphatidylinositol-3-kinase (PI3K)-
Akt, the PLC-γ and the Src signaling 
pathways [3].

To gain a better understanding of 
Ret signaling, Jiao et al. [4] performed 
a yeast two-hybrid assay to screen for 
novel Ret interactors using the intracel-
lular domain of Ret as bait. In this paper, 
the authors describe the identification 
of Rap1GAP, a GTPase-activating 
protein (GAP) for Rap1, as a novel 
Ret-binding protein. Interestingly, this 
result provides the first evidence for a 
direct interaction between Rap1GAP 
with a RTK. In this elegant study, the 
authors also demonstrate that endog-
enous Rap1GAP specifically associate 
with Ret in midbrain and spinal cord in 
vivo. By systematically comparing five 
different tyrosine phosphorylation sites 
(Tyr905, Tyr981, Tyr1015, Tyr1062 and 
Tyr1096) within the intracellular do-
main of Ret (RetICD), Jiao et al. identify 
the Tyr981 as the crucial docking site 
for Ret-Rap1GAP association. 

Rap1 is a Ras-like small GTPase, 
which is activated by different extra-
cellular factors and has been involved 
in diverse processes, such as cell adhe-
sion, cell-cell junction formation and 
neuronal differentiation [5]. Rap1, as 
others small GTPases cycles between 
an inactive GDP-bound state and an 

active GTP-bound state. While guanine 
nucleotide exchange factors (GEFs) 
stimulate the exchange of GDP to GTP 
to generate the activated form of Rap1, 
GTPases activating proteins, like Rap-
1GAP, increase the intrinsic rate of GTP 
hydrolysis inactivating Rap1. Thus the 
activation state of Rap1 depends on 
the balance between Rap1GEFs and 
Rap1GAPs.

Despite considerable advances in 
understanding the signaling pathways 
through which Ret controls neuronal 
survival and proliferation, the molecular 
determinants underlying Ret-mediated 
neuronal differentiation are still much 
less known. It has been established that 
ERK1/2 activation by growth factors 
can induce cell growth and/or differen-
tiation. Although transient activation of 
ERK1/2 is thought to promote prolifera-
tion, its sustained activation appears to 
induce morphological differentiation. 
In the PC12 cell line, the neurotrophin 
nerve growth factor (NGF) promotes 
a robust neurite outgrowth through a 
sustained ERK1/2 activation mediated 
by the activation of Rap1 [6]. Taking 
advantages of this cellular model, Jiao 
et al. show that Rap1GAP inhibits 
GDNF/Ret-induced neurite outgrowth 
by restricting both the activation of 
Rap1 (Rap1-GTP) and the sustained 
activation of ERK1/2 [4]. These find-
ings are in agreement with previous data 
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showing that GDNF-promoted neurite 
outgrowth during neuronal develop-
ment involves prolonged activation of 
Rap1-ERK1/2 pathway via the adaptor 
protein, Dok-4, which is phosphorylated 
after Ret activation [7]. Interestingly, 
Dok-4 was identified as a direct interac-
tor partner of Ret by yeast two-hybrid 
screen [8]. In this work, the authors 
show that Dok-4 can directly associate 
with Tyr1062. Together, these results 
indicate that after ligand binding, Ret 
becomes phosphorylated in different 
sites including Tyr1062 and Tyr981. 
While phosphorylation of Tyr1062 
mediates the activation of Dok-4, which 
then triggers a sustained activation of 
Rap1-ERK1/2 pathway and neurite 
outgrowth, phosphorylation of Tyr981 

mediates the recruitment of Rap1GAP, 
a negative regulator of Rap1 signaling 
(see Figure 1). 

A recent study identified Rap1GAP 
as a prominent PKA substrate. In 
this study, the authors show that the 
phosphorylation of Rap1GAP by PKA 
is associated with the inhibition of 
Rap1GAP activity [9]. As it is known, 
activation of Ret by GDNF elevates 
cytoplasmic levels of cAMP and acti-
vates PKA in neuronal cells [10]. These 
observations suggest that Ret induces a 
sustained Rap1-ERK1/2 pathway prob-
ably by a dual mechanism that involves 
(i) Dok-4 mediated Rap1GEF activation 
and (ii) inhibition of Rap1GAP activity 
by sequestering and blocking its GAP 
activity through a PKA-dependent 

phosphorylation (Figure 1). 
While the study by Jiao et al. pro-

vides new insights into the molecular 
mechanisms through which Rap1GAP 
limits Ret-induced neurite outgrowth, 
some questions still remain unanswered. 
Thus, how the Rap1GAP activity is 
modulated upon binding to Ret and 
how Rap1GAP competes with other 
adaptor proteins, like Src, which has 
been described to bind Tyr981 [11], are 
important questions that require addi-
tional analysis. Interestingly, Rap1 plays 
an important role in the regulation of 
the cytoskeleton by activating the Rho 
GTPase family members Rac1/Cdc42 
via the binding and recruitment of the 
GEFs Tiam1 and Vav2 [12]. Therefore, 
another issue that would need to be 

Figure 1 Model describing the proposed role of Rap1GAP in the control of GDNF-induced Ret signaling. After activation of Ret 
by the heterocomplex GDNF/GFRα1, Ret becomes phosphorylated at different tyrosine sites. In particular, the Tyr1062 has 
been described to mediate the activation of Dok-4, which then triggers a sustained activation of Rap1-ERK1/2 pathway and 
neurite outgrowth. At the same time, Ret activation results in phosphorylation of the Tyr981 (Y981), which is the docking site 
involved in the recruitment of the negative signaling regulator Rap1GAP. Thus, Rap1GAP counterbalances the Dok-4/Rap1/
ERK1/2 pathway and controls neurite outgrowth. The figure also shows a possible role of PKA in the inhibition of Rap1GAP 
activity (dashed line), and indicates the potential involvement of Rap1 in the modulation of neurite outgrowth through the con-
comitant activation of Vav2 and/or Tiam1, two GEFs for Rac1 and Cdc-42 (dashed arrow).
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addressed is whether Rap1GAP may 
also collaborate in the control of addi-
tional downstream signaling pathways 
involved in Ret-dependent neurite 
outgrowth, such as activation of Rho 
GTPases.

The pleiotropic roles played by Ret 
during development and the complex 
intracellular network of signaling 
pathways triggered by Ret, suggested 
that Ret as other RTK, requires the 
existence of cellular mechanisms that 
control its activity, avoiding thereby 
abnormal cellular behavior and disease. 
Indeed, the picture that arise from the 
last years indicates that this receptor 
is tightly regulated in a cell-specific 
manner through the coordinated action 
of different protein inhibitors that func-
tion at multiple levels of the signaling 
cascade and at different time points 
after receptor engagement. Examples 
of Ret negative modulators include the 
ERK1/2 antagonist, sprouty [13] and the 
leucine-rich repeat and Ig-like protein, 
Lrig1 [14]. 

The physiological requirement of Ret 
signaling for the survival, maintenance 
and regeneration of the dopaminergic 
system supports additional investigation 
toward optimizing the ongoing GDNF 
clinical trials for Parkinson disease 
(PD) using activators or reducing the 
effects of endogenous antagonists of 
Ret signaling. Unlike Ret positive sig-
naling effectors, which are relatively 
well understood, signaling attenuation 
is under intensive study. In this regard, 
the study performed by Jiao et al. 

adds a new physiological mechanism 
to negatively regulate signaling and 
biological responses induced by GDNF 
and Ret in neuronal cells. In particular, 
the fact that Ret is coexpressed with 
Rap1GAP in midbrain dopaminergic 
neurons together with the association 
between both molecules in midbrain 
tissue argue that this mechanism could 
have a potential therapeutic value for 
treatment of PD.
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