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ABSTRACT

Glial cell line-derived neurotrophic factor (GDNF) and its family members neurturin 
(NRTN), artemin (ARTN) and persephin (PSPN) are growth factors, which are involved 
in the development, differentiation and maintenance of many neuron types. In addition, 
they function outside of the nervous system, e.g. in the development of kidney, testis 
and liver. GDNF family ligand (GFL) signalling happens through a tetrameric receptor 
complex, which includes two glycosylphosphatidylinositol (GPI)-anchored GDNF 
family receptor (GFRα) molecules and two RET (rearranged during transfection) 
receptor tyrosine kinases. Each of the ligands binds preferentially one of the four GFRα 
receptors: GDNF binds to GFRα1, NRTN to GFRα2, ARTN to GFRα3 and PSPN to 
GFRα4. The signal is then delivered by RET, which cannot bind the GFLs on its own, 
but can bind the GFL-GFRα complex. Under normal cellular conditions, RET is only 
phosphorylated on the cell surface after ligand binding. At least the GDNF-GFRα1 
complex is believed to recruit RET to lipid rafts, where downstream signalling occurs. 

In general, GFRαs consist of three cysteine-rich domains, but all GFRα4s except 
for chicken GFRα4 lack domain 1 (D1). We characterised the biochemical and 
cell biological properties of mouse PSPN receptor GFRα4 and showed that it has a 
signifi cantly weaker capacity than GFRα1 to recruit RET to the lipid rafts. In spite of 
that, it can phosphorylate RET in the presence of PSPN and contribute to neuronal 
differentiation and survival. Therefore, the recruitment of RET to the lipid rafts does not 
seem to be crucial for the biological activity of all GFRα receptors.

Secondly, we demonstrated that GFRα1 D1 stabilises the GDNF-GFRα1 complex 
and thus affects the phosphorylation of RET and contributes to the biological activity. 
This may be important in physiological conditions, where the concentration of the ligand 
or the soluble GFRα1 receptor is low. Our results also suggest a role for D1 in heparin 
binding and, consequently, in the biodistribution of released GFRα1 or in the formation 
of the GFL-GFRα-RET complex.

We also presented the crystallographic structure of GDNF in the complex with 
GFRα1 domains 2 and 3. The structure differs from the previously published ARTN-
GFRα3 structure in three signifi cant ways. The biochemical data verify the structure 
and reveal residues participating in the interactions between GFRα1 and GDNF, and 
preliminarily also between GFRα1 and RET and heparin. 

Finally, we showed that, the precursor of the oncogenic MEN 2B (multiple endocrine 
neoplasia type 2) form of RET gets phosphorylated already during its synthesis in the 
endoplasmic reticulum (ER). We also demonstrated that it associates with Src homology 
2 domain-containing protein (SHC) and growth factor receptor-bound protein (GRB2) in 
the ER, and has the capacity to activate several downstream signalling molecules.
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Neurotrophic factors inside 1. 
and outside of the nervous 
system

The development and maintenance of the 
nervous system is regulated by a great 
variety of molecules, including small 
secretory proteins called neurotrophic 
factors. The fi rst growth factor that was 
shown to stimulate growth and support 
the survival of neurons was the nerve 
growth factor NGF (Levi-Montalcini and 
Hamburger, 1951, Cohen et al., 1954). 
Subsequently, several other factors 
(discussed below) that can regulate 
survival and differentiation of nerve cells 
have been identifi ed. Some of these growth 
factors are also active in non-neuronal 
tissues. Because of the therapeutic 
potential of growth factors, the field of 
neurotrophic factor research has expanded 
fast.

In the early stages of nervous system 
development, more neurons are produced 
than are present in an adult individual. 
In normal development, during a period 
of programmed cell death, a significant 
part of developing neurons will die. This 
process seems to give adaptability to 
the nervous system: When an excess of 
neurons is produced, they are available 
for adaptive use during neuronal 
development (reviewed in Oppenheim, 
1991). The originally presented target-
derived neurotrophic factor hypothesis 
(Thoenen and Barde, 1980) suggested 
that the survival of each population of 
neurons strongly depends on a single 
neurotrophic factor supplied by its target 
fi eld and, without this factor, the neurons 
die by default. According to this model, 
neurotrophic factors are synthesised in 
limiting amounts so that only the required 

number of neurons have suffi cient access 
to the neurotrophic factor support to 
survive. Later, it has been recognised 
that, for many neuronal populations, 
the survival effect is regulated by a co-
operation of many neurotrophic factors 
(reviewed in Davies, 1996).

Most trophic factors in the central 
nervous system can be grouped into 
families based on their structural 
homology. The families of neurotrophins, 
neurokines and glial cell line-derived 
neurotrophic factor (GDNF) family 
ligands (GFLs) are named and classifi ed 
as neurotrophic factor families because 
their fi rst described and most prominent 
effects were neurotrophic. However, 
members of these families have later been 
shown to have important functions also 
outside of the nervous system. Moreover, 
several other factors classifi ed as merely 
growth factors have been shown to have 
also neurotrophic effects.

All  in al l ,  the concept of a 
neurotrophic factor is very obscure. 
First, some inorganic molecules can 
promote the survival of neurons: e.g. 
high potassium concentrations support 
the survival of chick sympathetic neurons 
(Por and Huttner, 1984), so it has to be 
decided whether the term neurotrophic 
factor can be used for any molecule or 
only proteins or peptides. Mitsumoto and 
Tsuzaka propose in their review (1999) 
that “neurotrophic factors are signalling 
proteins that enhance neuronal survival, 
maintenance and differentiation, but 
they also can increase neurite growth 
and neurotransmitter production”. This, 
however, leaves space for discussion of 
whether a factor should contribute to all 
of these functions in order to be defi ned 
as neurotrophic, or whether promoting 
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one of them is enough. One question is 
also whether a neurotrophic factor has 
to be a protein secreted by other cells, or 
whether it can function within the same 
cell, or, for example, from the surface of a 
neighbouring cell.

Another set of criteria to define a 
neurotrophic factor by Barde (1988) 
includes four requirements: in order to be 
defi ned as a neurotrophic factor, a molecule 
must 1) keep alive vertebrate neurons that 
would die in the absence of the factor, 2) 
be present in the biologically active form, 
synthesised and secreted from the target 
tissue of those neurons that will be saved, 
3) be present in the target tissue in very 
small amounts and support the survival of 
a specifi c and limited set of neurons and 
4) affect the development or maintenance 
of neurons in vivo. In conclusion, the 
current view seems to be that the minimal 
requirements of a neurotrophic factor are 
that the factor is secreted from the target 
tissue of the neurons and has the ability 
to support the survival of a certain neuron 
population in vivo.

Classifi cation of neurotrophic 1.1 
factors

There are currently four main families 
of growth factors that, according to the 
classical view, are specifi c to the nervous 
system: neurotrophins, neurokines, the 
MANF (mesencephalic astrocyte-derived 
neurotrophic factor) family and GFLs. The 
classification is based on the homology 
in the amino acid sequences and the 
structures of the neurotrophic factors.

Neurotrophins and GFLs belong 
to a large superfamily of cysteine-knot 
growth factors, which also includes e.g. 
the transforming growth factor β (TGF-β) 
family of growth factors, human chorionic 
gonadotropin, platelet-derived growth 

factors and vascular endothelial growth 
factors (Butte 2001). All the members 
of this family contain a cystine knot that 
consists of three disulfide bonds. The 
neurotrophins form a non-covalently 
linked head-to-head dimer, whereas 
the monomers of GDNF and its family 
members are arranged head-to-toe and 
covalently linked by a disulfide bond. 
The three-dimensional structures of these 
factors are surprisingly similar in spite of 
their quite different amino acid sequences 
(Butte 2001). The structure of GFLs will 
be discussed in more detail later in this 
thesis.

Ciliary neurotrophic factor (CNTF) 
and most other neurokines are not cysteine-
knot proteins, but consist of four helices 
forming a bundle. In the original crystal 
structure (McDonald et al., 1995), CNTF 
seemed to be a dimer, but the authors note 
that this might be a crystallisation artefact. 
Later, it has been shown that CNTF exists 
primarily as a monomer, but significant 
dimer formation occurs at high protein 
concentrations (Narhi et al., 1997). MANF 
family members MANF and CDNF 
(conserved dopamine neurotrophic factor) 
are secreted proteins with eight conserved 
cysteine residues. The crystal structures 
of both MANF and CDNF were solved 
very recently and they do not resemble 
the structure of any known growth factor. 
In both proteins the N-terminal domain 
is a saposin-like lipid-binding domain 
and the C-terminal domain contains a 
CKGC disulphide bridge like reductases 
and disulphide isomerases (Parkash et al., 
2009).

Neurotrophins1.1.1 

The mammalian neurotrophin family 
includes nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), 
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neurotrophin-3 (NT-3) and neurotrophin-
4/5 (NT-4/5). Neurotrophin signalling 
is critically involved in the development 
of the brain and nervous system, but 
neurotrophins also play a role at least in 
retinal, cochlear and heart development 
(Frade et al., 1999, Fritzsch et al., 1997, 
Tessarollo et al., 1997). Moreover, 
neurotrophins, and BDNF in particular, 
are essential in the maintenance and 
plasticity of the adult neurons and their 
connections (reviewed in Chao, 2003, 
McAllister et al., 1999 and Lykissas et al., 
2007). Neurotrophins are synthesised as 
large precursors, which are then processed 
to yield the pro-forms of neurotrophins 
and ultimately, the mature, neurotrophic 
proteins. The mature neurotrophins have 
a molecular weight of ~12-13 kDa and 
share about 50 % homology (Butte et al., 
2001). Interestingly, pro-forms of some 
neurotrophins have been found to have 
very different functions from the mature 
forms (Lee et al., 2001, Teng et al., 
2005). 

Neurokines1.1.2 

Neurokines, also called neuropoietic 
cytokines, or the CNTF-family, according 
to its best-characterised member, are small 
molecules that are structurally similar 
to cytokines and signal using common 
cytokine receptor components. CNTF was 
originally described as a growth factor that 
supports the survival of parasympathetic 
neurons from the chick ciliary ganglia 
(Adler et al., 1979). Later, it has been 
found to have trophic and differentiating 
effects on different types of peripheral 
and central neurons and glia, but most 
prominently it affects the survival of 
motoneurons (reviewed in Vergara and 
Ramirez, 2004). In addition to CNTF, 
well-known members of this family are 

interleukin 6 (IL-6), cardiotrophin 1 and 2, 
and leukaemia inhibitory factor (LIF). The 
actions of these cytokine family members 
on neurons are similar to CNTF’s effects 
in some cases, but have much broader 
actions throughout the rest of the body (Ip 
and Yancopoulos, 1996).

MANF family1.1.3 

The very recently found MANF family 
consists of MANF, which is originally 
known as ARMET (arginine-rich, mutated 
in early stage tumours), and a homologous 
protein, CDNF (Shridhar et al., 1996, 
Petrova et al., 2003, Lindholm et al., 
2007). MANF was described recently as 
a survival promoting factor for embryonic 
midbrain dopaminergic neurons in vitro 
(Petrova et al., 2003), and it is expressed 
widely in both the nervous system and 
non-neuronal tissues (Lindholm et al., 
2008). CDNF has been shown to function 
as a trophic factor for dopamine neurons 
in vivo and is expressed in the adult mouse 
heart, skeletal muscle and testis as well as 
in several neuronal cell types (Lindholm 
et al., 2007). In addition, CDNF and 
MANF have been suggested to inhibit ER 
stress-induced cell death (Apostolou et al., 
2008, Parkash et al., 2009). The receptors 
for MANF and CDNF are still unknown. 
Mammalian MANF and CDNF have an 
invertebrate homologue in Drosophila 
melanogaster, where this protein regulates 
the development of dopamine neurons 
(Palgi et al., 2009).

GDNF and its family ligands1.1.4 

GFL family members GDNF, neurturin 
(NRTN), artemin (ARTN) and persephin 
(PSPN) belong to the TGF-β superfamily 
and are involved in the development, 
differentiation and maintenance of 
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many neuron types (Airaksinen et al., 
1999). GDNF was first described as a 
neurotrophic factor that promotes the 
survival of midbrain dopaminergic neurons 
in vitro (Lin et al., 1993). This finding 
raised substantial interest because the 
symptomatic phases of Parkinson’s disease 
(PD) are characterised by degeneration 
of dopaminergic neurons in the midbrain 
which innervate the striatum (German et 
al., 1992).

Later, GDNF has been found to 
be a potent trophic factor for spinal 
motoneurons (Henderson et al., 1994) and 
for central noradrenergic neurons (Arenas 
et al., 1995), and to play a critical role 
also outside the nervous system, e.g. in 
kidney development and spermatogenesis 
(Moore et al., 1996, Pichel et al., 1996, 
Sánchez et al., 1996, Meng et al., 2000). 
GDNF is expressed widely in the central 
and peripheral nervous system (Schaar et 
al., 1993, Strömberg et al., 1993, Golden 
et al., 1998), but also in a variety of other 
tissues and cell types (Trupp et al., 1995, 
Suvanto et al., 1996, Golden et al., 1999)

The most common isoform of 
GDNF is synthesised as a 211 amino 
acid precursor form, whereas the mature, 
secreted form consists of only 134 amino 
acids and has a molecular weight of ~20 
kDa (Lin et al., 1993) (Figure 1). Both the 
secretion and proteolytic processing of 
GDNF are, however, quite poorly known. 
The precursors of some other neurotrophic 
factors, for example proNGF, have been 
shown to have other biological functions 
than the mature factors (Lee et al., 2001), 
so it can be speculated that also proGDNF 
and other proGFLs could have unexpected 
roles (Airaksinen and Saarma, 2002).

As is the case with a number of 
other neurotrophic factors, GDNF binds 
strongly to heparin (Lin et al., 1994, 
Alfano et al., 2007), which is thought to 

retain GDNF close to its site of secretion 
within the tissue, and thus raise its local 
concentration. At low concentrations, 
heparin protects GDNF from proteolytic 
modifi cation by an endoprotease (Rickard 
et al., 2003). Heparan sulphates, which 
are structurally related to heparin, are 
widely distributed on cell surfaces and 
in the extracellular matrix, and it has 
been claimed that GDNF signalling 
requires cell surface heparan sulphate 
glycosaminoglycans (Barnett et al., 2002, 
Davies et al., 2003). Davies et al. (2003) 
also report that low concentrations of 
exogenous heparin can block the neurite 
outgrowth induced in PC12 cells by 
GDNF and soluble GDNF family receptor 
α1 (GFRα1) protein. Similar results are 
reported by Ai et al. (2007), showing 
also that the activity of Sulfs, heparan 
sulphate modifying enzymes, decreases 
GDNF binding to heparan sulphates, 

promoting GDNF signalling. On the other 
hand, exogenous heparin has been shown 
to promote the activity of GDNF in the 
induction of tyrosine hydroxylase (TH) 
gene expression in neuroblastoma cells 
(Tanaka et al., 2002). Therefore, the role 
of heparan sulphates in GDNF signalling 
remains unclear. 

Neurturin

NRTN is structurally related to GDNF, 
and its mature form shows 42 % sequence 
similarity with it. NRTN was fi rst isolated 
on the basis of its ability to support 
the survival of sympathetic neurons in 
culture (Kotzbauer et al., 1996), and, like 
GDNF, it has been shown to promote 
the survival of dopaminergic neurons 
(Horger et al., 1998). Therefore, trials 
to protect dopaminergic neurons from 
extensive cell death have been carried out 
in various models of progressive PD, with 
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variable results (Rosenblad et al., 1999, 
Oiwa et al., 2002, Ceregene Press release 
26.11.2008).

NRTN has also been shown to support 
survival and proliferation of several other 
neuron populations in the central and 
peripheral nervous system (Kotzbauer et 
al., 1996, Klein et al., 1997, Heuckeroth 
et al., 1998, Rossi et al., 1999, Golden 
et al., 2003). Most importantly, NRTN 
regulates the development of most of 
the parasympathetic neurons (Rossi et 
al., 1999). In addition, NRTN promotes 
epithelial branching, can induce branch 
initiation in developing kidney (Davies 
et al., 1999), directs liver bud migration 
(Tatsumi et al., 2007) and contributes to 
retinal function (Brantley et al., 2008). 
The prominent expression of NRTN in the 
gut, prostate, testicle and oviduct of adult 
mice also suggest some functions in these 
tissues (Golden et al., 1999).

The pre-pro-form of NRTN consists 
of 195 amino acids and it is cleaved to 
generate a 100 residue mature protein, 
which has a molecular mass of ~12 kDa 
(Kotzbauer et al., 1996) (Figure 1). 
Mature NRTN has also been shown to 
bind heparin, even with a higher affi nity 
than GDNF (Alfano et al., 2007).

Artemin

Artemin is a survival and growth factor 
for sympathetic and sensory neurons in 
vitro (Baloh et al., 1998, Enomoto et al., 
2001), and a potent neuroprotective factor 
for the rodent nigrostriatal DA neurons in 
vivo (Rosenblad et al., 2000). The ARTN 
sequence is more similar to the NRTN 
and PSPN sequences than to the GDNF 
sequence (Baloh et al. 1998). ARTN 
mRNA is expressed in brain and various 
other tissues, but the expression levels 
are highest in peripheral tissues including 

prostate, placenta, pancreas, heart and 
kidney (Masure et al., 1999). ARTN has 
been found to regulate sensory function 
(Wang et al., 2008) and is therefore being 
considered for the treatment of chronic 
pain (Gardell et al., 2003).

Like GDNF and NRTN, ARTN is also 
synthesised as a pre-pro-form which is 
processed to form a mature 113 amino acid 
protein with a molecular weight of ~12 
kDa (Figure 1). Like GDNF and NRTN, 
ARTN has also been found to strongly 
bind heparin (Alfano et al., 2007).

Persephin

Persephin is related to other GFLs and 
shows about 40 % sequence identity to 
GDNF and NRTN. PSPN promotes the 
survival of ventral midbrain dopaminergic 
neurons in culture, supports the survival 
of motor neurons in culture and in vivo 
after sciatic nerve axotomy and, like 
GDNF, promotes ureteric bud branching 
in vitro (Milbrandt et al., 1998, Åkerud 
et al., 2002). Moreover, PSPN promotes 
the survival of embryonic basal forebrain 
cholinergic neurons in vitro (Golden et 
al., 2003). However, PSPN has not been 
found to support any peripheral neurons 
that have been examined. The expression 
of PSPN seems to be quite wide, but the 
detected mRNA levels are very low in 
most tissues (Milbrandt et al., 1998, Jaszai 
et al., 1998, Lindfors et al., 2006).

In addition, PSPN has been shown to 
promote both survival and neuritogenesis 
of midbrain dopamine neurons and thus 
it has been suggested that PSPN, like 
GDNF and NRTN, might have therapeutic 
potential in the treatment of Parkinson’s 
disease (Åkerud et al., 2002). In addition, 
future therapeutic approaches may involve 
the use of PSPN in the treatment of stroke 
(Tomac et al., 2002). 
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The pre-pro-form of PSPN is 156 
amino acids long and is cleaved to 
produce a 96 amino acids long mature 
protein with a molecular weight of 
10-12 kDa (Milbrandt et al., 1998) 
(Figure 1). Differently from other GFLs, 
PSPN is not able to bind to heparin and 
heparan sulphates (M. Bespalov, personal 
communication).

2.  Neurotrophic factor receptors

Receptors are proteins that bind their 
specifi c ligands and mediate the ligand’s 
messages of growth, differentiation, 
apoptosis or other functions. According 
to the target-derived neurotrophic factor 
hypothesis, neurotrophic factors are 
synthesised in limiting amounts so that 
only a limited number of neurons can 

Review of the literature

Figure 1. Sequence alignment of the GFLs. GDNF, ARTN and PSPN sequences are rat 
sequences and NRTN is the mouse sequence (rat NRTN sequence is not available). Regions with 
high degree of sequence similarity are shown bold (according to MultAlin based on the algorithm 
described in Corpet, 1988). Structural and functional properties are highlighted as follows:  
Single underline; α-helix according to the crystal structure from Eigenbrot and Gerber, 1997 
(GDNF) and Silvian et al., 2006 (ARTN). Double underline; heparin binding sequence/residue 
according to the experimental data from Alfano et al., 2007 (GDNF) and Silvian et al., 2006 
(ARTN). Purple; cysteine residue thought to participate in the intramolecular cysteine bridges. 
Green; signal peptide (according to Uniprot). Blue; propeptide (according to Uniprot). Pink; 
residues interacting with GFRα according to Wang et al., 2006 (ARTN) and IV (GDNF).

GDNF    MKLWDVVA V--CLVLLHT ASAFPLPAGK RLLEAPAEDH SLGHRRVPFA 
NRTN                  MRRWK AAALVSLICS SLLS--VWMC QEGLLLGHRL 
ARTN  MELGLGEPTA LSHCLRPRWQ PALWPTLAAL ALLSSVTEAS LDPMSRSPAS 
PSPN

GDNF  LTSDSNMPED YPDQFDDVMD FIQATIKRLK RSPDKQAAAL PRRERNRQA- 
NRTN  GPALAPLRRP PRTL--DARI ARLAQYRALL ------QGAP DAVELRELSP 
ARTN  RDVPSPVLAP PTDYLPGGHT AHLCSERALR PPPQSPQPAP PPPGPALQSP 
PSPN           M AAGRLRILFL LLLSLHLGLG WVLDLQEA-- PAADELSSGK 

GDNF  -AAASPENSR GKGRRGQRGK N---RGCVLT AIHLNVTDLG LGYETKEELI
NRTN  WAARIPGPRR RAGPRRRRAR P-GARPCGLR ELEVRVSELG LGYTSDETVL
ARTN  PAALRGARAA RAGTRSSRAR ATDARGCRLR SQLVPVSALG LGHSSDELIR
PSPN  MAETGRTWKP HQGNNNVRLP RALPGLCRLW SLTLPVAELG LGYASEEKII

GDNF FRYCSGSC-E AAETMYDKIL KNLSRSRRLT ----SDKVGQ ACCRPVAFDDDD
NRTN FRYCAGAC-E AAIRIYDLGL RRLRQRRRVR R---ERARAH PCCRPTAYED
ARTN FRFCSGSC-R RARSPHDLSL ASLLDAGALR SPPGSRPISQ PCCRPTRYE-
PSPN FRYCAGSCPQ EVRTQHSLVL ARLRGQGRAH --------GR PCCQPTSYAD

GDNF  DLSFLDDSLV YHILRKHSAK RCGCI
NRTN  EVSFLDVHSR YHTLQELSAR ECACV
ARTN  AVSFMDVNST WRTVDHLSAT ACGCLG
PSPN  -VTFLDDHHH WQQLPQLSAA ACGCGG
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get enough of the neurotrophic factor 
support to survive. To avoid programmed 
cell death, neurons have to compete for 
the scarce quantities of trophic factors. 
Therefore, it is crucial that neurons express 
receptors that bind neurotrophic factors 
with high affi nity and specifi city.

2.1  Receptors of neurotrophins

The majori ty of  t rophic act ions 
of neurotrophins are mediated by 
tropomyosin-related kinase (Trk)-type 
tyrosine kinase receptors: NGF signals 
via the TrkA receptors, BDNF and NT-
4/5 signal via the TrkB receptors, and 
NT-3 signals via the TrkC receptors (Chao 
and Hempstead, 1995). Trk receptors are 
transmembrane proteins that span the 
membrane once and contain a heavily 
glycosylated extracellular domain, as 
well as a cytoplasmic domain consisting 
of a tyrosine kinase (TK) domain. The 
extracellular domain of each of the Trk 
receptors consists of a cysteine-rich 
cluster followed by three leucine-rich 
repeats, another cysteine-rich cluster 
and two immunoglobulin-like domains. 
These domains determine principally the 
affi nity and specifi city of binding of the 
neurotrophin (Pérez et al., 1995, Urfer et 
al., 1995, Ultsch et al., 1999).

Upon ligand binding, the tyrosines 
residing in the autoregulatory loop 
of Trk receptor TK domain become 
phosphorylated. This further leads to the 
phosphorylation and activation of the 
other intracellular tyrosine residues. The 
phosphorylated tyrosines function as 
docking sites for a number of cytoplasmic 
adaptor proteins, leading to the activation 
of various intracellular signalling 
cascades important for neuronal survival, 
differentiation and plasticity (reviewed by 
Reichardt, 2006). Intracellularly truncated 

forms, and thus catalytically inactive forms 
of TrkB and TrkC receptors, also exist. 
Many of the functions of these receptors 
are unknown, but they might spatially 
restrict the actions of neurotrophins 
(neurotrophin scavengers) and inhibit Trk 
receptor signalling (dominant negative 
action) (Eide et al., 1996, Haapasalo et al., 
2001). 

Each neurotrophin is also capable 
of interacting with the low affinity p75 
receptor, which belongs to the tumour 
necrosis factor receptor superfamily 
(TNFR) (Chao and Hempstead, 1995). 
The p75 receptor is widely expressed 
in the developing central and peripheral 
nervous system during the period of 
synaptogenesis and developmental cell 
death (Davies, 1991). The p75 receptor 
is a type I transmembrane protein with 
a molecular weight of ~75 kDa and 
consists of an extracellular domain that 
includes four cysteine-rich motifs, a single 
transmembrane domain and a cytoplasmic 
domain. The intracellular domain of p75 
lacks catalytic activity, but contains a 
death domain motif similar to those found 
in other members of the TNFR family 
and their downstream targets (Liepinsh 
et al., 1997, He and Garcia 2004). One 
established function of p75 is indeed to 
promote cell death (Hempstead, 2002, 
Miller and Kaplan, 2001). However, 
TrkA-induced survival signalling protects 
neurons from p75-mediated developmental 
cell death (Majdan et al . ,  2001). 
Depending on the cellular context, the p75 
receptors can also modulate the signalling 
of Trk receptors (Hempstead et al., 1991, 
Bibel et al., 1999, Esposito et al., 2001) or 
promote either atrophic or trophic cellular 
actions (Blöchl and Blöchl, 2007).

The p75 receptor-mediated cellular 
responses to mature neurotrophins are 
generally weak, but, interestingly, pro-
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neurotrophins preferentially activate 
p75 receptors and thereby produce very 
different changes on neuronal functions 
compared to the mature neurotrophins 
(Lee et al., 2001, Teng et al., 2005). The 
authors in the study by Lee et al. (2001) 
stated that proNGF binds to p75 with 
a higher affinity than the mature NGF. 
However, Nykjaer et al. (2004) showed 
that actually the lack of processing reduces 
the affi nity of proNGF for both p75 and 
TrkA, but increases the affi nity for a p75 
co-receptor, sortilin. Thus, sortilin and p75 
co-operate in mediating proNGF-induced 
cell death. Like p75-defi cient mice, sortilin 
1-defi cient mice show reduced neuronal 
apoptosis (Jansen et al., 2007). 

In contrast, the binding of mature 
NGF to p75 and TrkA is not signifi cantly 
affected by sortilin (Nykjaer et al., 
2004). Later, it has also been shown that 
proBDNF is secreted from mouse neurons 
(Yang et al., 2009) and it binds to a 
receptor complex formed by p75/sortilin 
leading to apoptosis (Teng et al., 2005).

Neurotrophins bind as dimers to 
p75 receptors and Trk receptor family 
members. He and Garcia (2004) have 
reported that NGF binding to p75 results 
in a conformational change in NGF that 
alters the structure of the opposite side of 
the NGF dimer, preventing the binding of 
one NGF dimer to another p75 monomer. 
However, in another study (Aurikko et al., 
2005), the p75/NGF complex was found 
to have a 2:2 stoichiometry. The authors 
of this study propose the discrepancy to be 
due to the absence of glycosylation of p75 
in He and Garcia (2004). 

2.2  Receptors of neurokines

CNTF, LIF, IL-6 and many other cytokines 
belong to a family called interleukin-6-
type cytokines. Members of this family 

bind to receptors that can be classified 
in the non-signalling α-receptors – IL-6 
receptor α, IL-11 receptor α, and CNTF 
receptor α – and the signal transducing 
receptors – glycoprotein 130 (gp130), 
LIF receptor (LIFR), and oncostatin M 
receptor (OSMR). The signal transducing 
receptors become tyrosine phosphorylated 
in response to cytokine stimulation and 
mediate the signal into the cell (Davis 
et al., 1993a). Each of the IL-6-type 
cytokines recruits by ligand binding at 
least one gp130.

IL-6, IL-11 and CNTF first bind 
specifi cally to their respective α receptors. 
This binding induces the recruitment 
of two signalling receptors that are not 
associated at the cell surface before 
binding to the ligand–α receptor complex 
(Vergara and Ramirez, 2004). IL-6 and 
IL-11 signal through gp130 homodimers, 
whereas other IL-6 type cytokines signal 
through heterodimers of gp130 and LIFR, 
or gp130 and OSMR. LIF and oncostatin 
M bind their signalling receptors directly 
without an α receptor (Heinrich et al., 
2003). Upon binding of the ligand, 
the intracellular domains of signalling 
receptors become associated with a variety 
of signalling molecules, for example JAK 
(Janus kinase) tyrosine kinase family 
members, and activate them. 

Non-signalling receptors, described 
above, are homologous and thus form a 
family of cytokine receptor family type 
1. The extracellular region of members of 
this receptor family contains combinations 
of cytokine domains, fibronectin III-
like domains and, in some cases, also 
immunoglobulin-like domains. All 
these cytokine receptors have a single 
22–28 amino acid transmembrane 
domain and an intracellular domain, 
except for CNTF receptor (CNTFRα) 
(Vergara and Ramirez, 2004). CNTF 
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receptor is anchored to the membrane by 
a glycosylphosphatidylinositol (GPI)-
anchor. Due to its GPI-linkage, it can be 
cleaved by phosphatidylinositol-specifi c 
phospholipase C (PI-PLC) to produce 
a soluble and functional form of the 
receptor (Davis et al., 1993b). Soluble 
forms of other cytokine receptors can be 
produced by alternative splicing or limited 
proteolysis of membrane bound proteins 
(Rose-John and Heinrich 1994).

2.3  Receptors of GDNF family 
ligands

The best-known GFL signalling happens 
through a tetrameric receptor complex, 
which includes two GFRα molecules and 
two RET (rearranged during transfection) 
receptor tyrosine kinases (Takahashi et al., 
1985, Durbec et al., 1996a, Trupp et al., 
1996). In this model of GFL signalling, 
GPI-anchored receptors GFRα1-4 bind 
their ligands GDNF, NRTN, ARTN and 
PSPN, respectively, but cannot mediate 
the signal through the cell membrane. 
The signal is then delivered by the 
transmembrane receptor RET that cannot 
bind GFLs on its own, but can bind the 
GFRα/GFL complex (Figure 2).

In several cell and tissue types GFRαs 
are expressed at high levels, whereas RET 
is undetectable (Trupp et al., 1997, Golden 
et al., 1999). This enigma could in theory 
be explained by GFL signalling through 
GFRα alone, or in association with some 
other receptor than RET. An alternative 
possibility is that the receptor complexes 
would be formed between RET and GFRα 
receptor from adjacent cells, or that the 
GFL-responsive cells would express RET 
with the co-receptor supplied in a soluble 
form. There is indeed evidence that these 
signalling modes are used by GFLs: RET 
can be activated by GFRα1 molecules 

presented on the membrane of adjacent 
cells, which themselves do not express 
RET. Also released GFRα1 is capable of 
mediating GDNF signalling (Paratcha 
et al., 2001). When GFRα1 is present on 
both the cell surface and in a soluble form, 
it has been suggested that interactions 
between these forms of GFRα1 could act 
to potentiate the effects of GDNF (Worley 
et al., 2000). It has been shown that the 
neural cell adhesion molecule (NCAM) 
can function as a signalling receptor for 
GFLs (Paratcha et al., 2003). In addition, 
GDNF has been found to be able to 
signal through the Met receptor tyrosine 
kinase (Popsueva et al., 2003). It has 
also been shown that GFLs and GFRαs 
may have cellular functions independent 
of RET or NCAM, such as cell adhesion 
(Ledda et al., 2007), and regulation of 
differentiation and migration of cortical 
GABAergic neurons (Pozas and Ibáñez, 
2005). However, these RET-independent 
signalling mechanisms are still relatively 
poorly known and this thesis concentrates 
on GDNF signalling via RET. 

2.3.1 GFRα receptors

There are four different GFRα receptors: 
GFRα1 (Jing et al., 1996, Treanor et 
al., 1996), GFRα2 (Baloh et al., 1997, 
Buj-Bello et al., 1997, Jing et al., 1997, 
Klein et al., 1997, Suvanto et al., 1997), 
GFRα3 (Jing et al., 1997, Baloh et al., 
1998, Masure et al., 1998, Naveilhan et 
al., 1998, Nomoto et al., 1998, Trupp et 
al., 1998, Widenfalk et al., 1998, Worby 
et al., 1998) and GFRα4 (Thompson et 
al., 1998, Masure et al., 2000, Lindahl et 
al., 2000). The tissue expression pattern 
of GFRα receptors is very similar to their 
corresponding ligands, and each GFL 
seems to regulate the mRNA expression 
of its cognate co-receptor (Airaksinen 
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et al., 1999, Taraviras et al., 1999). 
GFL knockouts and their corresponding 
GFRα knockouts also show very similar 
phenotypes, which suggests a specific 
pairing in vivo (Airaksinen et al., 1999).

GFRα receptors are GPI-linked 
cell  surface proteins that lack a 
cytoplasmic domain capable of mediating 
transmembrane signalling. The length of 
the unprocessed form of rat GFRα1 is 468 
amino acids, of which the secretory and 
GPI-anchor mediating signals are removed 
(Jing et al., 1996) (Figure 3). In general, 
the lengths of all GFRα receptors are 
around 400 amino acids, and they contain 
three putative N-glycosylation sites. The 
predicted molecular weight of GFRα1 in 
the absence of glycosylation is about 47 
kDa (Jing et al., 1996).

Although GFL structures have striking 
resemblance to structures of several TGF-β 
family proteins (Daopin et al., 1993, 
Eigenbrot and Gerber, 1997, Silvian et 
al., 2006), GFRα receptors have very little 
in common with the receptors of TGF-β 
family members. GFRα receptors also 
lack many of the domains most commonly 

present in other receptors, such as leucine 
repeats, immunoglobulin-like domains, 
and fi bronectin-like domains (Scott and 
Ibáñez, 2001).

GFRα receptors are rich in cysteine 
with an unusual conserved spacing of 
these residues (Jing et al., 1996) (Figure 
3). In general, GFRα receptors consist 
of three homologous cysteine-rich 
domains (numbered 1-3 starting from 
the N-terminus). Domains 2 and 3 are 
located very closely, whereas domain 1 is 
separated from domain 2 by a quite long 
and flexible hinge region (Leppänen et 
al., 2004). Domains 2 and 3 are present 
in all GFRαs, but all GFRα4s except for 
chicken GFRα4 lack domain 1 (Lindahl et 
al., 2000, Masure et al., 2000, Lindahl et 
al., 2001).

GFRα receptors are initially linked 
to the plasma membrane from their 
C-terminus with GPI-anchors, but these 
anchors can be cleaved to generate 
soluble GFRαs. Soluble GFRα1 is 
able, together with GDNF, to induce 
RET phosphorylation in cells that do 
not express GFRα1 (Jing et al., 1996). 

Figure 2. Components of GFL–GFRα–RET complexes. GFL signalling happens through a 
tetrameric receptor complex, which includes two GPI-anchored GFRα molecules and two RET 
receptor tyrosine kinases. In the upper part of the fi gure only one RET and one GFRα receptor 
are shown. Each of the ligands binds preferentially one of the four GFRα receptors. The complete 
structure of the GFL2-GFRα2-RET2 complex has not been solved, but to illustrate the activated 
receptor complex, known and predicted structures of GFLs, GFRαs and RET have been used. 
Images of RET extracellular domain, NRTN, PSPN, and GFRα2 and GFRα4 are generated by 
homology modelling. NRTN and PSPN images are based on the GDNF crystal structure. GFRα1 
and GFRα3 models are based on the crystal structure of GFRα1 and the structure of the ARTN-
GFRα3 complex, respectively (Wang et al., 2006 and IV). RET cadherin-like domains (CLD, 
blue) and cysteine-rich domain (CRD, blue line) are modelled using E-cadherin and the laminin 
γ1 chain, respectively (Söding et al., 2005). RET intracellular domain models are based on the 
crystal structure of the RET kinase domain (Knowles et al., 2006). Calcium ions (yellow circle in 
the lower fi gure) are necessary for RET signalling. Modifi ed from Bespalov and Saarma, 2007.
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GFR 1              MFLATLYFA LPLLDLLMSA EVSGG-DRLD CVKASDQCLK
GFR 2   MILANAFCL FFFLDETLRS LASPSSPQGS ELHGWRPQVD CVRANELCAA 
GFR 3  MGLSWSPRPP LLMILLLVLS LWLPLGAGNS LATENRFVNS CTQARKKCEA 
GFR 4

GFR 1  EQSCSTKYRT LRQCVAGKET NFSLTSGLEA KDECRSAMEA LKQKSLYNCR
GFR 2  ESNCSSRYRT LRQCLAGRDR NTML-----A NKECQAALEV LQESPLYDCR 
GFR 3  NPACKAAYQH LGSCTSSLSR PLPLEESA-M SADCLEAAEQ LRNSSLIDCR 
GFR 4

GFR 1  CKRGMKKEKN CLRIYWSMYQ SL-QGNDLLE DSPYEPVNSR LSDIFRAVPF 
GFR 2  CKRGMKKELQ CLQIYWSIHL GLTEGEEFYE ASPYEPVTSR LSDIFRLASI 
GFR 3  CHRRMKHQAT CLDIYWTVHP ARSLGDYELD VSPYE----- --DTVTSKPW 
GFR 4                                               MAHCMESAL 

GFR 1  ISDVFQQVEH ISKGNNCLDA AKACNLDDTC KKYRSAYITP CTTSMS-NEV
GFR 2  FSGTGADPVV SAKSNHCLDA AKACNLNDNC KKLRSSYISI CNREISPTER
GFR 3  KMNLSKLNML KPDSDLCLKF AMLCTLHDKC DRLRKAYGEA CS-----GIR
GFR 4  LLLLLLGSAS FTDGNRCVDA AEACTADERC QQLRSEYVAR CLGRAAPGGR

GFR 1  -----CNRRK CHKALRQFFD KVPAKHSYGM LFCSC--RDI ACTERRRQTI
GFR 2  -----CNRRK CHKALRQFFD RVPSEYTYRM LFCSC--QDQ ACAERRRQTI
GFR 3  -----CQRHL CLAQLRSFFE KAAESHAQGL LLCPCAPEDA GCGERRRNTI
GFR 4  PGPGGCVRSR CRRALRRFFA RGPPALTHAL LFCGC--EGS ACAERRRQTF

GFR 1  VPVCSY--EE RERPNCLSLQ DSCKTNYICR SRLADFFTNC QPESRSVSNC
GFR 2  LPSCSY--ED KEKPNCLDLR SLCRTDHLCR SRLADFHANC RASYRTITSC 
GFR 3  APSCAL--PS -VTPNCLDLR SFCRADPLCR SRLMDFQTHC HP--MDILGT 
GFR 4  APACAFSGPG LVPPSCLEPL ERCERSRLCR PRLLAFQASC APAPGSRDRC 

GFR 1  LKENYADCLL AYSGLIGTVM TPNYVDSS-- SLSVAPWCDC SNSGNDLEDC
GFR 2  PADNYQACLG SYAGMIGFDM TPNYVDSNPT GIVVSPWCNC RGSGNMEEEC
GFR 3  CATEQSRCLR AYLGLIGTAM TPNFISKVNT TVALS--CTC RGSGNLQDEC
GFR 4  PEEGGPRCLR VYAGLIGTVV TPNYLDNV-- SARVAPWCGC AASGNRREEC

GFR 1  LKFLNFFKDN TCLKNAIQAF GNGSDVTMWQ PAPPVQTTTA TTTTAFRVKN 
GFR 2  EKFLKDFTEN PCLRNAIQAF GNGTDVNMSP KGPTFSATQA PRVEKTPSLP 
GFR 3  EQLERSFSQN PCLVEAIAAK MRFHRQLFSQ DWADSTFSVV QQQNSNPALR 
GFR 4  EAFRKLFTRN PCLDGAIQAF DSLQPSVLQD QTAGCCFPRV SWLYALTALA 

GFR 1  -KPLGPAGSE NEIPTHVLPP CANLQAQKLK SNVSGSTHLC LSDSDFGKDG 
GFR 2  -DDLSDSTS- --LGTSVITT CTSIQEQGLK ANNSKELSMC FTELTTNISP 
GFR 3  LQPRLPILSF SILPLILLQT LW
GFR 4  LQALL

GFR 1  LAGASSHITT KSMAAPPSCS LSSLPVLMLT ALAALLSVSL AETS 
GFR 2  GSKKVIKLYS GSCRARLSTA LTALPLLMVT LA
GFR 3
GFR 4
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In vivo soluble GFRα1 is released by 
enteric nervous system (ENS) neurons, 
neuronal cells, Schwann cells and injured 
sciatic nerve. It has been shown that RET 
stimulation by soluble GFRα1 potentiates 
downstream signalling, neurite outgrowth 
and neuronal survival (Paratcha et al., 
2001). It has also been suggested that 
alternative splicing could produce soluble 
GFRα4, but so far there is in vivo evidence 
only at mRNA level (Lindahl et al., 2001). 
However, there is evidence that soluble 
GFRα4 can associate in vitro with, and 
induce, phosphorylation of RET (Yang et 
al., 2007).

2.3.2 RET receptor tyrosine kinase

RET is a receptor tyrosine kinase (RTK) 
superfamily member that can function as a 
growth factor receptor or as an oncogenic 
protein. RET is expressed during vertebrate 
development in the developing excretory 
system, in the peripheral nervous system 
(PNS), and in motor and catecholaminergic 
neurons of the central nervous system 
(CNS) (Pachnis et al., 1993, Avantaggiato 
et al., 1994, Durbec et al., 1996b). In 
adult humans, RET is expressed at least in 
several neuronal cell types and chromaffi n 
cells of the adrenal medulla (Nakamura et 
al., 1994). In addition, RET is expressed 
in human tumours of neural crest origin 
(Santoro et al., 1990). RET dysfunction is 

connected to several congenital diseases, 
which will be discussed later in this thesis. 
It is also possible that RET can function 
in the absence of GDNF as a dependence 
receptor that induces apoptosis (Bordeaux 
et al., 2000) and thus, in some conditions, 
prevent tumour growth (Cañibano et al., 
2007).

Under normal circumstances, RET 
requires GPI-anchored co-receptors 
for ligand binding and activation. The 
current view is that RET is synthesised 
as a non-phosphorylated monomer, which 
can get into contact with its ligands and 
co-receptors only at the cell surface. 
RET harbours 12 putative N-linked 
glycosylation sites. The N-linked core 
glycosylation of RET takes place in the 
ER, and the molecular weight of RET 
initially increases from approximately 120 
kDa to 150 kDa (Takahashi et al., 1991). 
Further modification of glycosylation 
takes place in the Golgi apparatus and the 
molecular weight of mature RET is about 
170 kDa.

Due to alternative splicing of the 
RET primary transcript, RET is expressed 
as several isoforms (Tahira et al., 1990, 
Lorenzo et al., 1995, Ivanchuk et al., 
1997). The two best-studied and clearly 
most abundant isoforms differ in their 
C-termini. They share the fi rst N-terminal 
1063 amino acids, but the tail is different: 
The short isoform (RET9) has a C-terminal 
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Figure 3. Sequence alignment of the GFRαs. GFRα1 sequence is the rat sequence (used in this 
work) and GFRα2-4 sequences are mouse sequences (rat NRTN and rat ARTN sequences are 
not available). Regions of high degree of sequence similarity are shown in bold (according to 
MultAlin based on the algorithm described in Corpet, 1988). Structural and functional properties 
are highlighted as follows: Single underline; GFRα1 domain 1 (according to Leppänen et al., 
2004). Thick underline; GFRα1 domain 2 (according to the crystal structure, Leppänen et al., 
2004). Double underline; GFRα1 domain 3 (according to the crystal structure, Leppänen et 
al., 2004). Green; signal peptide (according to Uniprot). Blue; GPI-anchor signal sequence 
(according to Uniprot). Pink; residues interacting with GFL according to Wang et al., 2006 
(GFRα3) and IV (GFRα1).
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tail of nine amino acids and the whole 
protein consists thus of 1072 amino acids. 
The long isoform of RET (RET51) has a 
tail of 51 amino acids and it contains thus 
in total 1114 amino acids (Tahira et al., 
1990, Lorenzo et al, 1995). 

RET isoforms are differentially 
expressed in mouse embryos and in adult 
mice (Lee et al., 2003), and it has been 
shown by RT-PCR that in mouse tissues 
RET9 is predominantly expressed (Yoong 
et al., 2005). RET9 has been shown to be 
critical for the development of the mouse 
kidney and the enteric nervous system 
(de Graaff et al., 2001). On the other 
hand, RET51, but not RET9, is required 
for the metabolism and growth of mature 
rat sympathetic neurons (Tsui-Pierchala 
et al., 2002a) and may contribute more 
signifi cantly to the tumour development 
associated with multiple endocrine 
neoplasia 2 (MEN 2) than RET9 (Asai et 
al., 1996).

The biochemical differences which 
account for these functional differences 
between these isoforms are only partly 
known. Interestingly, Tyr1062, which is 
phosphorylated during the RET activation 
process and functions as an important 
docking site for adaptor proteins, is located 
right next to the last C-terminal residue 
that is common for both isoforms. It has 
indeed been suggested that the distinct 
activities of RET9 and RET51 result from 
the differential regulation of Y1062 by 
C-terminal fl anking sequences (Wong et 
al., 2005). In addition, RET51 also has 
two additional tyrosine residues, Tyr1090 
and Tyr1096, which may participate in 
signalling events. The two isoforms of 
RET interact differently with adapter 
proteins like Src homology 2 domain-
containing protein (SHC), growth factor 
receptor-bound protein 2 (GRB2) and 
Enigma (Lorenzo et al., 1997, Alberti et 

al., 1998, Borrello et al., 2002). Activated 
RET51 associates more strongly than 
RET9 with the ubiquitin ligase Cbl, which 
leads to faster turnover of RET51 (Scott et 
al., 2005).

3.  The GFL-GFRα-RET complex

The signal of GFLs is delivered into the 
cell by RET receptor tyrosine kinase, with 
the help of GFRαs that bind the GFL. 
These componets form the signalling 
complex on the cell surface. The GFL-
GFRα-RET complex is assumed to consist 
of a disulphide-linked GFL dimer and two 
GFRα molecules bound to two molecules 
of RET. According to the original model, 
the initial event of GDNF-GFRα-RET 
complex formation is the binding of 
dimeric GDNF to GFRα1, in either 
monomeric or dimeric form. The GDNF-
GFRα1 complex then interacts with 
two RET molecules, thereby inducing 
their homodimerisation and tyrosine 
autophosphorylation (Jing et al., 1996). It 
is believed that also other GFL members 
interact with their cognate co-receptors 
and activate RET in a similar manner to 
GDNF.

However, clear and direct evidence 
of the complex formation has not been 
established. It is possible that GFL and 
GFRα form together a binding surface for 
RET, or that the binding of GFL changes 
the conformation of GFRα, creating thus 
a binding site for RET. In these models, 
GFRα and RET would not bind each other 
without the presence of GFLs. On the 
other hand, it is possible that monomeric 
GFRα and monomeric RET form a pre-
associated complex to which GFLs can 
then bind. The formation of the complex 
could happen in three different ways 
(Figure 4): 1) GFL2 (GFL homodimer) 
binds fi rst to GFRα, this complex recruits 

Review of the literature



15

a second co-receptor, and the GFL2-
GFRα2 complex recruits two molecules 
of RET. Alternatively, after binding of 
GFL2 to GFRα, one molecule of RET is 
recruited, and then a second monomeric 
GFRα and RET are recruited to the GFL2-
GFRα-RET complex. 2) GFL2 binds to a 
pre-associated GFRα-RET heterodimer 
and recruits another GFRα-RET pair. 3) 
Upon GFL2 binding, a pre-associated 
GFRα2-RET2 het erotetramer undergoes a 
conformational change and gets activated.

Different views on the structure and 
kinetics of the GFL/GFRα/RET complex 
have been proposed on the basis of partially 
controversial results of the interactions 
between the complex members. Jing et al. 

(1996) proposed that RET is not involved 
in the initial binding of GDNF to the 
complex. However, it has been shown that 
these two components can be cross-linked 
in the presence of GFRα1, which indicates 
that these two molecules are at least in 
close proximity in the complex (Trupp et 
al., 1996, Amoresano et al., 2005). There 
is also evidence of pre-association between 
GFRα1 or GFRα2, and RET (Sanicola et 
al., 1997, Treanor et al., 1996). The fact 
that some GDNF mutants with impaired 
ability to interact with GFRα1 can still 
activate RET in the presence of GFRα1 
(Eketjäll et al., 1999) suggests that, either 
there is a preformed GFRα1/RET complex 
that has a higher affi nity to GDNF than 
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Figure 4. Putative mechanisms of GFL–GFRα–RET receptor complex activation. Only the 
extracellular parts of RET are shown. The cadherin-like domains (CLD) of RET are red and the 
cysteine-rich domain (CRD) is green. GFL2 is grey and GFRα receptor blue. The formation of 
the complex could happen in three different ways described in the text. The model of the GFL2-
GFRα2-RET2 complex shown in the lower part of the fi gure is loosely based on the results of 
Kjaer and Ibáñez, 2003, but also other models have been proposed. Modifi ed from Bespalov and 
Saarma, 2007.
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GFRα1 alone, or then RET just stabilises 
the GDNF/GFRα complex. In addition, 
Cik et al. (2000) found a high-affinity 
GDNF-binding site on GFRα1 only in the 
presence of RET. Yet Tansey et al. (2000) 
report that in their assays RET does not 
co-immunoprecipitate with GFRα co-
receptors in the absence of ligand.

Many receptor tyrosine kinases are 
activated when two receptor monomers 
are brought together and thus are subjected 
to transphosphorylation. However, in 
some biochemical and structural studies 
with dimerising receptors, it has been 
found that only part of the dimers have 
such conformations, that they can 
participate in trans-autophosphorylation 
and stimulation of downstream signalling 
proteins (Lemmon and Schlessinger, 
1994). Dimerisation is thus not always 
suffi cient for the activation. It is thought 
that receptor monomers are in equilibrium 
with receptor dimers and that active dimers 
exist even in the absence of ligand. Ligand 
binding to the extracellular domain of the 
receptor stabilises the formation of active 
dimers and consequently stimulation 
of downstream signalling molecules 
(Schlessinger 2000). This model has 
also been proposed for RET, with the 
addition of GFRα (Bespalov and Saarma, 
2007). In this model, the equilibrium 
is formed between monomers of RET 
and GFRα, inactive and active forms of 
RET dimers and inactive GFRα2-RET2 
heterotetramers. In addition to ligand 
binding, the equilibrium can be pushed 
towards the active dimers by increasing 
the receptor density on the cell surface. 
This model is supported by the finding 
that ligand-independent activation of RET 
occurs when RET is over-expressed, as is 
demonstrated in this study (III).

3.1    The structure of GFLs

GFLs belong to the cystine knot growth 
factor family based on their amino acid 
sequence and spatial structures (Lin et al., 
1993, Eigenbrot and Gerber, 1997, Silvian 
et al., 2006). The members of this family 
contain seven cysteine residues with the 
same relative spacing. The structures 
of GDNF and ARTN have been solved 
(Eigenbrot and Gerber, 1997, Silvian et 
al., 2006), but both lack the structure of 
the flexible N-terminus. In GDNF, this 
N-terminus is prominent and covers about 
1/4 of the total sequence. The analysis 
of these structures has demonstrated 
that, in spite of the low amino-acid 
sequence homology, GFLs resemble 
structurally members of the TGF-β 
superfamily. Moreover, the head-to-tail 
dimerisation, supported by an interchain 
disulphide bond, is similar to other TGF-β 
superfamily members.

The structure of both GDNF (Figure 
5) and ARTN contain the same basic 
elements. The monomer consists of a 
central well-ordered α-helix, the “wrist” 
or “heel” of the monomer, which is 
surrounded by flexible, less-ordered 
stretches. From these stretches start the 
two “fi ngers”, regions formed mainly of 
β-sheets. The N-terminal fi nger 1 contains 
two uninterrupted anti-parallel β-sheets, 
separated by a turn of 310-helix; the 
C-terminal fi nger 2 contains four β-sheets, 
interrupted by short stretches. The dimer 
arrangement is anti-parallel, which creates 
symmetry and suggests symmetric binding 
sites for a dimerised receptor (Eigenbrot 
and Gerber, 1997, Silvian et al., 2006). 
This is confi rmed by the GDNF2-GFRα12 
complex structure (IV).

However, there are some differences: 
the shape and possibly the fl exibility of 
the elongated homodimer differs. Unlike 

Review of the literature



17

GDNF, ordered segments in the pre-helix 
and post-helix stretches of ARTN increase 
the hinge angle between the “fi ngers” and 
“wrist” of each monomer (Silvian et al., 
2006). In addition, the pre-helix stretch 
of ARTN contains a positively charged 
heparin consensus sequence XBBXBX, 
where B is a basic residue and X is any 
residue. This region has been shown to 
contain the key heparin-binding residues 
in ARTN (Silvian et al., 2006). The same 
region in GDNF is negatively charged, but, 
in the post-helix region, there is a putative 
heparin-binding sequence SRSRRL (Lin et 
al., 1993, Silvian et al., 2006). Moreover, 
Alfano et al. (2007) have localised a 
heparin-binding region in the N-terminal 
part of GDNF (see Figure 1).

Mutagenesis has been performed on 
GDNF to determine its interfaces with RET 
and GFRα1 (Eketjäll et al., 1999, Baloh 
et al., 2000). Eketjäll et al. found four 
negatively charged (D52, E61, E62 and 
D116) and four hydrophobic residues (I64, 
L114, Y120 and I122) in GDNF which 

seem to be crucial for GFRα1 binding. In 
addition, they found some residues (such 
as E58, K60 and L118) where mutations 
caused smaller effects, and which may 
also participate in forming the interface. 
Baloh et al. (2000) identifi ed two critical 
regions in GDNF for the interaction with 
GFRα1 and one region critical for the 
alternate GDNF-GFRα2 interaction. The 
identified regions are not continuous in 
the primary sequence of GDNF, but, in the 
crystal structure, they are directly adjacent 
and located in the fi nger 2. Moreover, they 
identifi ed an additional region in the heel 
region that is critical for the NRTN-GFRα2 
and ARTN-GFRα3 interactions. 

3.2    The structure of GFRαs

The fi rst secondary structure predictions 
suggested that GFRαs are mainly α-helical 
and consist of three conserved cysteine-
rich domains that are joined together 
by less conserved adapter sequences 
(Airaksinen et al., 1999). Later Scott 
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Figure 5. The structure of a GDNF homodimer.  The crystal structure of each GDNF monomer 
(light blue and pink) contains residues 34-134. Fingers 1 and 2 and the N-terminal end of the 
structure (N) are marked in the fi gure. The tips of the fi ngers are predicted to be important in 
binding to GFRα1. The cystine knot (disulphide bridges shown in purple and yellow) is located 
in the centre of the homodimer. Figure kindly provided by Vimal Parkash.
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and Ibáñez (2001) proposed that the 
region containing domains 2 and 3 forms 
only one domain. They also mapped the 
ligand binding sites in GFRα receptors by 
analysing the ligand binding and signalling 
capacities of a variety of chimeric and 
truncated receptors. The major determinant 
of ligand binding was found in the central 
region of the GFRα receptors, which is 
the most conserved region. The authors 
suggested this region to comprise of four 
α-helices and two β-strands.

Two motifs, the hydrophobic triplet 
MLF in the fi rst predicted β-strand and the 
basic triplet RRR, were found to mediate 
the binding to GDNF, but not to RET. The 
N-terminal domain (domain 1) was found 
to be dispensable for both specifi c ligand 
binding and RET phosphorylation, and the 
authors speculated that it could possibly 
have a function in subcellular sorting or in 
the interaction with other transmembrane 
molecules (Scott and Ibáñez, 2001). In 
another study (Wang et al., 2004), residues 
N152, N153, R259, S316, N317 and 
S318 in the GFRα1 central region were 
found to be critical for GFRα1 binding to 
GDNF and eliciting downstream signal 
transduction.

The fi rst crystal structure of the domain 
3 (D3) of GFRα1 receptor revealed a 
novel protein fold (Leppänen et al., 2004). 
D3 forms a bundle of fi ve α-helices with 
fi ve disulphide bridges. Three helices (α1, 
α2 and α4) form a central spiral and the 
core of the bundle contains hydrophobic 
residues from these helices. The three 
most buried phenylalanines (F263, F328 
and F332) are highly conserved among 
mouse GFRα sequences (Lindahl et al., 
2000). Three hydrophobic patches that 
might be involved in interactions with 
other domains, GDNF, RET or other 
proteins were identifi ed in D3.

The structure of GFRα1 domain 3 was 
also used to model the homologous domain 
2 (D2) (Leppänen et al., 2004). This model 
suggested that D2 and D3 are clearly 
separate and D2 consists of fi ve α-helices, 
but has a more compact structure than D3 
(Figure 1). The surface of D2 was found 
to have two large positively charged areas. 
One of them is defi ned by R224, R225, 
R217, H207 and K150, and the second 
positively charged area is characterised 
by a potential heparin-binding motif 
BBBXBBXXB (residues 189–197).

A model of the GDNF-GFRα1 
interface was built using the D3 crystal 
structure, D2 model, and previous 
information about the interacting regions 
in GDNF and GFRα1 (Eketjäll et al., 1999, 
Scott and Ibáñez, 2001). This model served 
as a basis for a site-directed mutagenesis 
strategy and subsequent biochemical 
characterisation of the mutants. Four 
mutants with impaired GDNF-binding or 
effects on RET phosphorylation (F213A, 
R224A, R225A and I229A) were found 
(Leppänen et al., 2004). These residues 
were thus suggested to be located in the 
GFRα1-GDNF interface. In addition, one 
mutant (R217E) showed similar binding 
in the presence and absence of RET, 
which indicates that it may be involved 
in the allosteric properties of GFRα1 or 
in binding RET. This data confi rmed that 
the triplet RRR suggested by Scott and 
Ibáñez (2001) is indeed important, but of 
the hydrophobic MLF triplet, only F213 
interacts with GDNF. However, the results 
of this study (Leppänen et al., 2004) do 
not support the fi ndings of Wang et al., 
(2004).

Recently, the structure of ARTN 
complexed with its receptor GFRα3 
was published (Wang et al., 2006). The 
structural study was complemented with 
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biochemical assays. It was shown that 
D2 and D3 are separate, but together 
form a compact globular structure. Each 
domain consists of fi ve α helices (α1–α5 
for D2, α6–α10 for D3) that form one 
roughly triangular spiral in each domain. 
The interface between the two domains 
forms a large hydrophobic core where 
the residues involved in the hydrophobic 
interactions include L200, F204, L216, 
L217, L289, Y292, L293, I296, F304 and 
I345, which are highly conserved in all 
GFRα receptors. The disulphide pattern of 
D2 is similar to that of D3.

D3 does not form any contacts to the 
ligand, in contrast to the speculations in 
Leppänen et al. (2004). The interaction 
between ARTN and GFRα3 occurs so 
that the finger tips of ARTN insert into 
the pocket created by the triangular spiral 
of α-helices. 16 residues from ARTN 
and 19 residues from GFRα3 form the 
interface, which buries a total surface area 
of about 1500 Å2. ARTN-GFRα3 contact 
interface contains both apolar and polar 
residues that are conserved in GFLs and 
GFRα receptors (Wang et al., 2006). The 
authors suggest that these residues serve 
as the common anchor points in all GFL-
GFRα pairs, which are then surrounded 
by specifi city determinants unique to each 
GFL-GFRα pair.

Based on previous studies of the RET-
binding interface of GFRαs and conserved 
residues that are exposed on the surface 
of GFRαs, the authors propose that a 
surface of GFRα3 including residues from 
helices α2, α3, α7, α8, α9 and α10 (both 
from D2 and D3) forms part of the RET-
binding surface. This RET-binding surface 
would be located adjacent to the two 
fi ngers in ARTN, which could form part 
of the composite RET interaction surface. 
However, these predictions have not been 
confi rmed experimentally.

3.3    The structure of RET

In spite of several attempts, the complete 
crystal structure of RET has not been 
solved yet. However, the intracellular 
TK domain structure of both the non-
phosphorylated and phosphorylated 
forms is available (Knowles et al., 2006). 
According to a molecular modelling, 
mature RET comprises four cadherin-
like domains (residues 29-516), a 
cysteine-rich domain (residues 517-635), 
a transmembrane domain (residues 636-
657), a juxtamembrane domain (residues 
658-723), a kinase domain (residues 724-
1016), and a C-terminal tail (Anders et al., 
2001, Runeberg-Roos and Saarma, 2007) 
(see Figures 2 and 7B).

The domain structure of RET 
resembles that of other RTKs, but the 
extracellular domain is exceptional in that 
it consists of four cadherin-like domains 
(CLDs) (Anders et al., 2001). Cadherins 
need calcium for their function: bound 
calcium ions linearise and rigidify the 
molecule, promote dimerisation and 
protect the cadherin from proteolytic 
degradation (Nagar et al . ,  1996). 
Binding of calcium to RET  between each 
cadherin-like domain may also induce 
linearisation and rigidification of the 
whole extracellular region of RET, and 
promote its dimerisation (Anders et al., 
2001). Calcium has indeed been shown 
to be important for the correct folding 
of RET (van Weering et al., 1998) and 
its ligand-induced activation (Nozaki 
et al., 1998). It has been suggested that 
the three first N-terminal cadherin-
like domains of human RET contain an 
extended ligand binding surface and that 
the GFRα1 binding interface is located in 
the fi rst N-terminal cadherin-like domain 
(Kjaer and Ibáñez, 2003). However, in 
another study, it was found that CLD4 and 
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cysteine-rich domain (CRD) are required 
for binding of RET to GFRα1/GDNF, and 
RET did not get cross-linked to GDNF in 
the absence of GFRα1 (Amoresano et al., 
2005).

The cysteine-rich domain located next 
to the four cadherin-like domains consists 
of 117 amino acids of which 16 are 
cysteines. Of the total 28 cysteine residues 
that are present in the extracellular domain 
of RET, 27 are conserved in the human 
and mouse RET proteins (Takahashi et 
al., 1989), suggesting that most of these 
cysteine residues could be involved in the 
formation of intrachain disulfide bonds 
that contribute to the formation of the 
tertiary structure of the RET protein (Asai 
et al., 1995). In addition, the cysteine-rich 
domain has been suggested to participate 
in GFRα binding (Amoresano et al., 
2005).

The transmembrane domain of RET 
has been suggested to be involved in 
non-covalent interactions between two 
RET molecules, which may contribute 
to keeping receptor molecules in the 
proximity of each other and allow RET 
homodimers to be formed (Kjaer et al., 
2006). The intracellular juxtamembrane 
domain is located right between the cell 
membrane and the kinase domain. Thus it 
has not been expected to participate in RET 
signalling directly. However, one Tyr687 
in this part of RET has been shown to get 
phosphorylated in vitro (Liu et al., 1996) 
and both this tyrosine and Ser696, which 
functions as a protein kinase A binding 
site, are involved in the modulation of 
RET kinase activity by cyclic adenosine-
3’,5’-monophosphate (cAMP) (Fukuda 
et al., 2002). By studying S697A knock-
in mice it has been found that Ser697 
(Ser696 in human RET) is required for 
the migration of enteric neural crest cells 
in mouse developing gut and a S697A 

mutation leads to the absence of enteric 
nervous system in the distal colon (Asai et 
al., 2006).

Most of the intracellular part consists 
of the kinase domain, the structure of 
which has been recently solved (Knowles 
et al., 2006) (see also Figure 2). The RET 
kinase domain adopts a characteristic 
protein kinase fold consisting of a smaller 
N-lobe (residues 713-805) and a larger 
C-lobe (residues 812-1013), connected by 
a linker (residues 806-811). This domain is 
followed by a C-terminal tail, the length 
of which differs in different RET splice 
variants.

4. RET-dependent GFL-signalling

All GFLs signal through the receptor 
tyrosine kinase RET, which is activated 
only if the GFL binds a GFRα receptor. 
GDNF binds preferably to GFRα1, 
NRTN to GFRα2, ARTN to GFRα3 and 
PSPN to GFRα4. However, some cross-
talk between the ligands and receptors 
can occur, although its significance in 
vivo is not clear (Airaksinen and Saarma 
2002). Binding of GFL and GFRα to 
RET leads to phosphorylation of the 
intracellular tyrosine kinase domain of 
RET. Phosphorylated tyrosine residues 
then function as docking sites for various 
adapter proteins mentioned below, which 
in turn activate further signalling proteins 
belonging to cellular signalling cascades 
that regulate cell survival, differentiation, 
proliferation, migration, chemotaxis, 
branching morphogenesis,  neurite 
outgrowth and synaptic plasticity.

4.1 Activity of the RET kinase 
domain

RET has 18 intracellular tyrosine residues 
that form putative phosphorylation sites. In 
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a study, in which in vitro phosphorylation of 
RET was followed by mass spectrometric 
analysis, it was found that tyrosines 
806, 809, 900, 905, 981, 1062, 1090 and 
1096 (in human RET) are putative RET 
autophosphorylation sites (Kawamoto et 
al., 2004). In addition, Liu et al. (1996) 
have indentifi ed four additional in vitro 
tyrosine phosphorylation sites: Tyr687, 
Tyr826, Tyr1015 and Tyr1029. However, 
only fi ve tyrosines that are located in the 
kinase domain and C-terminal tail of RET 
(Tyr905, Tyr981, Tyr1015, Tyr1062 and 
Tyr1096) have – with the aid of specifi c 
antibodies – been shown to be activated by 
ligand-stimulation (Salvatore et al., 2000, 
Tsui-Pierchala et al., 2002a, Coulpier et 
al., 2002, Encinas et al., 2004).

Traditionally, the activity of the 
kinase domain of RET is believed to 
depend on a transphosphorylation reaction 
between two adjacent RET molecules. The 
majority of the previously characterised 
non-phosphorylated RTK forms have low 
catalytic activity because of a suboptimal 
conformation of a so called activation 
(A)-loop that interferes with either the 
ATP- or substrate-binding structures of 
RTKs (reviewed in Schlessinger, 2003). 
Phosphorylation of the A-loop causes 

structural changes that relieve this 
autoinhibition of kinase activity.

Comparison of the crystal structure 
of the kinase domain of phosphorylated 
and non-phosphorylated RET reveals 
that the three-dimensional structure 
of the kinase domain of RET does not 
depend significantly on the A-loop 

phosphorylation state (Knowles et al., 
2006). Moreover, enzyme kinetic data 
show that the tyrosine phosphorylated 
form of RET is only slightly more active 
than the non-phosphorylated form. The 
authors thus suggest that there could be 
some other inhibitory mechanism for the 

autoregulation of RET kinase activity 
(Knowles et al., 2006). However, in this 
study, RET was only phosphorylated 
on tyrosine residues, so the regulation 
may happen through serine/threonine 
phosphorylation.

4.2 Downstream signalling

Several signalling pathways are activated 
by GFL-stimulated RET (Figure 6). 
Of the phosphorylated tyrosines that 
form docking sites for adaptor proteins, 
phosphorylated Y1062 is a binding site 
for the largest variety of adaptor proteins. 
Phosphorylated Y1062 binds SHC (Asai 
et al., 1996, Arighi et al., 1997), FGF 
receptor substrate 2 (FRS2) (Kurokawa 
et al., 2001), insulin receptor substrate 1 
(IRS1) (Melillo et al., 2001), Dok1/4/5/6 
(Murakami et al., 2002, Grimm et al., 
2001, Crowder et al., 2004), Enigma 
(Durick et al., 1998) and protein kinase 
C α (PKCα) (Andreozzi et al., 2003). 
Y1062 has been shown to be important 
for the transforming ability of mutant RET 
(Asai et al., 1996) and for self-renewal of 
spermatogonial stem cells and regulation 
of their differentiation (Jijiwa et al., 
2008). 

Of other phosphotyrosines that 
function as docking sites for adaptor 
proteins, phosphorylated Y905 is a 
binding site for GRB 7/10 (Pandey et al., 
1995, Pandey et al., 1996), phosphorylated 
Y981 for Src (Encinas et al., 2004), 
phosphorylated Y1015 for phospholipase 
Cγ (PLCγ) (Borrello et al., 1996) and 
phosphorylated Y1096 for GRB2 
(Alberti et al., 1998). Moreover, it has 
been shown that the oncogenic multiple 
endocrine neoplasia (MEN) 2A form 
of RET activates signal transducer and 
activator of transcription 3 (STAT3) via 
Y752 and Y928 (Schuringa et al., 2001). 
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In addition to phosphorylated tyrosines, 
the elevation of cAMP levels causes 
Ser696 phosphorylation. This serine 
phosphorylation promotes lamellipodia 
formation of neuronal cells (Fukuda et 
al., 2002), regulates the c-Jun N-terminal 
kinase (JNK) signalling pathway and 
controls the migration of enteric neural 
crest cells in the developing gut (Asai et 
al., 2006).

Upon ligand stimulation, at least 
two distinct protein complexes assemble 
on phosphorylated Y1062 via SHC. 
The recruitment of GRB2/Sos (son of 
sevenless) leads to activation of the 
RAS/ERK (rat sarcoma oncogene/
extracellular signal-regulated kinase) 
pathway, while the recruitment of GRB2/
GAB1 (GRB2 associated binding protein 
1) leads to the activation of the PI3K 
(phosphatidylinositol-3-kinase)/AKT 

pathway, which has been shown to be 
involved in the formation of lamellipodia 
(van Weering et al., 1997) and cell 
survival (Maeda et al., 2004). The GRB2/
GAB1 complex can also assemble directly 
onto phosphorylated Tyr1096, offering 
an alternative route to PI3K activation by 
GDNF (Besset et al., 2000, Hayashi et 
al., 2000). Moreover, the JNK pathway 
is activated mainly through tyrosine 1062 
(Chiariello et al., 1998, Hayashi et al., 
2000).

The downstream signalling capacity 
of RET has been shown to be negatively 
regulated by Sprouty2 protein, which 
is a common regulator of downstream 
signalling initiated by RTKs (Chi et al., 
2004, Ishida et al., 2007). In addition, 
RET interacts with protein phosphatases 
LAR (leukocyte common antigen-related 
protein, Qiao et al., 2001), Shp-1 and Shp-2 
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Figure 6.  Signalling pathways mediated by RET. Five tyrosines in the kinase domain of 
RET (purple) have been shown to get phosphorylated by ligand stimulation. In addition, the 
oncogenic MEN 2A form of RET activates STAT3 via Y752 and Y928. Phosphorylated Y1062 
forms as a docking site for a large variety of proteins. It has been shown to bind SHC, FRS2, 
IRS1, Dok1/4/5/6, Enigma and PKCα, which activate RAS/ERK, GRB2/GAB1, JNK and PI3K/
AKT pathways. Phosphorylated Y905 is a binding site for GRB7/10, phosphorylated Y981 for Src, 
phosphorylated Y1015 for PLCγ, and phosphorylated Y1096 for GRB2. Modifi ed from Kodama 
et al., 2005.
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(SH2-containing tyrosine phosphatase 
1 and 2, Incoronato et al., 2004), and 
PTPRJ (receptor-type protein tyrosine 
phosphatase J, Iervolino et al., 2006). 
Both LAR and PTPRJ seem to reduce the 
constitutive tyrosine autophosphorylation 
and kinase activity of RETMEN 2A, but not 
RETMEN 2B (Qiao et al., 2001, Iervolino et 
al., 2006).

Although many signalling pathways 
activated by RET have been identified, 
until quite recently, most of the information 
of the genes that are targeted by the 
signalling molecules activated by RET has 
concerned the oncogenic function of RET 
(Califano et al., 1995, Carlomagno et al., 
1996, Watanabe et al., 2002, Jain et al., 
2004). However, more information about 
the modulation of gene expression by 
normal GDNF/RET signalling is emerging. 
It is now known that GDNF elevates the 
expression of the tyrosine hydroxylase 
gene at both mRNA and protein levels in 
cells expressing RET (Xiao et al., 2002). 
The expression of a zinc finger protein 
GZF1 (GDNF-inducible zinc fi nger gene 
1) has been found to be induced during 
GDNF/RET signalling and it plays a role 
in renal branching morphogenesis (Fukuda 
et al., 2003, Morinaga et al., 2005). Very 
recently, it was reported that expression 
of the transcriptional repressor BMZF3 
(bone marrow zinc finger 3) is also 
induced by GDNF (Suzuki et al., 2008). 
The signalling pathways leading to these 
transcriptional modulations are, however, 
still unknown. 

4.3  Signalling by different ligands

All members of the GDNF ligand family 
utilise RET as a signalling receptor and 

specificity is achieved by their binding 
to different GFRα molecules. It could be 
expected that they could activate RET 

in different ways, for example through 
differential tyrosine phosphorylation, 
or differences in strength and duration 

of phosphorylation. However, it is still 
unclear whether GFLs differ in their 
signalling via RET.

Phosphorylation and dephosphory-
lation of the key tyrosine residues in 
RET (Y905, Y1015, Y1062 and Y1096) 
after stimulation with GFLs that utilise 
different GFRα receptors has been studied 
thoroughly, but no signifi cant differences 
were found (Coulpier et al., 2002). This 
observation suggests that the RET receptor 
is unable to discriminate among different 

ligands or GFRα co-receptors. In a later 
study, differences in the phosphorylation 
profi le as well as cellular responses were 
found after GDNF and NRTN stimulation 
of cells that express only GFRα1 (Lee et 
al., 2006), but further studies are needed 
to confi rm these preliminary results. Even 
if no differences in RET signalling could 
be confi rmed, possible differences in the 
biological activities of different GFLs 
could still be explained by the differential 
tissue-specific and developmentally 
regulated expression pattern of GFLs, 
and the existence of RET-independent 
signalling mechanisms.

4.4 Subcellular localisation of RET

In many cell types, RET is expressed as 
two forms – a 150 kDa form and a 170 kDa 
form – which differ in their subcellular 
localisation. Both forms of RET are 
produced from a single polypeptide of 120 
kDa by posttranslational glycosylation 
(Takahashi et al., 1991). Both 150 kDa 
and 170 kDa forms have tyrosine kinase 
activity (Takahashi et al., 1993). The 
150 kDa isoform is endoglycosidase 
H-sensitive, showing that it is an 
incompletely processed form of RET, 
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present in the endoplasmic reticulum 
(Asai et al., 1995). Cell fractionation 

experiments have shown that the 170 kDa 
isoform of RET is present at the plasma 
membrane, indicating that the 170 kDa 
protein represents the mature glycosylated 
form of RET (Takahashi et al., 1993). 

It has been shown that single point 
mutations in the calcium-binding cadherin-
like domains of RET, or calcium depletion, 
completely abolish cell surface expression 
of the mature form of RET (Asai et al., 
1995, van Weering et al., 1998). Both 
seem to lead to improper processing of 
RET in the ER. Decreased expression 
of mature RET during embryonic 
development underlie the defects observed 
in Hirschsprung’s disease (HSCR) patients 
(Schuchardt et al., 1995). Many mutations 
in the extracellular part of RET also 
decrease significantly the transforming 
activity of RET with MEN 2A mutations 
(Carlomagno et al., 1996, Iwashita et al., 
1996).

Like other RTKs, RET can be 
downregulated after ligand-induced 
activation through targeted degradation 
of the receptor itself. However, whereas 
many other RTKs are degraded in the 
lysosome, degradation of RET happens 
predominantly by a proteasome-dependent 
way, which includes polyubiquitination of 
the receptor (Scott et al., 2005, Pierchala 
et al., 2006). Two molecules, Cbl-3 
and CD2-associated protein (CD2AP) 
that are critical regulators of this RET 
downregulation have been found (Tsui 
and Pierchala, 2008). In some conditions, 
ubiquitinated RET has been found to 
colocalise with an early endosome and 
clathrin-coated vesicle marker after 
internalisation (Richardson et al, 2006). 
In addition to RET downregulation, RET 
internalisation is required for the complete 
activation of ERK1/2, but not for the 

activation of AKT (Richardson et al., 
2006). Consistent with this, it has been 
shown that normal endocytic traffi cking of 
epidermal growth factor receptor (EGFR) 
is important for the full activation of ERK1 
and 2 (Vieira et al., 1996).

Like the level of RET, also GFRα1 
and GFRα2 levels on the cell surface 
decline fast after ligand stimulation. This 
suggests that either RET is internalised in 
a complex with GFRα or that GFRαs are 
released from the cell surface by cleavage 
of their GPI-anchor (Pierchala et al., 
2006).

4.4.1 GFL signalling and lipid rafts

Lipid rafts are considered to be special 
cell membrane domains that are enriched 
in sphingolipids and cholesterol. They 
are believed to function as platforms for 
specific proteins (Simons and Ikonen 
1997). It has been suggested that lipid 
rafts could have important functions in 
signal transduction, membrane traffi cking, 
cell adhesion and migration, synaptic 
transmission and cytoskeletal organisation 
(Brown and London 1998, Simons and 
Toomre 2000, Harris and Siu 2002, Tsui-
Pierchala et al., 2002c). GPI-anchored 
proteins have been shown to be sorted to 
lipid rafts and it has been suggested that 
they cluster on the rafts (Brown and Rose, 
1992, Sharma et al., 2004). Many GPI-
anchored proteins are co-receptors for 
transmembrane growth factor receptors 
and it has been proposed that they could 
bring the transmembrane protein into 
contact with raft-associated cytosolic 
signalling molecules like Src family 
kinases (Brown 1993, Simons and Toomre 
2000). However, the detailed properties 
of lipid rafts are still unclear and even the 
existence of lipid rafts has been questioned 
(see Munro, 2003, for a review).
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Lipid rafts have been proposed to be 
involved in GFL signalling in several ways. 
First, Poteryaev et al. (1999) reported that 
GDNF activates Src family kinases RET-
independently through a GFRα1-mediated 
pathway and suggested that this would 
happen in lipid rafts where GFRα1 and 
Src cluster. Later, Tansey et al. (2000) 
found that GPI-anchored GFRα1 recruits 
RET to lipid rafts after GDNF stimulation. 
To determine the functional relevance of 
RET localisation to lipid rafts, the authors 
used an artificial transmembrane (TM) 
form of GFRα1 which is not localised on 
lipid rafts. GFRα1-TM could not recruit 
RET to lipid rafts and led to a signifi cantly 
attenuated activation of AKT and mitogen-
activated protein (MAP) kinases compared 
to cells expressing wild-type GFRα1. This 
led to a decrease in the ability of GDNF to 
cause differentiation and neuronal survival. 
However, as discussed later (I, II), there 
are some severe technical problems in the 
experiments with GFRα1-TM, and the 
conclusions have partly been contradicted 
later by Paratcha et al. (2001).

As mentioned earlier, GFRαs can bind 
ligand and activate RET when provided 
exogenously in soluble form. Therefore, 
it has been suggested that GFRαs could 
capture and concentrate diffusible GDNF 
family ligands from the extracellular 
space, and then present these factors from 
the surface of one cell to afferent RET-
expressing cells (Trupp et al., 1997). 
It has been shown that soluble GFRα1 
mediates recruitment of RET to lipid rafts 
via a mechanism that requires the kinase 
domain activity of RET itself (Paratcha et 
al., 2001). In the same study, it was also 
shown that activated RET associates with 
different adaptor proteins in membrane 
parts with different degree of ordering.

In addition, it has been shown that 
RET localisation to lipid rafts enhances its 

association with Src and that Src activity 
is necessary to elicit optimal GDNF-
mediated signalling, neurite outgrowth, 
and survival (Tansey et al., 2000, Encinas 
et al., 2001). Therefore, it has been 
thought that recruitment of RET to lipid 
rafts may be a critical determinant of RET 
signalling effi ciency. RET in lipid rafts is 
not degraded by the proteasome, and thus 
lipid rafts appear to cluster and protect 
RET from degradation. The authors of this 
study therefore suggest that one function 

of lipid rafts may be to sequester active 
receptors from downregulation (Pierchala 
et al., 2006).

4.5 Cross-talk with other pathways

It has been found that receptor tyrosine 
kinases like EGFR and Trk-type tyrosine 
kinases can be activated by different 
stimuli even in the absence of their 
ligands (Carpenter et al., 1999, Lee and 
Chao 2001). One of these activation 
mechanisms depends on G protein-
coupled receptor (GPCR) activation. This 
kind of cross-talk with another signalling 
pathway is believed to be common for 
receptor tyrosine kinases. Tsui-Pierchala 
et al. (2002b) postulate three possible 
advantages of cross-talk between RTKs 
in the nervous system. First, they suggest 
that, through cross-talk, a growth factor 
can activate signalling pathways that 
cannot be activated through its own RTK 
and thus expand the biological activity of 
the factor. Second, activation of multiple 
RTKs by a single growth factor may 
amplify the signal, and third, prolong the 
activity of a signalling pathway.

Cross-talk of GDNF-RET signalling 
with other signalling pathways has been 
found on three levels: First, cross-talk can 
occur through direct interactions between 
RET and another signal mediating 
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protein. An example of this is the cross-
talk between RET and EGFR. It has been 
shown very recently that EGFR can form 
a complex with RET and contribute to 
RET kinase activation, signalling, and 
growth stimulation (Croyle et al., 2008). 
In addition, RET binds directly at least 
PKCα, and activates PKC α, δ and ζ. PKCα 
activation then inhibits RET kinase activity 
by promoting RET phosphorylation on 
serine/threonine. This modulation forms a 
negative feedback loop that controls RET 
signalling (Andreozzi et al., 2003).

Another mechanism for cross-talk 
is modulation of protein amounts by 
regulation of transcription, or degradation 
of the proteins participating in the cross-
talk. A well-studied cross-talk of this kind 
happens between RET and NGF/TrkA. 
It has been shown that TrkA activation 
by NGF promotes RET phosphorylation 
in a GFL-independent manner in mature 
sympathetic neurons (Tsui-Pierchala 
et al., 2002b). However, NGF-induced 
RET phosphorylation both occurs and 
decreases considerably more slowly than 
GFL-induced RET phosphorylation. The 
cross-talk seems to be unidirectional, 
since GDNF does not promote TrkA 
phosphorylat ion.  The mechanism 
by which the cross-talk happens has 
been found recently: NGF inhibits the 
ubiquitin-dependent degradation of RET 
that clears activated RET from the cell 
surface and thus increases the amount 
of phosphorylated RET (Pierchala et al., 
2007).

RET phosphorylation has been shown 
to be regulated by a cAMP-dependent 
protein kinase A (Fukuda et al., 2002, 
Asai et al., 2006). This observation 
suggests that RET activity could be 
regulated by GPCRs. There is indeed 
evidence that endothelin-3 (ET-3), which 
functions through endothelin receptor 

type B (EDNRB), a G-protein coupled 
receptor, modulates the action of GDNF 
(Hearn et al., 1998). These results were 
obtained by testing the growth, survival, 
migration, or neurogenesis in response to 
GDNF and ET-3 in a culture of precursor 
cells of the enteric nervous system, and 
the mechanism of this cross-talk remains 
unknown. It is possible that this cross-
talk happens on a transcriptional level and 
affects the expression levels of the proteins 
of the RET signalling complex.

The third level of cross-talk occurs 
through modulation of localisation. It has 
been shown that the neurotrophic effect of 
GDNF both in vitro and in vivo requires 
the presence of TGF-β (Krieglstein et al., 
1998). In a later study, it was found that 
TGF-β neither upregulates GFRα1 and 
RET genes, nor participates in the direct 
activation of RET. Instead, it seems to 
recruit GFRα1 molecules to the plasma 
membrane. It was also shown that the 
presence of soluble GFRα1 replaces 
TGF-β, supporting the results (Peterziel et 
al., 2002). 

5.  The GFL/GFRα/RET signalling 
pathway and human diseases

5.1 Gain-of-function mutations in 
RET

RET is expressed in many human tumours 
of neural crest origin (Santoro et al., 
1990). Specific autosomal dominant 
gain-of-function mutations in RET cause 
medullary thyroid carcinoma (MTC), 
a tumour of the neural crest-derived 
parafollicular C cells responsible for 
the production of calcitonin. MTC can 
be found in three hereditary cancer 
syndromes: multiple endocrine neoplasia 
(MEN) type 2A and 2B, and familial 
medullary thyroid carcinoma (FMTC). 
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MTC is also the most common cause of 
death in patients with MEN 2A, MEN 
2B and FMTC (Skinner et al., 2005). The 
disease phenotypes correlate with the 
location of the mutation of RET (Figure 
7B). The most common mutations in MEN 
2A and FMTC are located in the cysteine-
rich domain, but FMTC mutations can 
also be found in the tyrosine kinase 
domain. Mutations in MEN 2B are found 
exclusively in the tyrosine kinase domain 
(Mulligan et al., 1995, Eng et al., 1996). 
Recently, it has also been suggested that 
mutations of GFRα4 contribute to MEN 2 
in the absence of RET mutations or modify 
the RET mutation phenotype (Vanhorne et 
al., 2005).

MEN 2A is the most common of these 
cancer syndromes and it is characterised 
by MTC, phaeochromocytoma (PC), and 
hyperparathyroidism (HPT). About 50 % 
of patients develop phaeochromocytomas, 
while only 15-30 % of patients develop 
HPT or parathyroid adenomas (Howe et 
al., 1993, Hansford and Mulligan, 2000). 
MEN 2A is associated most frequently 
with RET mutations of cysteine 634, but 
also of 609, 611, 618 and 620 (Mulligan 
and Ponder, 1995). These substitutions 
leave one cysteine in the cysteine-rich 
domain of RET without a pair, in which 
case it is not able to form a normal 
intramolecular cysteine bridge. Abnormal 
cysteine bridges are then thought to form 
between two RET proteins, leading to 
dimerisation and constant activation 
(Santoro et al., 1995) (Figure 7A). Since 
folding of proteins takes place in the ER, 
it can be thought that the MEN 2A mutants 
of RET dimerise and are activated already 
during their synthesis in the ER, before 
they reach the cell surface.

Also MEN 2B patients suffer from 
MTC, and about half of them develop 
PC. However, HPT is rare in MEN 2B. 

MEN 2B is further characterised by 
developmental abnormalities including 
marfanoid habitus, thickened corneal 
nerves,  and ganglioneuromatosis 
of the buccal membranes and in the 
gastrointestinal tract. MEN 2B is 
considered to be the most aggressive of the 
MEN 2 subtypes, and its symptoms begin 
on average 10 years earlier than in MEN 
2A (reviewed in Hansford and Mulligan, 
2000). The most frequent RET mutation 
in MEN 2B is a single mutation M918T, 
which is found in more than 90 % of cases 
(Eng et al., 1994, Hofstra et al., 1994). In 
addition, mutations in residue 883 have 
been reported (Smith et al., 1997). Both 
amino acids 883 and 918 are located in 
the kinase domain of RET, within the 
substrate binding pocket of RET, and 
their mutations are believed to result in 
altered substrate specifi city of the kinase 
domain (Songyang et al., 1995, Santoro 
et al., 1995) (Figure 7A). As with MEN 
2A, oncogenic MEN 2B forms of RET 
can be expected to be activated during 
their synthesis already in the ER (see also 
Results and discussion, 3).

The third subtype of MEN 2, FMTC, 
is characterised by MTC in four or more 
family members as its only disease 
phenotype. FMTC is generally considered 
the least aggressive of the three cancer 
syndromes with a later onset than MEN 
2A or 2B (Hansford and Mulligan, 2000). 
The mutations in RET are often the same 
as in MEN 2A: mutations of cysteine 
residues 609, 611, 618, 620 and 634 
are found in more than 80 % of FMTC 
families (Mulligan et al., 1995). However, 
these mutations are all pretty common 
and there is no emphasis on one of the 
residues. The most common mutation of 
MEN 2A, C634R is not found in FMTC. 
In some cases, MEN 2A might be diffi cult 
to distinguish from FMTC, if the family 
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Figure 7. Schematic representation of RET and its oncogenic variants. A) Wild-type RET is 
phosphorylated on the cell surface in the presence of GFLs and GFRα receptors. The kinase 
domains of the dimerised RET molecules phosphorylate each other. The dimeric GFL is shown 
in grey and GFRα receptors in blue. The cadherin-like domains of RET are red, the cysteine-
rich domain is green and the kinase domain purple. The most common multiple endocrine 
neoplasia type 2A (MEN 2A) mutations are located in the cysteine-rich domain of RET. The MEN 
2A variants are activated through the formation of abnormal covalent disulphide bridges (the 
black bar) between the extracellular domains of two RET molecules. The MEN 2B mutations are 
located in the intracellular kinase domain and affect the kinase activity. MEN 2B mutants may 
activate signalling cascades either as monomers or as non-covalently associated dimers. The 
papillary thyroid carcinoma (PTC) variants are cytosolic, and the activation of their tyrosine 
kinase domains is driven by the dimerisation of an N-terminally fused unrelated protein (grey). B) 
The extracellular part of RET consists of four cadherin-like domains (CLD) and a cysteine-rich 
domain (CRD). The transmembrane domain (TMD) connects the extracellular and intracellular 
parts. The intracellular part consists of a juxtamembrane domain (JMD), a tyrosine kinase 
domain (TKD) and a C-terminal tail. The most common mutations linked with HSCR, FMTC, 
MEN 2A and MEN 2B are listed under RET. In addition, the positions of phosphorylated tyrosines 
are shown on the lowest row. Modifi ed from Runeberg-Roos and Saarma, 2007.



29

is small, and PC and HPT develop late 
(Hansford and Mulligan, 2000).

Another cancer type caused often 
by mutations in RET is papillary thyroid 
carcinoma (PTC). In the thyroid gland, 
RET is highly expressed in parafollicular 
C-cells but not in follicular cells, where 
it can be activated by chromosomal 
rearrangement. In this rearrangement, the 
kinase domain encoding part of the RET 
gene is fused to a dimerising domain, 
encoding part of different unrelated genes 
(Grieco et al., 1990). The fusion usually 
causes formation of a RET/PTC, in which 
the non-RET part tends to dimerise thereby 
spontaneously forming cytoplasmic dimers 
(Figure 7A). As the tyrosine kinase domain 
of the RET receptor is left intact, the 
RET/PTC oncoprotein can bind adaptor 
molecules and activate signalling cascades 
in the cytoplasm (Knauf et al., 2003). 
RET/PTC is found on average in about 20 
% of adult sporadic papillary carcinomas 
and in general RET/PTC incidence is high 
in tumours from patients with a history of 
radiation exposure (Nikiforov, 2008).

5.2 Loss-of-function mutations in 
RET

During embryogenesis, RET is expressed 
in many cell types derived from the neural 
crest. Among these are the vagal neural 
crest and the myenteric ganglia cells, 
which colonise the entire gut (Pachnis et 
al., 1993). Hirschsprung’s disease (HSCR) 
is a congenital disorder that occurs in 
1/5000 live births. It is characterised by 
the absence of enteric ganglia along a 
variable length of the intestine, which 
leads to intestinal obstruction or chronic 
constipation (see Amiel and Lyonnet, 
2001, for a review). 

About 20 % of HSCR cases are 
familial ones, with considerable genetic 

diversity. Studies of the genetic bases 
of HSCR have identified several genes 
linked to the disease, including RET, 
GDNF, NRTN, ET-3, EDNRB, and the 
transcription factors Sox10 and SMAD-
interacting protein-1 (SIP1) (Luo et al., 
1993, Romeo et al., 1994, Ivanchuk et 
al., 1996, Doray et al., 1998, Parisi and 
Kapur, 2000). Heterozygous germline 
mutations in the RET gene are associated 
with HSCR in up to 50 % of familial 
cases and in 15 % of sporadic cases 
(Hofstra et al., 2000). These mutations 
include deletions, insertions, missense, 
nonsense, and frameshift mutations and 
occur throughout the RET gene (Edery 
et al., 1994, Sancandi et al., 2000). The 
majority of these mutations causes either a 
reduction in the amount of RET or the loss 
of RET function (Iwashita et al., 2001).

Functional consequences of HSCR 
mutations correlate with their position 
in the coding sequence. Mutations in the 
extracellular domain interfere with RET 
maturation and impair its translocation to 
the plasma membrane (Kjaer and Ibáñez, 
2003). Mutations in the kinase domain 
may either reduce the catalytic activity, 
or effect the binding of adaptor molecules 
to activated RET (Iwashita et al., 2001, 
Geneste et al., 1999). Some mutations 
in the extracellular cysteines that cause 
HSCR have also been identifi ed in MEN 
2A and FMTC, and MEN 2A/FMTC 
and HSCR co-segregate in a fraction of 
families (Mulligan et al., 1994). This is 
proposed to result from the dual effect of 
the mutation to RET: due to the mutation 
in an extracellular cysteine, the folding 
of RET may not happen normally. The 
impaired maturation of the mutant RET 
leads to a reduced RET level on the cell 
surface, and this level may not be suffi cient 
for keeping the enteric neurons alive. On 
the other hand, intermolecular disulphide 
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bridge formation and the resulting 
dimerisation of mutant RET molecules 
causes the constitutive activation of RET, 
which can be suffi cient in some tissues to 
cause abnormal proliferation and lead to 
the formation of tumours (Takahashi et al., 
1999).

Some GDNF mutations that con-
tribute to HSCR have been reported 
(Ivanchuk et al., 1996). However, it 
seems that these mutations alone do not 
lead to HSCR, but together with other 
mutations, for example in the RET gene, 
contribute to the pathogenesis of the 
disease (Salomon et al., 1996, Eketjäll and 
Ibáñez, 2002). Also the reported mutation 
in NRTN contributing to HSCR is not 
suffi cient to cause the disease (Doray et 
al., 1998). The study, which evaluated 
the link between different polymorphisms 
in GDNF, NRTN, ARTN and PSPN, and 
susceptibility to HSCR, failed to fi nd any 
disease-contributing mutations in ARTN or 
PSPN (Fernandez et al., 2008). Mutations 
in GFRα receptors do not seem to be 
important contributors to HSCR (Borrego 
et al., 2003), but abnormal expression 
of GFRαs in the enteric nervous system 
of some patients may be involved in the 
pathogenesis of HSCR (Lui et al., 2002).

5.3   Parkinson’s disease

PD is a neurodegenerative disorder 
that is, according to the classical 
view, characterised by the progressive 
degeneration of the nigrostr iatal 
dopaminergic pathway, resulting in the loss 
of dopamine (DA) in the basal ganglia. 
However, new studies postulate that PD 
may progress in six neuropathological 
stages, during which different neuron 
populations are affected (Braak et al., 
2004). Lewy bodies, abnormal aggregates 
of proteins consisting mainly of misfolded 

α-synuclein (Spillantini et al., 1997), begin 
to form at defi ned induction sites and their 
formation advances to certain cell types in 
a known order. α-Synuclein exists in many 
neurons of the human nervous system 
and in order to become involved in PD, 
neurons have to express suffi cient levels of 
normal α-synuclein (Braak et al. 2000).

The first two stages of PD are 
presymptomatic, and during this period, 
inclusion body pathology is confi ned to 
the medulla oblongata/pontine tegmentum 
and olfactory bulb/anterior olfactory 
nucleus. At stages 3-4, during which the 
substantia nigra and other nuclear grays 
of the midbrain and forebrain become 
the focus of pathological changes, most 
individuals probably move from the 
presymptomatic phase to the symptomatic 
phase of the illness (Braak et al., 2003). 
In the fi nal stages 5-6, the process enters 
the mature neocortex, and the patients 
manifest the full range of PD-associated 
clinical symptoms (Braak et al., 2004).

The locomotor symptoms of PD arise 
from selective loss of dopamine neurons 
in the substantia nigra pars compacta. 
These neurons project to the putamen 
and the caudate (the striatum) where they 
release dopamine. A loss of greater than 
50-60 % of these neurons is required 
for the manifestation of the symptoms, 
which include resting tremor, akinesia, 
rigidity and bradykinesia (Sian et al., 
1999). Most symptoms of PD can usually 
be effectively treated with L-dopa, but it 
does not attenuate neuronal degeneration. 
Moreover, PD is progressive and the 
majority of patients show a gradual loss of 
L-dopa effi cacy (Lewitt 2008).

GDNF signalling is important in the 
survival of both dopamine neurons and 
motor neurons in vitro (Lin et al., 1993, 
Henderson et al., 1994). GDNF-, GFRα1- 
and RET-deficient mice do not have 
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significant differences in the substantia 
nigra area compared to wild-type mice 
(Schuchardt et al., 1994, Moore et al., 
1996, Pichel et al., 1996, Sánchez et al. 
1996, Cacalano et al., 1998, Enomoto et 
al., 1998). However, as these knock-out 
mice die at birth, it has been diffi cult to 
investigate whether GDNF signalling 
is required for the postnatal survival 
of dopaminergic neurons. Granholm 
et al. (2000) avoided this problem by 
transplanting fetal neural tissues from 
GDNF -/-, GDNF +/-, and wild-type (WT) 
mice into the brain of adult wild-type 
mice and showed that survival of ventral 
mesencephalic DA neurons is dependent 
on GDNF.

In another study, mice with regionally 
selective RET ablations that allow the 
postnatal survival were used to investigate 
the signifi cance of GDNF-RET signalling 
in adult mice nervous system (Kramer et 
al., 2007). It was found that deficiency 
of RET causes progressive and late loss 
of DA neurons in the substantia nigra 
pars compacta, degeneration of DA 
nerve terminals in striatum and reduced 
levels of evoked dopamine release. Aged 
mice lacking RET showed a phenotype 
similar to presymptomatic PD. Thus the 
results suggest that RET is an important 
signalling receptor for the maintenance of 
adult nigrostriatal DA system.

A study (Kowsky et al., 2007), 
in which mice from Kramer et al. 
(2007) were used, demonstrated that 
RET signalling does not promote the 
survival of dopaminergic neurons in 
the MPTP (1-methyl 4-phenyl 1,2,3,6-
tetrahydropyridine) model of Parkinson’s 
disease, but it facilitates the regeneration 
of dopaminergic axon terminals. Pascual 
et al. (2008) reported that their conditional 
GDNF knock-out mice showed a severe 
catecholaminergic cell death that affected 

the locus coeruleus, the substantia nigra 
and the ventral tegmental area. These 
results are in line with the observation that 
the constitutive activity of RET in knock-
in MEN 2B mice increases the number of 
dopaminergic neurons in the substantia 
nigra pars compacta (Mijatovic et al., 
2007).

On the other hand, the studies of Jain 
et al. (2006) on RET conditional mice 
contradict these results. Their results 
indicate that RET is not required for 
survival of midbrain dopaminergic neurons 
in adult mice and RET defi ciency in these 
neurons does not cause major sensorimotor 
abnormalities. However, the differences in 
the results might be explained by the fact 
that Kramer et al. (2007) followed their 
mice for a signifi cantly longer time than 
Jain et al. (2006).

Genetic variation of RET does not 
seem to cause reduced GDNF-RET 
signalling in PD as Lücking et al. (2008) 
could not find any association between 
RET polymorphisms and PD. The authors 
suggest that GDNF-RET signalling 
could be disturbed on some other level 
than genetic. In conclusion, GDNF-
RET signalling seems to be important in 
aging PD model mice, but the connection 
between GDNF-RET signalling and PD 
in humans has not been confi rmed yet. In 
addition, no association between HSCR 
and PD has been found (Lücking et al., 
2008).

6.  Therapeutic use of GFLs

Since their identifi cation as neurotrophic 
factors, GFLs have been considered as 
potential therapeutic agents for treatment 
of neurological diseases. Because of its 
potential in the treatment of PD, GDNF 
has drawn most attention. However, 
lately also NRTN has been shown to 
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have similar potential. In addition, it has 
been found that ARTN reverses nerve 
injury-induced pain behaviour and has 
therapeutic potential (Gardell et al., 2003, 
Sah et al., 2005). PSPN may have clinical 
applications in the treatment of stroke 
(Tomac et al., 2002).

There have been numerous in vivo 
studies investigating the therapeutic 
potential of GDNF. These studies have 
primarily focused on the rodent partial 
lesion model of PD, where the lesion is 
usually caused with 6-hydroxydopamine 
(6-OHDA) and on mouse and the non-
human primate model, where 1-methyl 
4-phenyl 1,2,3,6-tetrahydropyridine 
(MPTP) is commonly used (Hong et al., 
2008).

Many studies have shown that GDNF 
injections into the striatum before or 
after 6-OHDA-administration protects 
nigral dopaminergic cells that would 
otherwise undergo cell death (Sauer et 
al., 1995, Kearns and Gash, 1995, Shults 
et al., 1996, Rosenblad et al., 1998). The 
neuroprotective effects of GDNF seem 
to result from a reduction in oxidative 
stress (Smith and Cass, 2007). Studies in 
the non-human primate model of PD also 
support the fi ndings of the neuroprotective 
effects of GDNF (Gash et al., 1996, Zhang 
et al., 1997, Oiwa et al., 2006). However, 
it has been shown that there is a need for 
continuous GDNF infusion to maintain 
dopaminotrophic effects (Zhang et al., 
1997). Thus, alternative techniques like 
gene therapy with the use of various viral 
vector systems have been considered and 
investigated. Viral delivery of GDNF 
into the brain has been shown to produce 
benefi cial anatomical and functional effects 
(Lawlor and During, 2004). Moreover, 
lately many pharmacological agents, that 
have proven useful in the symptomatic 
treatment of PD, have been recognised as 

modulators of GDNF expression, as well 
of other neurotrophic factors (reviewed in 
Saavedra et al., 2008).

Clinical trials in patients with PD have 
given confl icting results. Transplantation of 
GDNF-treated fetal ventral mesencephalon 
cells increased the survival of dopaminergic 
cells and improved the condition of the 
patients significantly (Mendez et al., 
2000). In an open-label study by Gill et 
al. (2003), GDNF was administered via 
a catheter into the putamen, and it was 
found that the dopamine uptake of cells in 
the putamen increased and PD symptoms 
improved signifi cantly in all fi ve patients. 
Also Slevin et al. (2005) administered 
GDNF into the putamen and found 
considerable improvement in the patients. 
However, in a study, in which GDNF was 
administered via a catheter into the right 
lateral ventricle of a patient, there was no 
evidence of regeneration of endogenous 
dopaminergic nigrostriatal neurons, and the 
symptoms continued to worsen (Kordower 
et al., 1999). In a randomised, double-
blind study of Nutt et al. (2003), GDNF 
was administered through an implanted 
intracerebroventricular catheter. Also in 
this study, GDNF did not seem to have 
any impact in the symptoms. The authors 
note, however, that the reason for this may 
be that GDNF never reached the target 
tissues (putamen and substantia nigra). 
In addition, the latest randomised double-
blind study (Lang et al., 2006), where 
GDNF was administered into the putamen 
of PD patients, showed no significant 
improvement in symptoms. Moreover, 
several adverse effects including nausea, 
loss of appetite, hallucinations and 
depression have been found in some 
studies (Nutt et al., 2003).

The reason for very conflicting 
results is probably the differences in the 
administration methods used: Salvatore 
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et al. (2006) have tested the infusion 
protocol of the phase 2 clinical trial that 
failed in showing any impact for GDNF 
(Lang et al., 2006), and their results show 
that the catheter used did not distribute 
GDNF effi ciently, and the bioavailability 
of GDNF was limited to a small portion 
of the human putamen. A problem in the 
delivery of both GDNF and NRTN into 
the brain is that their diffusion in the target 
tissue is very limited. This seems to be 
caused by the binding of these ligands 
to heparin in the extracellular matrix, 
and heparin can be used to improve the 
distribution (Hamilton et al., 2001).

In addition to GDNF, NRTN has been 
shown to enhance survival of dopaminergic 

neurons in rodent and monkey models of 
PD (Horger et al., 1998, Rosenblad et al., 
1999, Oiwa et al., 2002, Li et al., 2003). 
Quite recently, Fjord-Larsen et al. (2005) 
also reported about a successful lentiviral 
gene transfer of a modifi ed NRTN, which 
protected nigral dopaminergic neurons in 
rats. A phase I clinical trial by Ceregene 
showed promising results (Peterson and 
Nutt, 2008), but the very recent phase II 
clinical trial of NRTN for PD failed to 
demonstrate an appreciable difference 
between patients treated with an adeno-
associated virus (AAV) vector carrying 
the gene for NRTN versus those in the 
control group (Ceregene Press release 
26.11.2008). 
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AIMS OF THE STUDY

This study aimed at characterising the biochemical and cell biological function as well 
as the structure of components of the GFL signalling system. It had been found that the 
mammalian GFRα1 and GFRα4 receptors differ in that GFRα4 lacks the N-terminal 
domain 1, which is present in all other GFRα receptors. Before this study, the signifi cance 
of domain 1 was unclear. The biochemical and cell biological properties of mouse 
GFRα4 were not very well characterised, and it was not known how the difference in 
the domain structure of GFRα1 and GFRα4 affects their function. Detailed structural 
information of the interactions of GDNF and GFRα1 was also not available. In addition, 
the activity of RET which functions as the signal mediating component of the complex 
had not been studied during its synthesis in the endoplasmic reticulum.

The specifi c aims of the study were to:

Characterise the biochemical and cell biological features of the mouse GFRα4 
receptor and to compare these characteristics to those of GFRα1.

Study the function and signifi cance of domain 1 in GFRα1.

Set up methods and use them to study the activation of RET precursors in the 
endoplasmic reticulum.

Determine the structure of GFRα1 in the complex with GDNF and to verify 
this structure with biochemical experiments. Particularly, we were interested in 
studying the interactions between GFRα1, RET and GDNF.
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MATERIALS AND METHODS

Methods that I have used myself are 
presented here in detail. Methods that I 
have not used or in which my contribution 
has been minor are listed in Table 1 with a 
reference to the publication in which they 
have been used and described.

RET phosphorylation assays 1. 
(used in I-IV)

With soluble GFRα1 receptors1.1 

RET phosphorylation assays with soluble 
GFRα1 receptors were done in two 
different cell lines. PC6-3 cell line that 
expresses low amount of RET, but does not 
express GFRα1 was used in II. MG87RET 
cell line which is stably transfected with 
RET long isoform, but does not express 
GFRα1 was used in II and IV. Cells were 
starved for 4 h in serum-free DMEM 
at +37 °C and subsequently stimulated 
with 0-1000 ng/ml of the soluble GFRα1 
proteins and 100 ng/ml of GDNF for 60 
min at +37 °C. Cells were lysed in the lysis 
buffer containing TBS, 10 % glycerol, 1 % 
Triton X-100, 1 % Nonidet P-40, 2 mM 
EDTA, 1 mM Na3VO4 and Complete Mini 
EDTA-free (Roche GmbH, Germany). The 
nuclei were removed by centrifugation 
(2500 g) and antibodies to RET (Ret C-20, 
Santa Cruz Biotechnology, USA) were 
added to the post-nuclear lysates. 

In II,  immunocomplexes were 
collected with protein G sepharose 
(Amersham Biosciences, UK) and analysed 
by Western blotting with phosphotyrosine 
antibodies (anti-phosphotyrosine 4G10, 
Upstate Biotechnology Millipore, USA). 
Membranes were restained with antibodies 
to RET to ensure that equal amounts of 
RET were present. In IV, lysates were 
used in pRET ELISA (enzyme-linked 

immunosorbent assay) assays (described 
later). The assays were repeated at least 
three times with similar results.

With GPI-anchored GFRα1 1.2 
receptors

In RET phosphorylation assays with GPI-
anchored GFRα1 receptors, two different 
cell lines were used: MG87RET cells (II) 
and PC6-3 cells (II, III). MG87RET cells 
were transfected with GFRα1 constructs 
and PC6-3 cells were transfected with 
GFRα1 and RET constructs. Transfections 
were done with Lipofectamine 2000 
(Invitrogen, USA).

After transfection, cells were starved 
at least for 4 h in serum-free DMEM at +37 
°C and subsequently stimulated with 100 
ng/ml of GDNF (PeproTech UK) for 60 
min at +37 °C. Cells were lysed with the 
lysis buffer described above. The nuclei 
were removed by centrifugation (2500 g) 
and antibodies to RET (Ret C-20, Santa 
Cruz Biotechnology) were added to the 
post-nuclear lysates. Immunocomplexes 
were collected with protein G sepharose 
(Amersham Biosciences) and analysed 
by Western blotting with phosphotyrosine 
antibodies (anti-phosphotyrosine 4G10, 
Upstate Biotechnology). Membranes were 
restained with antibodies to RET to ensure 
that equal amounts of RET were present. 
The assays were repeated at least three 
times with similar results.

Neurite outgrowth assays 2. 
(I-II)

With soluble GFRα1 receptors2.1 

PC6-3 cells were transferred to RPMI 
medium containing 1 % horse serum 
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and 1 % penicillin/streptomycin (Gibco, 
Invitrogen, USA) on plates coated with 
collagen (Becton Dickinson, USA). 
Soluble GFRα1 receptors (1000 ng/ml) 
and GDNF (100 ng/ml) or NGF (50 ng/ml, 
Promega, USA) were added and neurites 
were counted after 3-4 days from living 
cells under the microscope. Only those 
neurites that were longer than the cell 
soma were counted. 200-300 cells were 
counted per sample and the experiments 
were repeated three times with different 
batches of purifi ed GFRα1 proteins.

With GPI-anchored GFRα1 2.2 
receptors

PC6-3 cells on collagen-coated plates were 
transiently transfected with constructs 
encoding GFRα1, GFRα4 and RET, and 
transferred to RPMI medium containing 
5 % horse serum, 2.5 % fetal calf serum 
and 1 % penicillin/streptomycin. GDNF 
or PSPN (100 ng/ml) were added and 
neurites two times longer than the cell 
soma were counted after 4-5 days as 
described above.

Co-immunoprecipitation of 3. 
SHC/RET and GRB2/RET (III)

PC6-3 cells were transiently transfected 
(6 h) with constructs encoding RET 
and GFRα1. In one assay, cells were 
stimulated for 10 min with GDNF (100 
ng/ml). Cells were lysed with the lysis 
buffer described above. The nuclei were 
removed by centrifugation (2500 g). Each 
sample was divided into two parallel parts 
before the immunoprecipitation. From one 
part, SHC-associated proteins were co-
immunoprecipitated (IP) with antibodies to 
SHC (#610081, Transduction Laboratories, 
USA). The SHC-immunoprecipitated 
samples were analysed by Western 

blotting with antibodies to RET and SHC. 
From the other part of the sample RET 
was precipitated with Ret C-20 antibody 
(Santa Cruz Biotechnology). Samples 
were analysed by Western blotting with 
antibodies to phosphotyrosine (4G10, 
Upstate Biotechnology) and RET. 
GRB2/RET co-immunoprecipitation 
was performed similarly but instead of 
antibodies to SHC, antibodies to GRB2 
(C-7, Santa Cruz Biotechnology) were 
used, and the transfection time was 
increased to 10 h.

In another assay cells were stimulated 
for 10 min with GDNF (100 ng/ml) 
in the presence of Brefeldin A (5 μg/
ml, Epicentre Biotechnologies, USA) 
and the samples were lysed with lysis 
buffer described above. RET was 
immunoprecipitated from the samples and 
the precipitates were analysed by Western 
blotting with antibodies to SHC. The 
membrane was restained with antibodies 
to RET. The assays were repeated at least 
three times with similar results.

AKT phosphorylation assay 4. 
in the presence of Brefeldin 
A (III)

AKT phosphorylation assay was done 
in PC6-3 cells which were transiently 
transfected with RET constructs both in 
the absence and presence of Brefeldin A. 
Cells were transfected with Lipofectamine 
2000 (Invitrogen) or MATra-A reagent 
(IBA GmbH, Göttingen, Germany). For 
MATra-A transfection the transfection 
procedure was modified from the 
manufacturer’s instructions: higher 
concentrations of beads and shorter 
incubation time worked better for PC6-3 
cells. After an 8 h expression, cells were 
lysed and the lysates were divided into two 
parts. One part was used as a total lysate 
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for Western blot analysis of phospho-AKT 
(#9271, Cell Signaling Technology, USA). 
The Western blot membrane was then 
reprobed with antibodies to AKT (#9272, 
Cell Signaling Technology). The other part 
was used to check the levels of total RET 
and phosphorylated RET in the samples. 
RET was immunoprecipitated and the 
precipitate was analysed by Western 
blot analysis with antibodies to RET 
(Ret C-20, Santa Cruz Biotechnology) 
and phosphotyrosine residues (anti-
phospho ty ros ine  4G10 ,  Ups ta t e 
Biotechnology). The assays were repeated 
at least three times with similar results.

AKT, ERK and STAT3 5. 
phosphorylation assays with 
ER-retained RET (III)

PC6-3 cells were transiently transfected 
with RET constructs. Western blot analyses 
were carried out from total lysates. The 
antibodies to ERK (K-23), P-ERK (E-4) 
and STAT3 (C-20) were from Santa Cruz 
Biotechnology. The antibodies to AKT 
and P-STAT3 (#9131) were from Cell 
Signaling Technology. The assays were 
repeated at least three times with similar 
results.

Phospho-RET ELISA assays 6. 
(IV)

The  c lea red  lysa tes  f rom RET 
phosphorylation assays (described above) 
were applied on a 96 well plate (OptiPlate 
96 F HB, Black, Wallac), which had been 
previously coated with 0.5 μg/ml of RET 
C-20 antibody (Santa Cruz Biotechnology) 
and blocked with 2 % BSA in TBS, and 
the plate was incubated in +4 °C for 1 
h. Phosphorylated RET was detected by 
anti-phosphotyrosine (4G10, Upstate 

Biotechnology, 1:1000), anti-mouse 
HRP (DAKO A/S, 1:3000) and enhanced 
chemiluminesence reaction (Femto ELISA 
ECL Kit, Pierce). All washes between 
the incubations were done with the same 
washing buffer (TBS, 1 % Triton X-100). 
The signal was detected by counting on 
MicroBeta luminometer (PerkinElmer). 
The assays were repeated at least three 
times with similar results.

Other methods7. 

Table 1. List of methods used by co-authors in 
articles I-IV.

Method Used and 
explained 

in
Creation of GPI-anchored 
GFRα constructs

I, II

RET phosphorylation assay 
with GPI-anchored GFRα4

I

Generation of stable cell lines 
expressing GFRα4

I

Glycosylation assays I
Membrane association assays I
Neuronal survival assay I
Binding and cross-linking of 
PSPN to mouse GFRα4

I

Expression and purifi cation of 
soluble GFRα1 variants and 
RETED

II

Characterisation of purifi ed 
soluble GFRα1 variants

II

GDNF binding to GPI-an-
chored GFRα1 variants

II

Scintillation proximity assays II
Expression and purifi cation of 
the GDNF2-GFRα12 complex

IV

Site-directed mutagenesis of 
GFRα1

IV

MAP kinase activity assays IV
Crystallography IV
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Functional characteristics 1. 
of the mouse GFRα4-GPI 
receptor (I)

In this work we characterised the mouse 
GFRα4 receptor biochemically and cell-
biologically. Previously, it had been 
shown that in the presence of GDNF, 
GFRα1 recruits RET to lipid rafts, and 
it was suggested that this recruitment is 
essential for GDNF-induced downstream 
signalling, differentiation and neuronal 

survival (Tansey et al., 2000). PSPN had 
been found to promote the survival of 
sympathetic neurons, microinjected with 
GFRα4 and RET (Lindahl et al., 2001), 
but the biochemical and cell biological 
features of mouse GFRα4 had not been 
thoroughly characterised. In addition, 
nothing was known about the capacity of 
GFRα4 to recruit RET to lipid rafts in the 
presence of PSPN. 

Biochemical and functional 1.1 
characterisation of the mouse 
GFRα4 receptor

In our first experiments, we transfected 
FLAG-tagged mouse GFRα4 into 
Neuro 2a cells (ATCC) endogenously 
expressing RET. The GFRα4 receptor was 
expressed in the presence and absence of 
tunicamycin, a chemical which prevents 
the N-glycosylation of proteins, and 
the cell lysates were then analysed by 
Western blotting with FLAG antibodies. 
In the presence of tunicamycin, we found 
one band with a molecular weight of 
approximately 31 kDa, whereas in the 
absence of tunicamycin, two bands with 
molecular weights of about 31 kDa and 
33 kDa were detected (I, Figure 1A). 
The FLAG antibody did not recognise 
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any bands from the lysates from non-
transfected cells. We concluded that the 31 
kDa band represents a non-glycosylated 
precursor of the mature 33 kDa GFRα4 
receptor. The glycosylation site is 
predicted to be N184 (Uniprot), but this 
has not been confi rmed experimentally.

The membrane flotation assay and 
subsequent Western blot analysis of the 
fractions showed that the FLAG-tagged 
mouse GFRα4 receptor is located in the 
top fractions of the gradient (I, Figure 
1B). We therefore concluded that the 
receptor is membrane-bound. In addition, 
the cell surface localisation was confi rmed 
with biotinylation of cell surface proteins 
(I, Figure 1D). PI-PLC treatment of the 
cells detached the 33 kDa form of GFRα4 
from the cell surface, which indicates that 
it is bound to the cell surface with a GPI-
anchor (I, Figure 1C). Cross-linking of 
cell surface proteins to125I-PSPN in cells 
that were transfected with mouse GFRα4 
and expressed endogenously RET, and 
subsequent immunoprecipitation with 
RET antibodies revealed two major bands 
that could be displaced with unlabelled 
PSPN (I, Figure 1E). Based on their sizes, 
these bands could represent PSPN-GFRα4 
and PSPN-GFRα4-RET complexes. We 
concluded that the FLAG-tagged mouse 
GFRα4 is a GPI-anchored, cell surface 
located receptor for PSPN.

Our RET phosphorylation assay in 
mouse GFRα4-transfected Neuro 2a cells, 
stimulated with PSPN, showed a clear 
dose-dependent RET phosphorylation (I, 
Figure 1F). In untransfected cells, PSPN 
did not cause RET phosphorylation. 
Therefore, our results show that PSPN 
activates RET through GFRα4. However, 
GDNF caused a clear RET phosphorylation 
in untransfected Neuro 2a cells (I, Figure 

Results and discussion
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1G), which indicates that GFRα1 is present 
in these cells in contrast to what has been 
proposed in previous studies (Tansey et al., 
2000, Scott and Ibáñez, 2001). This result 
was verifi ed by PCR (data not shown).

Recruitment of RET to lipid rafts 1.2 
by the GFRα4 receptor

To determine whether GFRα4 can 
recruit RET to lipid rafts in the presence 
of PSPN, we made cell lysates of cells 
that had been transfected with mouse 
GFRα4 and stimulated with PSPN. Triton 
X-100, which dissolves most of the cell 
membranes, but leaves sphingolipid- and 
GPI-anchored protein-enriched membrane 
parts insoluble in +4 °C (Brown and Rose, 
1992), was added to the post-nuclear 
lysates. The detergent-resistant membrane 
parts can be found in the top fraction in 
a membrane fl otation assay. As a marker 
for the Triton X-100 insoluble fraction, 
we used GFRα1 receptor, and as a marker 
for Triton X-100 soluble fractions, the 
transferrin receptor (Tansey et al., 2000). 
As a positive control for RET recruitment, 
we used GFRα1-transfected cells, which 
were stimulated with GDNF.

Although the control GDNF-GFRα1 
sample showed a clear re-localisation 
of RET to the Triton X-100 insoluble 
fraction, and PSPN stimulation caused 
RET phosphorylation in GFRα4-
transfected cells, we found that only very 
little RET was recruited to the Triton 
X-100 insoluble fraction by GFRα4 (I, 
Figure 2). In addition, GFRα4 seemed to 
be less tightly associated with the Triton 
X-100 insoluble fraction than GFRα1. 

We checked by Western blotting 
with RET antibodies that the levels of 
phosphorylated RET were equal in both 
the GDNF/GFRα1 and PSPN/GFRα4 
samples. We also confirmed that the 

FLAG-tag does not disturb the interaction 
of GFRα4 with RET by repeating the 
experiment with human non-tagged 
GFRα4 (Lindahl et al., 2001). Taken 
together, these results show that the 
localisation of GFRα1 and GFRα4 as well 
as their ability to recruit RET in the Triton 
X-100 insoluble fraction are different. This 
difference may cause distinct signalling of 
GDNF/GFRα1 and PSPN/GFRα4 through 
RET, since the signalling molecules, which 
dock in the active RET, may be different 
in membrane parts with different order of 
lipid organisation. Moreover, there might 
be differences in RET internalisation and 
inactivation.

Our results do not explain what causes 
the difference in the localisation of GFRα1 
and GFRα4, or the difference in their 
abilities to recruit RET to lipid rafts. It can 
be speculated that the difference could be 
caused by different GPI-anchors. The GPI-
anchor has a complex structure that can 
be modified with phosphoethanolamine 
groups and sugars, but definitive 
conclusions that relate GPI-anchor 
structure and function have been diffi cult 
to draw (Paulick and Bertozzi, 2008). 
There is no published data on the GPI-
anchor types of GFRα receptors, so further 
characterisation is needed to fi nd evidence 
of this possibility. Another explanation 
for the difference may be that the protein 
interactions in the PSPN/GFRα4/RET 
complex could be more sensitive to Triton 
X-100 treatment than in the GDNF/
GFRα1/RET complex, possibly because of 
the lack of D1 in GFRα4, since D1 seems 
to stabilise the interaction between GDNF 
and GFRα1 (II). RET could therefore be 
released from the complex and the rafts 
during the lysis. However, this would not 
affect the association of GFRα4 with the 
Triton X-100 insoluble fraction alone. 
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More studies are also needed to examine 
these explanations.

The biological activity of the 1.3 
GFRα4 receptor

Because it had been suggested that RET 
recruitment to lipid rafts is essential for 
GDNF-induced cell differentiation and 
neuronal survival (Tansey et al., 2000), 
we wanted to test whether PSPN/GFRα4 
can mediate these effects. The capacity 
of PSPN/GFRα4 to mediate neuronal 
survival was tested in rat cerebellar 
granule neurons transfected with mouse 
GFRα4. Normally, when switched from a 
culture medium containing high K+ levels 
to one containing a low K+ concentration, 
differentiated granule neurons degenerate 
and die (D’Mello et al., 1993). In these 
conditions, only about 5 % of our mock-
transfected cells survived. PSPN supported 
the survival of the GFRα4-transfected cells 
so that about 50 % of these cells survived 
(I, Figure 4A). This survival supporting 
effect was almost as high as that of GDNF 
and GFRα1.

The capacity of PSPN-GFRα4 to 
mediate neuronal differentiation was tested 
in neurite outgrowth assays in PC6-3 cells. 
These cells express endogenous RET 
at low levels, enabling us to see some 
neurite outgrowth after PSPN stimulation 
of GFRα4-transfected cells and a quite 
high induction of neurite outgrowth after 
GDNF stimulation of GFRα1-transfected 
cells. However, after co-transfection with 
GFRα1/RET or GFRα4/RET, both GDNF 
and PSPN induced a high level of neurite 
outgrowth (I, Figures 4B and 4C).

In the study that suggested that 
recruitment of RET to lipid rafts could be 
a critical determinant of RET signalling 
efficiency (Tansey et al., 2000), the 
authors used an artifi cial transmembrane 

(TM) form of GFRα1 that is not localised 
in lipid rafts, and a soluble GFRα1, to 
determine the function of the localisation 
of RET to the rafts. Both receptors 
mediated GDNF-induced phosphorylation, 
but did not recruit RET to lipid rafts, and 
the survival and differentiation promoting 
effect was decreased in comparison to the 
GPI-anchored receptor. In contrast, our 
results clearly show that although GFRα4 
cannot recruit RET in the lipid rafts as 
effi ciently as GFRα1, PSPN/GFRα4 can 
still contribute to neuronal differentiation 
and survival. However, in Tansey et al. 
(2000) the characterisation of GFRα1-TM 
was done in Neuro 2a cells, which were 
in our study found to express endogenous 
GFRα1. Therefore, it remains unclear if 
the GFRα1-TM construct was functional. 
In addition, Paratcha et al. (2001) have 
shown that soluble GFRα1-GDNF 
complex can actually recruit RET by an 
unknown mechanism to lipid rafts and 
potentiate downstream signalling, neuronal 
survival, and differentiation. This study 
also points out some technical problems in 
the setup of experiments in Tansey et al. 
(2000). For these reasons, more studies are 
required in order to assess the importance 
of RET recruitment to the lipid rafts.

In conclusion, we have found that 
GFRα4 has a signifi cantly weaker capacity 
than GFRα1 to recruit RET to the lipid 
rafts. In spite of that, it can phosphorylate 
RET in the presence of PSPN and 
contribute to neuronal differentiation 
and survival. The localisation of RET 
when it gets activated by PSPN-GFRα4 
remains unclear, but it seems clear that – 
in contrast to what has been previously 
suggested (Tansey et al., 2000) – the 
recruitment of RET to the lipid rafts is not 
always crucial for the biological activity 
of a GFRα receptor. Further studies on 
the interactions between different GFRα 
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receptors and RET may shed light on 
the mechanism and signifi cance of RET 
recruitment to the lipid rafts.

The role of domain 1 in the 2. 
function of GFRα1 (II)

As mentioned earlier, the fi rst cysteine-rich 
domain D1 present in GFRα1-3 receptors 
is not present in GFRα4 (see Review of 
the literature, Figure 1). This raises the 
question of the functional signifi cance of 
this domain. The major ligand binding 
region has been found in the D2 of GFRα 
receptors, and the third domain has been 
suggested to interact with RET (Scott and 
Ibáñez 2001, Leppänen et al., 2004, Wang 
et al., 2006, IV), but no function for D1 
had been shown before this study.

In this study, we used both full-length 
and truncated soluble and GPI-anchored 
GFRα1 molecules to study the functional 
role of D1 in GFRα1. Soluble GFRα1 
variants were named GFRα120, GFRα1114 
and GFRα1145, according to the first 
residue in the N-terminus. These variants 
were expressed in Sf9 insect cells and 
purifi ed by Ni2+-affi nity chromatography. 
The purity of the receptors was analysed 
by Western blotting and the proteins were 
quantifi ed on an SDS-PAGE gel. To further 
characterise the GFRα120 and GFRα1145 
variants, these receptors were subjected to 
reverse-phase chromatography, N-terminal 
sequencing, MS-analysis, and gel fi ltration 
fractionation. The GFRα1 containing 
fractions obtained in the gel filtration 
were identifi ed by assessing their GDNF 
binding capacity by scintillation proximity 
assay (SPA) and by Western blotting.

2.1 Characterisation of soluble and 
GPI-anchored GFRα1 receptors

In reverse-phase chromatography, both 
GFRα120 and GFRα1145 eluted as a single 
peak, and in N-terminal sequencing both 
gave a sequence that matches with the 
known sequence of GFRα1. MALDI-TOF 
(matrix-assisted laser desorption/ionisation 
– time-of-fl ight mass spectrometer) MS-
analysis gave molecular masses, which 
indicated that both proteins are post-
translationally modifi ed. The information 
about the sizes of the modifications is 
consistent with previous identifi cation of 
putative N-glycosylation sites in GFRα1 
(Jing et al., 1996). Also the results 
of the assays in which GPI-anchored 
GFRα1 variants GFRα1WT and GFRα1122 

(named according the first residue in 
the N-terminus) were expressed in the 
presence or absence of tunicamycin, and 
then analysed in Western blotting, showed 
corresponding differences in molecular 
masses (II, Figure 2). Thus, we concluded 
that, as expected, both GPI-anchored 
GFRα1 variants were N-glycosylated and 
the glycosylation seemed to correspond to 
the glycosylation of the soluble GFRα1s. 
Gel fi ltration chromatography, followed 
by Western blotting and the SPAs, showed 
that both soluble GFRα1 variants were 
monomeric (II, Figure 1). This analysis 
also showed that the purified proteins 
could actively bind GDNF.

2.2 Differences in GDNF binding 
and biological activity between 
truncated and full-length GFRα1

The cell-based binding assays of GDNF 
to both full-length and truncated GPI-
anchored GFRα1 variants were carried 
out to study whether the D1 of GFRα1 has 
any impact on ligand binding capacity. An 
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IC50 of 1.12 ± 0.14 nM (mean ± S.E.M.; 
n = 4) was determined for the binding of 
125I-GDNF to GFRα1WT, and an IC50 of 
2.06 ± 0.40 nM for the binding of 125I-
GDNF to the GFRα1122 (II, Figure 3A 
and Table 1). RET has been shown to 
stabilise the binding of GDNF to GFRα1 
(Cik et al., 2000, Leppänen et al., 2004) 
and, to assess whether D1 has any effect 
on this, the binding assays were also done 
in the presence of RET. RET stabilised 
the binding of GDNF to GFRα1WT by a 
factor of 2.3, and the binding of GDNF 
to GFRα1122 by a factor of 2.7 (II, Figure 
3B and Table 1). Thus, D1 seems to be 
important for binding of GDNF, but not 
for the interaction with RET.

These results were confirmed with 
the soluble GFRα1 variants in a cell-
free SPA. The results were consistent 
with the results from the binding assays 
with GPI-anchored GFRα1s: The IC50 of 
the binding of 125I-GDNF to GFRα20 and 
GFRα145 were 0.75 ± 0.15 and 1.59 ± 0.18, 
respectively (II, Figure 3C and Table 2). 
Also the stabilising effect of RET was 
approximately as strong with the full-
length and the truncated GFRα1 receptors 
(II, Figure 3D and Table 2). In addition, 
this cell-free binding assay confirmed 
that D1 stabilises the binding of GDNF, 
without any other components like Met 
receptor, heparin or NCAM that have 
been suggested to interact with GDNF-
GFRα1 (Popsueva et al., 2003, Rickard 
et al., 2003, Paratcha et al., 2003). Taken 
together, the results of the binding assays 
show that the presence of D1 stabilises the 
binding of GDNF to both the soluble and 
GPI-anchored receptor.

The ability of the soluble GFRα1 
variants to mediate GDNF-induced neurite 
outgrowth was studied in neurite outgrowth 
assays in PC6-3 cells. The assays were 
repeated three times with three different 

batches of soluble GFRα1 proteins. In 
these assays full-length GFRα1 was more 
than 2-fold more active than either of the 
truncated receptors (II, Figure 4A). None 
of the receptors induced neurite outgrowth 
without GDNF, as was expected. The 
phosphorylation of endogenous RET 
seen in lysates of these GDNF-GFRα1WT-
induced cells confirmed that neurite 
outgrowth is linked with endogenous RET 
phosphorylation, induced by the soluble 
GFRα1 and GDNF (II, Figure 4B).

2.3    The effect of GFRα1 
concentration on RET 
phosphorylation

Similar assays were also done to determine 
how the truncated GFRα1 variants can 
induce RET phosphorylation. Assays done 
with GPI-anchored GFRα1 receptors in 
MG87RET cells showed that GDNF alone 
does not induce any RET phosphorylation, 
but transfection of GFRα1WT and GFRα1122 
enable equally strong phosphorylation 
(II, Figure 5A). Thus, according to these 
results, D1 would not have any effect on 
RET phosphorylation.

Since the binding assays, as well as 
the neurite outgrowth assays done with 
soluble GFRα1 variants, however, show 
a clear difference between the full-length 
and the truncated receptor, we concluded 
that the high expression levels of GPI-
anchored GFRα1 receptors could mask 
the impaired function of the truncated 
receptors. In this case, we might be able 
to see differences between the full-length 
and truncated GFRα1 variants when 
the number of GFRα1 receptors is the 
limiting factor in the GDNF-GFRα1-RET 
complex formation. We set up to study 
this hypothesis by performing the RET 
phosphorylation assays with increasing 
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concentrations of the soluble GFRα1 
variants.

The results of these assays indeed 
showed that, at low concentrations, 
the full-length GFRα120 together with 
GDNF induced RET phosphorylation 
more effi ciently than any of the truncated 
receptors: GFRα120 induced maximal RET 
phosphorylation already at a concentration 
of 100 ng/ml whereas GFRα1114 and 
GFRα1145 reached the maximal level only 
at concentrations of 500-1000 ng/ml (II, 
Figure 5B).

2.4    Domain 1 stabilises the GFRα1-
GDNF interaction, affects RET 
phosphorylation and contributes 
to the biological activity in vitro

Our results show that RET stabilises 
the binding of GDNF to the truncated 
and full-length forms of GFRα1 equally 
well. Therefore, it can be concluded 
that D1 of GFRα1 does not participate 
in interactions with RET. However, 
according to our results D1 stabilises the 
GDNF/GFRα1 complex and thus affects 
the phosphorylation of RET. What the 
mechanism of this stabilisation is, is still 
unclear, because the published structures 
of GFRα1 (IV) and GFRα3 (Wang et al., 
2006) both lack the D1. However, in our 
gel fi ltration chromatography studies, both 
the full-length and the truncated soluble 
GFRα1s were eluted as monomers, which 
makes direct D1-D1 contacts unlikely. 
Hence an interaction between D1 and 
GDNF seems more likely. However, since 
the difference in GDNF-binding between 
the truncated and full-length GFRα1 
proteins only accounts for much less than 
one hydrogen bond, it is possible that 
instead of having a direct contact with 
GDNF, D1 actually has an effect on the 
conformation of domains 2 and 3.

In their studies, Scott and Ibáñez 
(2001) had found D1 dispensable for 
both ligand binding specifi city and RET 
phosphorylation. In their work, the 
truncated GFRα1 lacking D1 binds GDNF 
and there is no significant difference in 
RET phosphorylation in the presence of 
full-length GFRα1 and GFRα1 lacking 
D1. However, their phosphorylation assays 
were done in Neuro 2a cells and thus in 
the presence of endogenous GFRα1, 
which may have masked the difference. 
Moreover, our finding that the high 
expression levels of GPI-anchored GFRα1 
receptors indeed mask the impaired 
function of the truncated receptors might 
also explain why this study failed to show 
differences for full-length and truncated 
GFRα1 receptors. We also speculate that, 
at high concentrations of GDNF, a similar 
effect might occur: most GFRα1 receptors 
will become saturated in spite of their 
slightly weaker capacity to bind GDNF.

Taken together, D1 has a small, but 
clear stabilising effect for the function 
of GFRα1. This effect may be important 
in physiological conditions, where the 
concentration of the ligand or the soluble 
GFRα1 receptor is low. The spreading 
of GDNF in tissues has been shown to 
be very limited and a major problem 
in therapeutic approaches (Hamilton et 
al., 2001). Due to the poor spreading in 
tissues, the concentrations of GDNF, even 
at a short distance from the injection site, 
can be very low. Therefore, our fi ndings 
may become useful in designing and 
considering the use of new therapeutic 
molecules.

It is possible that D1 has also other, 
unidentifi ed functions. In our later study 
(IV), full-length GFRα1 was found to 
bind heparin more strongly than GFRα1 
that lacks D1. This result needs to be 
confi rmed, but it may suggest a role for D1 
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in the distribution of putatively released 
GFRα1, formation of the GFL/GFRα/RET 
complex or cell adhesion-related functions 
of GFRα receptors, proposed by Ledda et 
al. (2007). Results of further studies, such 
as complete structures of GFL/GFRα/RET 
complexes, will probably enlighten these 
possibilities.

Activity of RET3. MEN 2B in the 
endoplasmic reticulum (III)

As mentioned previously, in most cell 
types RET proteins are expressed as 
glycoproteins of 150 and 170 kDa, which 
differ in their subcellular localisation. 
The 170 kDa isoform of RET is present 

at the plasma membrane, whereas the 
incompletely processed 150 kDa form of 
RET is present in the ER (van Weering et 
al., 1998). In this work, we characterised 
the activation of RETMEN 2B precursor in 
the endoplasmic reticulum. The RETMEN 

2B mutant that was used has the kinase 
domain point mutation M918T, which is 
the most common mutation in MEN 2B 
(Mulligan and Ponder, 1995).

Technical concerns related to 3.1 
RET activation

Studying the intracellular activation of 
RET precursors has been technically 
challenging because mutations that 
impair the maturation of RET, and thus 
prevent its transportation to the cell 
surface, have initially been reported to 
decrease its kinase activity (Chappuis-
Flament et al., 1998). For this reason, we 
fi rst used Brefeldin A to trap RET in the 
ER.  Brefeldin A disrupts the function of 
the intermediate compartment and Golgi 
apparatus and thus jams the secretory 
proteins in the ER. 

Another obstacle in studying any 
RET activation is that a long-term 
overexpression of RET leads to its auto-
phosphorylation (III, Figure 1A). In many 
cases, this background phosphorylation is 
so strong that the detection of the ligand-
induced phosphorylation can be very 
diffi cult, or even impossible. To overcome 
this problem, we transfected the cells 
transiently with RET/GFRα1 and kept 
the expression time short. By taking early 
time course samples, we could follow 
the production and phosphorylation of 
RETWT and RETMEN 2B and see that the 
150 kDa form of both RET variants is 
phosphorylated already at very early 
stages (III, Figure 1B). In addition, the 
background phosphorylation of RET is 
already at 8 h after the transfection so 
strong that monitoring ligand-induced 
phosphorylation is very diffi cult. Therefore, 
we used 8 h or shorter expression time 
in most experiments. However, in some 
experiments, we used phosphotyrosine 
specific antibodies that recognised only 
high levels of phosphorylated RET, and 
thus higher overexpression was necessary 
in those particular experiments.

Localisation and 3.2 
phosphorylation of RET 
precursor

We transfected transiently PC6-3 cells 
with different RET variants and then 
expressed these proteins in the presence 
of Brefeldin A. Only the 150 kDa form of 
all the kinase active RET variants can be 
seen in the Western blots made of these 
samples, which confirms that the 150 
kDa form of RET is located in the ER 
(III, Figure 1C). In the case of RETWT, 
RETMEN 2A and RETMEN 2B, this 150 kDa 
precursor form is also phosphorylated. 
The kinase-dead MEN 2A form of RET 
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(double mutation C634R/E921K, Pelet et 
al. 1998) is, however, not phosphorylated, 
which indicates that the activation of the 
precursor is dependent on its own kinase 
domain. The activity is also not dependent 
on GFRα1 because GFRα1 was not present 
in this experiment.

With the help of antibodies that 
specifically recognise phosphorylated 
tyrosines of RET, it has been shown that 
residues 905, 1015, 1062 and 1096 get 
phosphorylated upon GDNF-stimulation 
in the mature 170 kDa form of RET 
(Tsui-Pierchala et al., 2002a). We used 
these same antibodies to study whether 
the phosphorylation pattern in the 
precursor form of RETMEN 2B is similar to 
that of the precursor and mature form of 
RETWT. Although the ligand-independent 
phosphorylation of RET was high due 
to the overexpression of RET, we could 
see that in the mature form of RETWT 
GDNF caused a clear phosphorylation of 
Tyr905, Tyr1062 and Tyr1096 (III, Figure 
1D). The signal detected by the antibody 
against the phosphorylated Tyr1015 was 
so weak that we could not detect RET 
phosphorylation and therefore the data are 
not included. The precursor of RETWT was 
also phosphorylated at Tyr905, Tyr1062 
and Tyr1096. However, in the precursor, 
as well as in the mature form of oncogenic 
RETMEN 2B, the phosphorylation at these 
tyrosines was much stronger than in 
RETWT.

Interactions between RET3.3 MEN 2B 
precursor and adapter proteins 
SHC and GRB2 in the ER

It has been shown that the docking of 
SHC to the phosphorylated Tyr1062 
in RET is crucial for the transforming 
activity of activated oncogenic RET 
(Ishiguro et al., 1999) and important for 

the pathogenic function of RET in MEN 
2B (Salvatore et al., 2001). To study 
whether the precursor of RETMEN 2B can 
also recruit SHC to the ER, we used two 
kinds of co-immunoprecipitations: In one 
experiment, we immunoprecipitated SHC 
and then detected by Western blotting with 
RET antibodies whether the precursor 
forms of RETWT and RETMEN 2B were also 
precipitated. In another experiment, we 
expressed RETWT and RETMEN 2B in the 
presence of Brefeldin A to keep all RET 
in the precursor form. RET was then 
immunoprecipitated and the presence of 
SHC in the precipitate was detected by 
Western blotting with antibodies to SHC. 
The results of the fi rst experiment showed 
that RETMEN 2B was more phosphorylated 
and its precursor recruited more SHC 
than the precursor of RETWT (III, Figure 
2A). The results of the latter experiment 
confi rmed that the precursor of RETMEN 2B 

and SHC were associated (III, Figure 2B). 
The latter assay was done in the absence 
of GFRα1, so the results also proved that 
the interaction of RETMEN 2B precursor and 
SHC does not depend on GFRα1.

Brefeldin A, which had been so 
far used to trap RET after its synthesis 
in the ER disrupts the function of the 
intermediate compartment and Golgi. 
Conditions where Brefeldin A is present 
are thus unnatural for the cell, and it can 
be speculated that the addition of Brefeldin 
A could affect some of the signalling 
pathways. Therefore, we wanted to use 
another approach to further characterise 
the binding of adapter proteins to RETMEN 

2B precursors. In addition to the kinase-
dead mutant (RETE921K), we made two 
other mutant forms of RET (characterised 
in Carlomagno et al., 1996). Of these 
mutants RETMEN 2B/S32L was previously 
reported to have a severely impaired 
transport to the cell surface, while the 
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RETMEN 2B/F393L mutant was reported to be 
less severely affected (Carlomagno et al., 
1996). However, in our experiments, the 
170 kDa mature form of neither mutant 
was detectable. In contrast to the original 
report (Carlomagno et al., 1996), the 
kinase activity of the 150 kDa form was 
comparable to that of RETMEN 2B.

With these mutants, we set out to 
study the binding of GRB2 and found that 
the precursors of RETWT and RETMEN 2B are 
indeed associated with GRB2 (III, Figure 
2D). In the same experiment, we also 
confi rmed the SHC association with RET 
precursors (III, Figure 2C). Both GRB2 
and SHC associations were shown to be 
dependent on the kinase activity of RET, 
since this association did not happen with 
the kinase-dead RET variant.

Downstream signalling mediated 3.4 
by RETMEN 2B precursor in the ER

To character ise  the  downstream 
signalling possibly caused by the bound 
adapter proteins, we chose to study the 
activation of three proteins participating 
in the signalling mediated by RET. 
The AKT pathway activation has been 
linked with strong phosphorylation in 
Tyr1062 (Salvatore et al., 2001) and we 
had shown that Tyr905, Tyr1062 and 
Tyr1096 are phosphorylated already in 
the precursor of RETMEN 2B. In addition, 
we had shown that SHC that binds to 
phosphorylated Tyr 1062 and GRB2 
that binds to phosphorylated Tyr1096 
were phosphorylated by the precursor of 
RETMEN 2B. Because the activation of SHC 
and GRB2 leads to activation of PI3K/
AKT, we wanted to know whether also 
AKT becomes activated.

In the AKT phosphorylation assay, we 
used a short transient transfection of RET. 

However, our first results showed that 
the transfection reagent Lipofectamine 
2000 (Invitrogen) induced a clear 
phosphorylation of AKT (III, Figure 3A), 
and therefore, we had to use a different 
transfection method based on a magnet 
assisted system, which did not cause AKT 
activation in our experiments. To trap RET 
in the ER, we used Brefeldin A. The results 
of this assay showed that the expression 
of the precursors of RETWT and RETMEN 2B 
leads to AKT phosphorylation, although 
the phosphorylation was somewhat 
stronger in the absence of Brefeldin 
A, when some of the RET synthesised 
matures into the 170 kDa form (III, Figure 
3B).

For further characterisation of 
the AKT activation and the other two 
signalling proteins STAT3 and ERK, we 
used the ER-retaining mutants RETMEN 

2B/S32L and RETMEN 2B/F393L. With transient 
transfection and expression of RET 
variants, we showed that in addition to 
AKT, also ERK and STAT3 become 
activated by the 150 kDa precursor forms 
of RETMEN 2B and that the activation is 
dependent on the RET kinase activity (III, 
Figure 4).

The precursor of RET3.5 MEN 2B is 
biologically active

In  spi te  of  the  re la t ively  good 
documentation of RET synthesis and 
maturation (van Weering et al., 1998), 
very little has been known on the activity 
of RET precursors. Miyazaki et al. (1993) 
have demonstrated that in vitro RET 
precursor (150 kDa form) can get even 
more strongly phosphorylated than the 
mature RET (170 kDa form). However, in 
several cell line experiments (e.g. Asai et 
al., 1995, Carlomagno et al., 1996, Frêche 
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et al., 2005), the 170 kDa form is more 
phosphorylated than the 150 kDa form, 
although the results of Carlomagno et al. 
(1996) are not completely consistent, and 
can be interpreted also differently from 
the authors’ conclusions. In Carlomagno 
et al. (1996), the abundance of RET 150 
kDa and 170 kDa forms also clearly 
differs from our observations, which is 
probably due to different cell types and 
different transfection methods. Asai et al. 
(1995) could not detect dimerisation of 
the 150 kDa RETMEN 2A protein, and they 
found that the transport of the RETMEN 2A 
protein to the plasma membrane and thus 
the maturation of RETMEN 2A is required for 
its transforming activity.

Taken together, our results show that 
the precursor of RETMEN 2B associates with 
SHC and GRB2 and has the capacity to 
activate downstream signalling molecules 
AKT, ERK and STAT3 in the ER. This 
result is well consistent with the fi ndings 
that the intracellularly located PTC form 
of RET can activate AKT (Miyagi at al., 
2004), ERK (Knauf et al., 2003) and 
STAT3 (Hwang et al., 2003), although 
it never reaches the cell surface. It has 
also been shown that EGF receptors form 
dimers in the absence of a bound ligand 
and this dimerisation occurs probably 
already in the endoplasmic reticulum 
(Tao and Maruyama, 2008), but also 
contradictory results have been published 
(Ferguson et al., 2003). Either way, the 
activity of the preformed dimers in the ER 
was not studied by Tao and Maruyama.

However, some plasma membrane 
RTKs can signal from different cellular 
compartments. It has been reported that 
RET that has been internalised after the 
ligand-induced activation can activate 
of ERK1/2 (Richardson et al., 2006). 
EGFR cannot activate MAPK (mitogen-

activated protein kinase) signalling until it 
has been internalised (Vieira et al., 1996). 
Moreover, internalised TrkA receptors 
induce activation of many signalling 
pathways, in particular ERK1/2 and PI3K 
pathways (Heerssen and Segal, 2002). A 
mutated FGFR3 (fi broblast growth factor 
receptor 3) has been found to accumulate 
in its immature and phosphorylated form 
in the ER, where it also signals (Lievens 
et al., 2004). A mutant form of FLT-3 
(Fms-like tyrosine kinase receptor 3) has 
an impaired maturation and transport 
to the cell surface, which seems to be 
caused by its constitutive kinase activity. 
Inhibition of this activity promotes cell 
surface localisation and, on the other 
hand, general phosphatase inhibition 
impairs the maturation of wild-type FLT-3 
(Schmidt-Arras et al., 2005). This kind 
of accumulation or delayed cell surface 
expression of oncogenic RET was not 
found in our experiments, but otherwise 
our results are consistent with these earlier 
fi ndings.

Our finding that the oncogenic 
precursor of RETMEN 2B is active in the ER 
may be signifi cant in the development for 
methods to inhibit the activity of oncogenic 
RET because it shows that the inhibition 
should reach not only the mature form of 
RET, which is located on the cell surface, 
but also the intracellular precursor form 
RET. Therefore, some of the various kinds 
of therapeutic approaches suggested for 
the treatment of RET-associated cancers 
(discussed in Kodama et al., 2005), for 
example using RET dimerisation inhibitors 
or blocking antibodies that affect RET 
only extracellularly, may not be suffi cient 
alone, but need to be complemented by 
approaches that can affect the activity of 
intracellular RET.
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Structure of the GDNF-GFRα1 4. 
complex (IV)

The structure of the GFRα1 domains 2 and 
3 (GFRα1 D23C) in complex with GDNF 
was solved with X-ray crystallography 
by molecular replacement and refi ned to 
Rwork 18.4 % (Rfree 23.7) (IV, Table 1). The 
structure contains residues 150-349 of 
GFRα1 and residues 34-134 of GDNF.

GDNF-GFRα1-SOS complex4.1 

The structure of the domains 2 and 3 of 
GFRα1 resemble each other closely: both 
consist of five α helices of which three 
helices form a spiral (IV, Figure 2A). 
These domains pack so that D3 stabilises 
D2. Each GDNF monomer in the GDNF2-
GFRα12 structure binds GFRα1 D2 with its 
fi nger domains 1 and 2 (numbering starts 
from the N-terminal part). The binding site 
in GFRα1 is located in the triangular spiral 
formed by the helices α1, α2 and α5 of the 
domain 2. 14 residues from GDNF and 17 
residues from GFRα1 form the interface 
(IV, Table 2; Review of the literature, 
Figure 1), which buries a total surface 
area of about 1600 Å2. N162GFRα1 stabilises 
a central ion triple R171GFRα1 – E61GDNF 
– R224GFRα1 by positioning R171GFRα1 
guanidine group and forming hydrogen 
bonds to E61GDNF, E62GDNF and S112GDNF 
(IV, Figure 2C). Hydrophobic interactions 
are formed between Y120GDNF –I175GFRα1 
– L114GDNF and I175GFRα1 – I122GDNF – 
T176GFRα1. Two ionic interactions at the 
edge of the GDNF-GFRα1 interface are 
formed between E62GDNF – K159GFRα1 and 
K168GFRα1 – D108GDNF– D109GFRα1.

Previously, Eketjäll et al. (1999) had 
mapped GDNF residues that participate 
in GFRα1 binding by mutating GDNF 
residues and testing the mutants in GDNF-
GFRα1 binding assays. In this study, they 

found several negatively charged and 
hydrophobic residues that are critical for 
GFRα1 binding. Our structure is well in 
line with their results: at least six GDNF 
residues that they suggested to be involved 
in GFRα1 binding are found in the core 
region of GDNF-GFRα1 interface. Of 
these, E61, E62 and I64 are located in the 
tip of fi nger 1 of GDNF whereas L114, 
Y120 and I122 are located in fi nger 2.

Two carbohydrates can be seen in 
the structure: one N-acetylglucosamine 
molecule is covalently linked to N49GDNF 
and a sucrose octasulfate molecule (SOS, 
a heparin analogue) binds to D2 and 
D3 of GFRα1 (IV, Figures 2A and 3A). 
According to the structure, the sulphate 
groups of the SOS molecule bind to fi ve 
residues on GFRα1 D2 and three residues 
on D3. Through a crystal contact, the same 
SOS molecule also binds to the N-terminus 
of the GDNF of the neighbouring 
complex.

Interactions between GDNF, 4.2 
GFRα1, SOS and RET

To demonstrate that the residues found 
in the GDNF-GFRα1 and SOS-GFRα1 
interfaces in the structure are really 
involved in GDNF and SOS binding, 
and to understand which residues in the 
GDNF-GFRα1 interface are important for 
specifi city, a series of mutants was tested in 
RET phosphorylation assays. In addition, 
we wanted to study experimentally 
whether the conserved GFRα1 residues 
(D164, K202, R257, R259, E323 and 
E324, GFRα1 numbering) proposed by 
Wang et al. (2006) are really involved in 
RET binding. The mutants can be thus 
divided into three categories: 1) mutants 
in the GDNF-GFRα1 interface, 2) mutants 
in the SOS binding region and 3) mutants 
in the putative RET-binding region. The 
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latter two regions were expected to overlap 
at least partly. In addition, we tested two 
other mutants that had shown differences 
in GDNF-binding or RET phosphorylation 
in earlier studies (Leppänen et al., 2004)

The RET phosphorylation assays in 
MG87RET cells and subsequent pRET 
ELISAs showed that the mutations in 
N162, which stabilises the GDNF-GFRα1 
interface central ion triple, and I175, which 
is part of the hydrophobic core, caused 
drastic reduction in RET phosphorylation 
(IV, Figure 1B). Mutations in more 
peripheral residues in this interface 
reduced RET phosphorylation less. The 
binding studies with SPA supported these 
results.

Mutations in the residues expected 
to be on the RET/SOS binding surface of 
GFRα1 all reduced the phosphorylation of 
RET about by a factor of three or more, 
except for D164A, which only lowered the 
amount of RET phosphorylation to about 
half of wild-type (IV, Figure 1B and table 
3). Binding studies were also consistent 
with these results. Thus, all of these 
residues in GFRα1 are likely to participate 
in forming the RET interface.

Comparison of GDNF-GFRα1 to 4.3 
ARTN-GFRα3

Comparison of the structure of the 
GDNF-GFRα1 complex and the recently 
published (Wang et al., 2006) structure 
of ARTN-GFRα3 complex reveals 
similarities, as well as differences (IV, 
Figures 2A and 2B). The overall structures 
of the receptors are very similar (root 
mean square deviation of 0.89 Å for 166 
Cα atoms). In addition, both GFLs reach 
their fingers to the triangular spiral of 
GFRα (formed by the helices α1, α2 and 
α5 of the domain 2) and the centre of this 

interface contains the above mentioned ion 
triple (IV, Figure 4A).

However, there are three important 
differences. The fi nger loops of the ARTN 
and GDNF are inclined differently in 
relation to the heel region, so that when 
the heel regions of GDNF and ARTN are 
superimposed, the angle between the fi nger 
loops is about 20 ° (IV, Figure 4C). The 
position of the ligand fi ngers in relation 
to the GFRα interface is also different: in 
comparison to GDNF, the fi nger loops of 
ARTN twist about their longitudinal axis 
and turn around a vertical axis in relation 
to the GFRα binding site so that the angle 
difference is about 20 ° (IV, Figure 4A).

The third significant difference is 
seen in the core region of the GFL-GFRα 
interface (IV, Figure 4B). N162, which 
buttresses the ion triple in GDNF-GFRα1 
complex, does not have a counterpart 
in GFRα3: the equivalent GFRα3 T170 
does not interact with the ion triple. The 
ARTN binding pocket in GFRα3 is also 
much wider and less deep than the GDNF 
binding pocket in GFRα1, since it contains 
G in comparison to GFRα1 I175 and A in 
comparison to GFRα1 V230. The W205 
and M199 from ARTN fit thus in the 
GFRα3 pocket as well as the Y120 and 
L114 in the GFRα1 pocket.

These differences in the binding 
pocket are important for the ligand 
specifi city, whereas the differences in the 
angles between the GFL fi nger loop and 
the heel region, and between the GFL 
and the GFRα ligand binding site affect 
the quaternary structures of the whole 
GFL-GFRα complex. The different bend 
angles can change the conformation of 
the intracellular part of RET, causing 
alterations in the adaptor protein docking 
surfaces. This could putatively lead to 
different signalling through RET by 
different GFLs, although overall RET 
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phosphorylation level would not be 
changed.

To investigate this hypothesis, we 
set up to study differences in downstream 
signalling of RET induced by GDNF-
GFRα1 and ARTN-GFRα3. According to 
our results, GDNF causes stronger and 
faster MAPK pathway activation than 
ARTN (IV, Figure 4D). However, this does 
not give direct evidence of differences in 
RET conformation or phosphorylation of 
docking surfaces. Therefore, more studies 
are needed to confi rm the hypothesis. To 
study the detailed phosphorylation pattern 
of RET after stimulation with different 
ligands, I have recently managed to set up 
a method to purify endogenous RET from 
mammalian cells after ligand stimulation. 
After digestion of RET with trypsin, 
the phosphorylated peptides will be 
subjected to mass-spectrometry analysis, 
as has recently been done with EGFR 
(Boeri Erba et al., 2005). Results of these 
experiments are expected to shed light on 
the differences in phosphorylation and 
downstream signalling of RET induced by 
different GFLs.

Role of heparin in the GDNF-4.4 
GFRα1-RET complex

Our work gives some insight into how 
heparin might inhibit RET phosphorylation, 
even when the heparin-binding region of 
GDNF has been removed. In our structure, 
we could see a SOS molecule (heparin 
analogue added prior to the purifi cation) 
bound to GFRα1 (IV, Figure 3A). The 
region which binds SOS in our structure 
overlaps partially with the RET-binding 
region of GFRα1 (IV, Figures 3A and 
3D). Since a heparin molecule could fi t 
in the same position as SOS (IV, Figure 
5), it seems that heparin could indeed bind 

to this region and prevent the binding of 
RET.

Our model also gives a possible 
explanation to how GDNF-GFRα1 
complex could work in adhesion and 
induce synapse formation, as suggested 
by Ledda et al. (2007). In our structure, 
SOS links a GDNF2-GFRα12 complex 
to a neighbouring complex. We can thus 
speculate that heparin might mediate 
this kind of dimerisation of the GDNF2-
GFRα12 complexes as well as NRTN2-
GFRα22 complexes.

However, although SOS can be seen 
in the structure, it can be speculated that 
binding is not specific; as a strongly 
negatively charged molecule SOS might 
bind to a positively charged surface of 
GFRα1 unspecifi cally. In our experiments 
where heparin binding of GFRα1 was 
studied, the full-length GFRα1 eluted from 
the heparin column at a very high (>1 M) 
NaCl concentration, which indicates strong 
binding. The GFRα1 D23C that was used 
in the crystallisation eluted at about half of 
this concentration, which suggests reduced 
but still strong binding. Yet Alfano et al. 
(2007) have found that GFRα1 itself does 
not bind heparin. They postulate that 
the heparin binding of the commercial 
recombinant chimeric GFRα1 protein 
(R&D Systems Europe) can be caused by 
the His-tag (Lacy and Sanderson, 2002). 
Since we also had a His-tag in our GFRα1 
construct used for heparin-binding studies, 
we cannot exclude the possibility that the 
observed binding was unspecifi c. Although 
the GFRα1 used in the crystal structure 
was untagged, the interaction of SOS and 
GFRα1 in the crystal may not be specifi c. 
Therefore, the results of SOS/heparin 
binding to GFRα1 in this study should be 
considered preliminary.
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CONCLUSIONS

The aim of this thesis was to study the 
structure of GFRα1 and the localisation 
and site of activation of both GFRα4 and 
RET. We found that PSPN/GFRα4 is not 
associated with lipid rafts as tightly as 
GDNF/GFRα1, and does not recruit RET 
to lipid rafts as efficiently as GDNF/
GFRα1 (I). This might be due to the lack 
of domain 1 in GFRα4 as domain 1 in 
GFRα1 seems to stabilise the binding of 
GDNF to GFRα1 and thus to strengthen 
the GDNF-GFRα1-RET complex (II). 
In addition to the stabilisation of GDNF 
binding to GFRα1, we found that domain 
1 may contribute to the heparin-binding 
of GFRα1 (IV). As our heparin-binding 
studies give only preliminary information, 
further studies are needed to confi rm this 
function for GFRα1 domain1.

In addition to studying in which 
compartment of the cell membrane RETWT 
is activated, we studied in which cellular 
compartment the oncogenic RETMEN 2B 
gets activated. We found that RETMEN 2B 
gets activated and signals in the ER (III). 
This is consistent with our conclusion 
that localisation on the lipid rafts is not 
necessary for the signalling and biological 
activity of RET (I). Further studies on 
the interactions between different GFRα 
receptors and RET may shed light on 
the mechanism and significance of 
RET recruitment to the lipid rafts. More 
detailed studies on RET signalling in 
different compartments of the cell may 
also reveal interesting information of 
the signifi cance of the localisation of the 
signalling complex.

The main conclusions are:

The mouse GFRα4 is less tightly I. 
associated with the Triton X-100 
insoluble fraction than GFRα1. It also 
recruits RET upon ligand stimulation 
to lipid rafts more weakly than GFRα1. 
However, mouse GFRα4 can mediate 
PSPN-dependent differentiation and 
survival of neurons.

The first cysteine-rich domain of II. 
GFRα1 stabilises the binding of 
GDNF to GFRα1. It affects the 
level of RET phosphorylation at 
low concentrations of GFRα1 and 
contributes to the biological activity.

The precursor of oncogenic RETIII. MEN 2B 
is active in the endoplasmic reticulum. 
It associates with adaptor proteins 
SHC and GRB2 and has the capacity 
to activate downstream signalling 
molecules AKT, ERK and STAT3 in 
the endoplasmic reticulum.

The crystallographic structure of IV. 
GFRα1 domains 2 and 3 in the 
complex with GDNF differs from 
ARTN-GFRα3 structure in three 
signifi cant ways: 1) The fi nger loops 
of ARTN and GDNF are inclined 
differently in relation to the heel 
region. 2) The position of the ligand 
fingers in relation to the GFRα 
interface is different. 3) The residues 
in the GDNF-GFRα1 interface form 
interactions different from the residues 
in the ARTN-GFRα3 interface.

Conclusions



52

VI. ACKNOWLEDGEMENTS

Acknowledgements

The research for this study was carried out in the Institute of Biotechnology at the 
University of Helsinki between 2003 and 2008.

It has been a privilege to work in Professor Mart Saarma’s research group, which 
represents the top in the fi eld of neurobiology. I wish to express my gratitude to Professor 
Saarma, who has provided me and the whole group with excellent working conditions 
and a scientifi c atmosphere. I am deeply grateful for his supervision and sincere support, 
as well as his creative ideas and willingness to share the endless scientifi c information 
that he has.

Similarly, I am grateful for the guidance of my supervisor, Docent Pia Runeberg-
Roos, who has taught me useful skills in an excellent and patient way and tried to fi nd 
solutions even for the most diffi cult problems. Her determination to fi nish up projects 
has brought me to this point earlier than I could expect.

I thank Professors Elina Ikonen and Kari Keinänen for using their valuable time for 
reviewing this dissertation and giving useful and constructive comments.

I also want to thank my Thesis Committee members Johan Peränen and Juha 
Partanen for following my work and giving valuable suggestions and instructions for 
my work.

My colleagues and co-authors Jianmin Yang, Maxim Bespalov, Päivi Lindholm, 
Maria Lindahl, Yulia Sidorova, Veli-Matti Leppänen, Vimal Parkash, Tomi Rantamäki, 
Jukka Kallijärvi, Adrian Goldman and Nisse Kalkkinen, as well as our excellent 
technicians Satu Åkerberg and Mari Heikkinen, are especially appreciated for sharing 
their expertise and collaborating in a fruitful way. In addition, Prof. Kerstin Krieglstein 
is acknowledged for collaboration and support during diffi cult times.

My special appreciation and thanks go to the present and former members of 
the Saarma group as well as the groups of Claudio Rivera and Urmas Arumäe. Satu 
Leppänen, Gesine Rehorst, Susanna Wiss, Heini Seppälä, Antti Aalto, Miika Palviainen, 
Marjo Heikura, Mari Heikkinen, Maria Lume, Agne Velthut, Maili Jakobson, Anmol 
Kumar, Elisa Piranen, and Erik Palm are warmly acknowledged for great friendship and 
memorable moments in the lab, coffee room and on free time. It goes without saying that 
your company and support has been invaluable.

Also other members of the lab, Juha Laurén, Li-ying Yu, Jianmin Yang, Liina 
Lonka, Jukka Kallijärvi, Päivi Lindholm, Maria Lindahl, Maxim Bespalov, Yulia 
Sidorova, Misha Paveliev, Jaan-Olle Andressoo, Emilia Galli, Urmas Arumäe, Kert 
Mätlik, Zeren Başaran, Claudio Rivera, Shetal Soni, Olaya Llano Sanchez, Ana Cathia 
Magalhães, Anastasia Shulga and Tero Rosenqvist have contributed to the good working 
atmosphere.

I am extremely grateful for my friends Jossu and Satu for their long-lasting 
friendship and all the support and encouragement that I have got from them. In addition, 
all my ice hockey friends, especially Missu, Hedu, Jetsu, Bepa, Karo, San, Emma, 
Pilleri, Picce, Mima and Opska have acted as a great counterbalancing force for my 
scientifi c work and made it possible for me to experience unforgettable moments and 
true team spirit. Also other friends, especially Jaakko S., Jaakko E., Anna, Rixu, Hanna, 



53

Acknowledgements

Ulla, Tobias, Sylvie, Vassilis, Minna, Roxana and Iulia, are thanked for friendship and 
support.

My deepest and warmest thanks go to my family: my parents Hannele and Erkki, 
my dear sisters Sini and Suvi, Aapo, Ilmari, my boyfriend Jens and my Belgian family. 
You are my source of happiness and joy and my greatest supporters! I also want to thank 
Jens for help in proofreading this thesis and offering great encouragement during the 
writing process.

Finally, I am grateful to Tinde Päivärinta for help in making the pictures and the 
layout of this thesis and Satu Sankkila for help especially in the arrangements of my 
dissertation. 

Helsinki, May 2009

Heidi Virtanen



54

REFERENCES
Adler R, Landa KB, Manthorpe M, Varon S 
(1979). Cholinergic neuronotrophic factors: 
intraocular distribution of trophic activity for 
ciliary neurons. Science 204:1434-6.

Ai X, Kitazawa T, Do AT, Kusche-Gullberg M, 
Labosky PA, Emerson CP Jr. (2007). SULF1 
and SULF2 regulate heparan sulfate-mediated 
GDNF signaling for esophageal innervation. 
Development 134:3327-38.

Airaksinen MS, Titievsky A, Saarma M (1999). 
GDNF family neurotrophic factor signaling: 
four masters, one servant? Mol Cell Neurosci. 
13:313-25.

Airaksinen MS, Saarma M (2002). The GDNF 
family: signalling, biological functions and 
therapeutic value. Nat Rev Neurosci. 3:383-
94.

Alberti L, Borrello MG, Ghizzoni S, Torriti F, 
Rizzetti MG, Pierotti MA (1998). Grb2 bind-
ing to the different isoforms of Ret tyrosine 
kinase. Oncogene 17:1079-87.

Alfano I, Vora P, Mummery RS, Mulloy B, 
Rider CC (2007). The major determinant of 
the heparin binding of glial cell-line-derived 
neurotrophic factor is near the N-terminus and 
is dispensable for receptor binding. Biochem 
J. 404:131-40.

Amiel J, Lyonnet S (2001). Hirschsprung dis-
ease, associated syndromes, and genetics: a 
review. J Med Genet. 38:729-39.

Amoresano A, Incoronato M, Monti G, Pucci 
P, de Franciscis V, Cerchia L (2005). Direct in-
teractions among Ret, GDNF and GFRalpha1 
molecules reveal new insights into the assem-
bly of a functional three-protein complex. Cell 
Signal. 17:717-27.

Anders J, Kjar S, Ibáñez CF (2001). Molecu-
lar modeling of the extracellular domain of the 
RET receptor tyrosine kinase reveals multiple 
cadherin-like domains and a calcium-binding 
site. J Biol Chem. 276:35808-17.

Andreozzi F, Melillo RM, Carlomagno F, Ori-
ente F, Miele C, Fiory F, Santopietro S, Castel-
lone MD, Beguinot F, Santoro M, Formisano 
P (2003). Protein kinase Calpha activation by 
RET: evidence for a negative feedback mecha-
nism controlling RET tyrosine kinase. Onco-
gene 22:2942-9.

Apostolou A, Shen Y, Liang Y, Luo J, Fang S 
(2008). Armet, a UPR-upregulated protein, in-
hibits cell proliferation and ER stress-induced 
cell death. Exp Cell Res. 314:2454-67.

Arenas E, Trupp M, Åkerud P, Ibáñez CF 
(1995). GDNF prevents degeneration and pro-
motes the phenotype of brain noradrenergic 
neurons in vivo. Neuron 15:1465-73.

Arighi E, Alberti L, Torriti F, Ghizzoni S, 
Rizzetti MG, Pelicci G, Pasini B, Bongarzone 
I, Piutti C, Pierotti MA, Borrello MG (1997) 
Identifi cation of Shc docking site on Ret tyro-
sine kinase. Oncogene 14:773-82.

Asai N, Iwashita T, Matsuyama M, Takahashi 
M (1995). Mechanism of activation of the ret 
proto-oncogene by multiple endocrine neopla-
sia 2A mutations. Mol Cell Biol. 15:1613-9.

Asai N, Murakami H, Iwashita T, Takahashi 
M (1996). A mutation at tyrosine 1062 in 
MEN2A-Ret and MEN2B-Ret impairs their 
transforming activity and association with shc 
adaptor proteins. J Biol Chem. 271:17644-9.

Asai N, Fukuda T, Wu Z, Enomoto A, Pachnis 
V, Takahashi M, Costantini F (2006). Targeted 
mutation of serine 697 in the Ret tyrosine ki-
nase causes migration defect of enteric neural 
crest cells. Development 133:4507-16.

Aurikko JP, Ruotolo BT, Grossmann JG, Mon-
crieffe MC, Stephens E, Leppänen VM, Rob-
inson CV, Saarma M, Bradshaw RA, Blundell 
TL (2005). Characterization of symmetric 
complexes of nerve growth factor and the ec-
todomain of the pan-neurotrophin receptor, 
p75NTR. Biol Chem. 280:33453-60.

References



55

Avantaggiato V, Dathan NA, Grieco M, Fabien 
N, Lazzaro D, Fusco A, Simeone A, Santoro M 
(1994). Developmental expression of the RET 
protooncogene. Cell Growth Differ. 5:305-11.

Baloh RH, Tansey MG, Golden JP, Creedon 
DJ, Heuckeroth RO, Keck CL, Zimonjic DB, 
Popescu NC, Johnson EM Jr, Milbrandt J 
(1997). TrnR2, a novel receptor that mediates 
neurturin and GDNF signaling through Ret. 
Neuron 18:793-802.

Baloh RH, Tansey MG, Lampe PA, Fahrner 
TJ, Enomoto H, Simburger KS, Leitner ML, 
Araki T, Johnson EM Jr, Milbrandt J (1998). 
Artemin, a novel member of the GDNF ligand 
family, supports peripheral and central neu-
rons and signals through the GFRalpha3-RET 
receptor complex. Neuron 21:1291-302.

Baloh RH, Tansey MG, Johnson EM Jr, Mil-
brandt J (2000). Functional mapping of recep-
tor specifi city domains of glial cell line-derived 
neurotrophic factor (GDNF) family ligands 
and production of GFRalpha1 RET-specific 
agonists. J Biol Chem. 275:3412-20.

Barde YA (1988). What, if anything, is a neu-
rotrophic factor? Trends Neurosci. 11:343-6.

Barnett MW, Fisher CE, Perona-Wright G, 
Davies JA (2002). Signalling by glial cell line-
derived neurotrophic factor (GDNF) requires 
heparan sulphate glycosaminoglycan. J Cell 
Sci. 115:4495-503.

Bespalov MM, Saarma M (2007). GDNF fam-
ily receptor complexes are emerging drug tar-
gets. Trends Pharmacol Sci. 28:68-74.

Besset V, Scott RP, Ibáñez CF (2000). Sign-
aling complexes and protein-protein interac-
tions involved in the activation of the Ras and 
phosphatidylinositol 3-kinase pathways by the 
c-Ret receptor tyrosine kinase. J Biol Chem. 
275:39159-66.

Bibel M, Hoppe E, Barde YA (1999). Bio-
chemical and functional interactions between 
the neurotrophin receptors trk and p75NTR. 
EMBO J. 18:616-22.

Blöchl A, Blöchl R (2007). A cell-biological 
model of p75NTR signaling.J Neurochem. 
102:289-305.

Bordeaux MC, Forcet C, Granger L, Corset 
V, Bidaud C, Billaud M, Bredesen DE, Edery 
P, Mehlen P (2000). The RET proto-oncogene 
induces apoptosis: a novel mechanism for Hir-
schsprung disease. EMBO J. 19:4056-63.

Boeri Erba E, Bergatto E, Cabodi S, Silengo 
L, Tarone G, Defi lippi P, Jensen ON (2005). 
Systematic analysis of the epidermal growth 
factor receptor by mass spectrometry reveals 
stimulation-dependent multisite phosphoryla-
tion. Mol Cell Proteomics. 4:1107-21.

Borrego S, Fernández RM, Dziema H, Niess A, 
López-Alonso M, Antiñolo G, Eng C (2003). 
Investigation of germline GFRA4 mutations 
and evaluation of the involvement of GFRA1, 
GFRA2, GFRA3, and GFRA4 sequence vari-
ants in Hirschsprung disease. J Med Genet. 
40:e18

Borrello MG, Alberti L, Arighi E, Bongarzone 
I, Battistini C, Bardelli A, Pasini B, Piutti C, 
Rizzetti MG, Mondellini P, Radice MT, Pier-
otti MA (1996). The full oncogenic activity 
of Ret/ptc2 depends on tyrosine 539, a dock-
ing site for phospholipase Cgamma. Mol Cell 
Biol. 16:2151-63.

Borrello MG, Mercalli E, Perego C, 
Degl’Innocenti D, Ghizzoni S, Arighi E, Er-
oini B, Rizzetti MG, Pierotti MA (2002). Dif-
ferential interaction of Enigma protein with 
the two RET isoforms. Biochem Biophys Res 
Commun. 296:515-22.

Braak H, Del Tredici K, Gai WP, Braak E 
(2000). Alpha-synuclein is not a requisite com-
ponent of synaptic boutons in the adult human 
central nervous system. J Chem Neuroanat. 
20:245-52.

Braak H, Del Tredici K, Rüb U, de Vos RA, 
Jansen Steur EN, Braak E (2003). Staging of 
brain pathology related to sporadic Parkinson’s 
disease. Neurobiol Aging 24:197-211.

Braak H, Ghebremedhin E, Rüb U, Bratzke H, 
Del Tredici K (2004). Stages in the develop-
ment of Parkinson’s disease-related pathology. 
Cell Tissue Res. 318:121-34.

References



56

Brantley MA Jr, Jain S, Barr EE, Johnson EM 
Jr, Milbrandt J (2008). Neurturin-mediated ret 
activation is required for retinal function. J 
Neurosci. 28:4123-35.

Brown DA, Rose JK (1992). Sorting of GPI-
anchored proteins to glycolipid-enriched mem-
brane subdomains during transport to the api-
cal cell surface. Cell 68:533-44.

Brown D (1993). The tyrosine kinase connec-
tion: how GPI-anchored proteins activate T 
cells. Curr Opin Immunol. 5:349-54.

Brown DA, London E (1998). Functions of li-
pid rafts in biological membranes. Annu Rev 
Cell Dev Biol. 14:111-36.

Buj-Bello A, Adu J, Piñón LG, Horton A, 
Thompson J, Rosenthal A, Chinchetru M, 
Buchman VL, Davies AM (1997). Neurturin 
responsiveness requires a GPI-linked receptor 
and the Ret receptor tyrosine kinase. Nature 
387:721-4.

Butte MJ (2001). Neurotrophic factor struc-
tures reveal clues to evolution, binding, spe-
cifi city, and receptor activation. Cell Mol Life 
Sci. 58:1003-13.

Cacalano G, Fariñas I, Wang LC, Hagler K, 
Forgie A, Moore M, Armanini M, Phillips H, 
Ryan AM, Reichardt LF, Hynes M, Davies A, 
Rosenthal A (1998). GFRalpha1 is an essential 
receptor component for GDNF in the develop-
ing nervous system and kidney. Neuron 21:53-
62.

Califano D, Monaco C, de Vita G, D’Alessio 
A, Dathan NA, Possenti R, Vecchio G, Fusco 
A, Santoro M, de Franciscis V (1995). Activat-
ed RET/PTC oncogene elicits immediate early 
and delayed response genes in PC12 cells. On-
cogene 11:107-12.

Cañibano C, Rodriguez NL, Saez C, Tovar S, 
Garcia-Lavandeira M, Borrello MG, Vidal A, 
Costantini F, Japon M, Dieguez C, Alvarez CV 
(2007). The dependence receptor Ret induces 
apoptosis in somatotrophs through a Pit-1/p53 
pathway, preventing tumor growth. EMBO J. 
26:2015-28.

Carlomagno F, De Vita G, Berlingieri MT, 
de Franciscis V, Melillo RM, Colantuoni V, 
Kraus MH, Di Fiore PP, Fusco A, Santoro M 
(1996). Molecular heterogeneity of RET loss 
of function in Hirschsprung’s disease. EMBO 
J. 15:2717-25.

Carpenter G (1999). Employment of the epi-
dermal growth factor receptor in growth fac-
tor-independent signaling pathways. J Cell 
Biol. 146:697-702.

Ceregene Press release 26.11.2008. Ceregene 
Announces Clinical Data from Phase 2 Clini-
cal Trial of CERE-120 for Parkinson’s Disease. 
http://www.ceregene.com/press_112608.asp

Chao MV, Hempstead BL (1995). p75 and 
Trk: a two-receptor system. Trends Neurosci. 
18:321-6.

Chao MV (2003). Neurotrophins and their re-
ceptors: a convergence point for many signal-
ling pathways. Nat Rev Neurosci. 4:299-309.

Chappuis-Flament S, Pasini A, De Vita G, 
Ségouffi n-Cariou C, Fusco A, Attié T, Lenoir 
GM, Santoro M, Billaud M (1998). Dual ef-
fect on the RET receptor of MEN 2 mutations 
affecting specifi c extracytoplasmic cysteines. 
Oncogene 17:2851-61.

Chi L, Zhang S, Lin Y, Prunskaite-Hyyryläinen 
R, Vuolteenaho R, Itäranta P, Vainio S (2004). 
Sprouty proteins regulate ureteric branching 
by coordinating reciprocal epithelial Wnt11, 
mesenchymal Gdnf and stromal Fgf7 signal-
ling during kidney development. Development 
131:3345-56.

Chiariello M, Visconti R, Carlomagno F, Me-
lillo RM, Bucci C, de Franciscis V, Fox GM, 
Jing S, Coso OA, Gutkind JS, Fusco A, San-
toro M (1998). Signalling of the Ret receptor 
tyrosine kinase through the c-Jun NH2-ter-
minal protein kinases (JNKS): evidence for a 
divergence of the ERKs and JNKs pathways 
induced by Ret. Oncogene 16:2435-45.

References



57

Cik M, Masure S, Lesage AS, Van Der Linden 
I, Van Gompel P, Pangalos MN, Gordon RD, 
Leysen JE (2000). Binding of GDNF and neu-
rturin to human GDNF family receptor alpha 1 
and 2. Infl uence of cRET and cooperative in-
teractions. J Biol Chem. 275:27505-12.

Cohen S, Levi-Montalcini R, Hamburger V 
(1954). A nerve growth-stimulating factor 
isolated from sarcomas 37 and 180. Proc Natl 
Acad Sci U S A. 40:1014-8.

Corpet F (1988). Multiple sequence alignment 
with hierarchical clustering. Nucleic Acids 
Res. 16:10881-90.

Coulpier M, Anders J, Ibáñez CF (2002). Co-
ordinated activation of autophosphorylation 
sites in the RET receptor tyrosine kinase: im-
portance of tyrosine 1062 for GDNF mediated 
neuronal differentiation and survival. J Biol 
Chem. 277:1991-9.

Crowder RJ, Enomoto H, Yang M, Johnson 
EM Jr, Milbrandt J (2004). Dok-6, a Novel p62 
Dok family member, promotes Ret-mediated 
neurite outgrowth. J Biol Chem. 279:42072-
81.

Croyle M, Akeno N, Knauf JA, Fabbro D, 
Chen X, Baumgartner JE, Lane HA, Fagin JA 
(2008). RET/PTC-induced cell growth is medi-
ated in part by epidermal growth factor recep-
tor (EGFR) activation: evidence for molecular 
and functional interactions between RET and 
EGFR. Cancer Res. 68:4183-91.
 
Daopin S, Li M, Davies DR (1993). Crystal 
structure of TGF-beta 2 refi ned at 1.8 Å reso-
lution. Proteins 17:176-92.

Davies AM (1991). Nerve growth factor syn-
thesis and nerve growth factor receptor ex-
pression in neural development. Int Rev Cytol. 
128:109-38.

Davies AM (1996). The neurotrophic hypoth-
esis: where does it stand? Philos Trans R Soc 
Lond B Biol Sci. 351:389-94.

Davies JA, Millar CB, Johnson EM Jr, Mil-
brandt J (1999). Neurturin: an autocrine regu-
lator of renal collecting duct development. Dev 
Genet. 24:284-92.

Davies JA, Yates EA, Turnbull JE (2003). 
Structural determinants of heparan sulphate 
modulation of GDNF signalling. Growth Fac-
tors. 21:109-19.

Davis S, Aldrich TH, Stahl N, Pan L, Taga T, 
Kishimoto T, Ip NY, Yancopoulos GD (1993a). 
LIFR beta and gp130 as heterodimerizing sig-
nal transducers of the tripartite CNTF receptor. 
Science 260:1805-8.

Davis S, Aldrich TH, Ip NY, Stahl N, Scherer 
S, Farruggella T, DiStefano PS, Curtis R, Pa-
nayotatos N, Gascan H, et al. (1993b). Re-
leased form of CNTF receptor alpha compo-
nent as a soluble mediator of CNTF responses. 
Science 259:1736-9.

de Graaff E, Srinivas S, Kilkenny C, D’Agati 
V, Mankoo BS, Costantini F, Pachnis V (2001). 
Differential activities of the RET tyrosine ki-
nase receptor isoforms during mammalian em-
bryogenesis. Genes Dev. 15:2433-44.

D’Mello SR, Galli C, Ciotti T, Calissano P 
(1993). Induction of apoptosis in cerebellar 
granule neurons by low potassium: inhibi-
tion of death by insulin-like growth factor I 
and cAMP. Proc Natl Acad Sci U S A. 1993 
90:10989-93.

Doray B, Salomon R, Amiel J, Pelet A, Tou-
raine R, Billaud M, Attié T, Bachy B, Munnich 
A, Lyonnet S (1998). Mutation of the RET lig-
and, neurturin, supports multigenic inheritance 
in Hirschsprung disease. Hum Mol Genet. 
7:1449-52.

Durbec P, Marcos-Gutierrez CV, Kilkenny 
C, Grigoriou M, Wartiowaara K, Suvanto P, 
Smith D, Ponder B, Costantini F, Saarma M, et 
al. (1996a). GDNF signalling through the Ret 
receptor tyrosine kinase. Nature 381:789-93.

Durbec PL, Larsson-Blomberg LB, Schuchardt 
A, Costantini F, Pachnis V (1996b). Common 
origin and developmental dependence on c-ret 
of subsets of enteric and sympathetic neurob-
lasts. Development 122:349-58.

Durick K, Gill GN, Taylor SS (1998). Shc and 
Enigma are both required for mitogenic signal-
ing by Ret/ptc2. Mol Cell Biol. 18:2298-308.

References



58

Edery P, Pelet A, Mulligan LM, Abel L, Attié 
T, Dow E, Bonneau D, David A, Flintoff W, 
Jan D, et al. (1994). Long segment and short 
segment familial Hirschsprung’s disease: vari-
able clinical expression at the RET locus. J 
Med Genet. 31:602-6.

Eide FF, Vining ER, Eide BL, Zang K, Wang 
XY, Reichardt LF (1996). Naturally occurring 
truncated trkB receptors have dominant inhibi-
tory effects on brain-derived neurotrophic fac-
tor signaling. J Neurosci. 16:3123-9.

Eigenbrot C, Gerber N (1997). X-ray struc-
ture of glial cell-derived neurotrophic factor at 
1.9 A resolution and implications for receptor 
binding. Nat Struct Biol. 4:435-8.

Eketjäll S, Fainzilber M, Murray-Rust J, 
Ibáñez CF (1999). Distinct structural elements 
in GDNF mediate binding to GFRalpha1 and 
activation of the GFRalpha1-c-Ret receptor 
complex. EMBO J. 18:5901-10.

Eketjäll S, Ibáñez CF (2002). Functional char-
acterization of mutations in the GDNF gene of 
patients with Hirschsprung disease. Hum Mol 
Genet. 11:325-9.

Encinas M, Tansey MG, Tsui-Pierchala BA, 
Comella JX, Milbrandt J, Johnson EM Jr. 
(2001). c-Src is required for glial cell line-
derived neurotrophic factor (GDNF) family 
ligand-mediated neuronal survival via a phos-
phatidylinositol-3 kinase (PI-3K)-dependent 
pathway. J Neurosci. 21:1464-72.

Encinas M, Crowder RJ, Milbrandt J, Johnson 
EM Jr. (2004). Tyrosine 981, a novel ret au-
tophosphorylation site, binds c-Src to mediate 
neuronal survival. J Biol Chem. 279:18262-9.

Eng C, Smith DP, Mulligan LM, Nagai MA, 
Healey CS, Ponder MA, Gardner E, Scheu-
mann GF, Jackson CE, Tunnacliffe A, et al. 
(1994). Point mutation within the tyrosine 
kinase domain of the RET proto-oncogene 
in multiple endocrine neoplasia type 2B and 
related sporadic tumours. Hum Mol Genet. 
3:237-41.

Eng C, Clayton D, Schuffenecker I, Lenoir G, 
Cote G, Gagel RF, van Amstel HK, Lips CJ, 
Nishisho I, Takai SI, Marsh DJ, Robinson BG, 
Frank-Raue K, Raue F, Xue F, Noll WW, Ro-
mei C, Pacini F, Fink M, Niederle B, Zeden-
ius J, Nordenskjöld M, Komminoth P, Hendy 
GN, Mulligan LM, et al. (1996). The relation-
ship between specific RET proto-oncogene 
mutations and disease phenotype in multi-
ple endocrine neoplasia type 2. International 
RET mutation consortium analysis. JAMA. 
276:1575-9.

Enomoto H, Araki T, Jackman A, Heuckeroth 
RO, Snider WD, Johnson EM Jr, Milbrandt J 
(1998). GFR alpha1-defi cient mice have defi -
cits in the enteric nervous system and kidneys. 
Neuron 21:317-24.

Enomoto H, Crawford PA, Gorodinsky A, 
Heuckeroth RO, Johnson EM Jr, Milbrandt J 
(2001). RET signaling is essential for migra-
tion, axonal growth and axon guidance of de-
veloping sympathetic neurons. Development 
128:3963-74.

Esposito D, Patel P, Stephens RM, Perez P, 
Chao MV, Kaplan DR, Hempstead BL (2001). 
The cytoplasmic and transmembrane domains 
of the p75 and Trk A receptors regulate high 
affi nity binding to nerve growth factor. J Biol 
Chem. 276:32687-95.

Ferguson KM, Berger MB, Mendrola JM, Cho 
HS, Leahy DJ, Lemmon MA (2003). EGF ac-
tivates its receptor by removing interactions 
that autoinhibit ectodomain dimerization. Mol 
Cell. 11:507-17.

Fernandez RM, Ruiz-Ferrer M, Lopez-Alonso 
M, Antiñolo G, Borrego S (2008). Polymor-
phisms in the genes encoding the 4 RET lig-
ands, GDNF, NTN, ARTN, PSPN, and suscep-
tibility to Hirschsprung disease. J Pediatr Surg. 
43:2042-7.

Fjord-Larsen L, Johansen JL, Kusk P, Tornøe 
J, Grønborg M, Rosenblad C, Wahlberg LU 
(2005). Effi cient in vivo protection of nigral 
dopaminergic neurons by lentiviral gene trans-
fer of a modified Neurturin construct. Exp 
Neurol. 195:49-60.

References



59

Frade JM, Bovolenta P, Rodríguez-Tébar A 
(1999). Neurotrophins and other growth fac-
tors in the generation of retinal neurons. Mi-
crosc Res Tech. 45:243-51.

Frêche B, Guillaumot P, Charmetant J, Pel-
letier L, Luquain C, Christiansen D, Billaud 
M, Manié SN (2005). Inducible dimerization 
of RET reveals a specifi c AKT deregulation in 
oncogenic signaling. J Biol Chem. 280:36584-
91.

Fritzsch B, Silos-Santiago I, Bianchi LM, Far-
iñas I (1997). The role of neurotrophic factors 
in regulating the development of inner ear in-
nervation. Trends Neurosci. 20:159-64.

Fukuda T, Kiuchi K, Takahashi M (2002). 
Novel mechanism of regulation of Rac activity 
and lamellipodia formation by RET tyrosine 
kinase. J Biol Chem. 277:19114-21.

Fukuda N, Ichihara M, Morinaga T, Kawai 
K, Hayashi H, Murakumo Y, Matsuo S, Taka-
hashi M (2003). Identifi cation of a novel glial 
cell line-derived neurotrophic factor-inducible 
gene required for renal branching morphogen-
esis. J Biol Chem. 278:50386-92.

Gardell LR, Wang R, Ehrenfels C, Ossipov 
MH, Rossomando AJ, Miller S, Buckley C, 
Cai AK, Tse A, Foley SF, Gong B, Walus L, 
Carmillo P, Worley D, Huang C, Engber T, 
Pepinsky B, Cate RL, Vanderah TW, Lai J, 
Sah DW, Porreca F (2003). Multiple actions of 
systemic artemin in experimental neuropathy. 
Nat Med. 9:1383-9.

Gash DM, Zhang Z, Ovadia A, Cass WA, Yi A, 
Simmerman L, Russell D, Martin D, Lapchak 
PA, Collins F, Hoffer BJ, Gerhardt GA (1996). 
Functional recovery in parkinsonian monkeys 
treated with GDNF. Nature 380:252-5.

Geneste O, Bidaud C, De Vita G, Hofstra RM, 
Tartare-Deckert S, Buys CH, Lenoir GM, San-
toro M, Billaud M (1999). Two distinct mu-
tations of the RET receptor causing Hirschs-
prung’s disease impair the binding of signal-
ling effectors to a multifunctional docking site. 
Hum Mol Genet. 8:1989-99.

German DC, Manaye KF, Sonsalla PK, Brooks 
BA (1992). Midbrain dopaminergic cell loss in 
Parkinson’s disease and MPTP-induced par-
kinsonism: sparing of calbindin-D28k-contain-
ing cells. Ann N Y Acad Sci. 648:42-62.

Gill SS, Patel NK, Hotton GR, O’Sullivan K, 
McCarter R, Bunnage M, Brooks DJ, Svend-
sen CN, Heywood P (2003). Direct brain infu-
sion of glial cell line-derived neurotrophic fac-
tor in Parkinson disease. Nat Med. 9:589-95.

Golden JP, Baloh RH, Kotzbauer PT, Lampe 
PA, Osborne PA, Milbrandt J, Johnson EM 
Jr (1998). Expression of neurturin, GDNF, 
and their receptors in the adult mouse CNS. J 
Comp Neurol. 398:139-50.

Golden JP, DeMaro JA, Osborne PA, Mil-
brandt J, Johnson EM Jr (1999). Expression of 
neurturin, GDNF, and GDNF family-receptor 
mRNA in the developing and mature mouse. 
Exp Neurol. 158:504-28.

Golden JP, Milbrandt J, Johnson EM Jr (2003). 
Neurturin and persephin promote the survival 
of embryonic basal forebrain cholinergic neu-
rons in vitro. Exp Neurol. 184:447-55.

Granholm AC, Reyland M, Albeck D, Sanders 
L, Gerhardt G, Hoernig G, Shen L, Westphal 
H, Hoffer B (2000). Glial cell line-derived 
neurotrophic factor is essential for postna-
tal survival of midbrain dopamine neurons. J 
Neurosci. 20:3182-90.

Grieco M, Santoro M, Berlingieri MT, Melillo 
RM, Donghi R, Bongarzone I, Pierotti MA, 
Della Porta G, Fusco A, Vecchio G (1990). 
PTC is a novel rearranged form of the ret pro-
to-oncogene and is frequently detected in vivo 
in human thyroid papillary carcinomas. Cell 
60:557-63.

Grimm J, Sachs M, Britsch S, Di Cesare S, 
Schwarz-Romond T, Alitalo K, Birchmeier W 
(2001). Novel p62dok family members, dok-4 
and dok-5, are substrates of the c-Ret receptor 
tyrosine kinase and mediate neuronal differen-
tiation. J Cell Biol. 154:345-54.

References



60

Haapasalo A, Koponen E, Hoppe E, Wong G, 
Castrén E (2001). Truncated trkB.T1 is domi-
nant negative inhibitor of trkB.TK+-mediated 
cell survival. Biochem Biophys Res Commun. 
280:1352-8.

Hamilton JF, Morrison PF, Chen MY, Harvey-
White J, Pernaute RS, Phillips H, Oldfi eld E, 
Bankiewicz KS (2001). Heparin coinfusion 
during convection-enhanced delivery (CED) 
increases the distribution of the glial-derived 
neurotrophic factor (GDNF) ligand family in 
rat striatum and enhances the pharmacological 
activity of neurturin. Exp Neurol. 168:155-61.

Hansford JR, Mulligan LM (2000). Multiple 
endocrine neoplasia type 2 and RET: from ne-
oplasia to neurogenesis. J Med Genet. 37:817-
27.

Harris TJ, Siu CH (2002). Reciprocal raft-re-
ceptor interactions and the assembly of adhe-
sion complexes. Bioessays 24:996-1003.

Hayashi H, Ichihara M, Iwashita T, Murakami 
H, Shimono Y, Kawai K, Kurokawa K, Mura-
kumo Y, Imai T, Funahashi H, Nakao A, Taka-
hashi M (2000). Characterization of intracellu-
lar signals via tyrosine 1062 in RET activated 
by glial cell line-derived neurotrophic factor. 
Oncogene 19:4469-75.

He XL, Garcia KC (2004). Structure of nerve 
growth factor complexed with the shared neu-
rotrophin receptor p75. Science 304:870-5.

Hearn CJ, Murphy M, Newgreen D (1998). 
GDNF and ET-3 differentially modulate the 
numbers of avian enteric neural crest cells and 
enteric neurons in vitro. Dev Biol. 197:93-
105.

Heerssen HM, Segal RA (2002). Location, 
location, location: a spatial view of neuro-
trophin signal transduction. Trends Neurosci. 
25:160-5.

Heinrich PC, Behrmann I, Haan S, Hermanns 
HM, Müller-Newen G, Schaper F. Principles 
of interleukin (IL)-6-type cytokine signalling 
and its regulation (2003). Biochem J. 374:1-
20.

Hempstead BL, Martin-Zanca D, Kaplan DR, 
Parada LF, Chao MV (1991). High-affinity 
NGF binding requires coexpression of the trk 
proto-oncogene and the low-affi nity NGF re-
ceptor. Nature 350:678-83.

Hempstead BL (2002). The many faces of 
p75NTR. Curr Opin Neurobiol. 12:260-7.

Henderson CE, Phillips HS, Pollock RA, Dav-
ies AM, Lemeulle C, Armanini M, Simmons 
L, Moffet B, Vandlen RA, Simpson LC [cor-
rected to Simmons L], et al. (1994). GDNF: a 
potent survival factor for motoneurons present 
in peripheral nerve and muscle. Science 
266:1062-4.

Heuckeroth RO, Lampe PA, Johnson EM, 
Milbrandt J (1998). Neurturin and GDNF 
promote proliferation and survival of enteric 
neuron and glial progenitors in vitro. Dev Biol. 
200:116-29.

Hofstra RM, Landsvater RM, Ceccherini I, 
Stulp RP, Stelwagen T, Luo Y, Pasini B, Höp-
pener JW, van Amstel HK, Romeo G, et al. 
(1994). A mutation in the RET proto-oncogene 
associated with multiple endocrine neoplasia 
type 2B and sporadic medullary thyroid carci-
noma. Nature 367:375-6.

Hofstra RM, Wu Y, Stulp RP, Elfferich P, Osi-
nga J, Maas SM, Siderius L, Brooks AS, vd 
Ende JJ, Heydendael VM, Severijnen RS, Bax 
KM, Meijers C, Buys CH (2000). RET and 
GDNF gene scanning in Hirschsprung patients 
using two dual denaturing gel systems. Hum 
Mutat. 15:418-29.

Hong M, Mukhida K, Mendez I (2008). GDNF 
therapy for Parkinson’s disease. Expert Rev 
Neurother. 8:1125-39.

Horger BA, Nishimura MC, Armanini MP, 
Wang LC, Poulsen KT, Rosenblad C, Kirik 
D, Moffat B, Simmons L, Johnson E Jr, Mil-
brandt J, Rosenthal A, Bjorklund A, Vandlen 
RA, Hynes MA, Phillips HS (1998). Neurturin 
exerts potent actions on survival and function 
of midbrain dopaminergic neurons. J Neurosci. 
18:4929-37.

References



61

Howe JR, Norton JA, Wells SA Jr. (1993). 
Prevalence of pheochromocytoma and hyper-
parathyroidism in multiple endocrine neopla-
sia type 2A: results of long-term follow-up. 
Surgery 114:1070-7.

Hwang JH, Kim DW, Suh JM, Kim H, Song 
JH, Hwang ES, Park KC, Chung HK, Kim JM, 
Lee TH, Yu DY, Shong M (2003). Activation 
of signal transducer and activator of transcrip-
tion 3 by oncogenic RET/PTC (rearranged in 
transformation/papillary thyroid carcinoma) 
tyrosine kinase: roles in specifi c gene regula-
tion and cellular transformation. Mol Endocri-
nol. 17:1155-66.

Iervolino A, Iuliano R, Trapasso F, Viglietto G, 
Melillo RM, Carlomagno F, Santoro M, Fusco 
A (2006). The receptor-type protein tyrosine 
phosphatase J antagonizes the biochemical 
and biological effects of RET-derived onco-
proteins. Cancer Res. 66:6280-7.

Incoronato M, D’Alessio A, Paladino S, Zur-
zolo C, Carlomagno MS, Cerchia L, de Fran-
ciscis V (2004). The Shp-1 and Shp-2, tyrosine 
phosphatases, are recruited on cell membrane 
in two distinct molecular complexes including 
Ret oncogenes. Cell Signal. 16:847-56.

Ip NY, Yancopoulos GD (1996). The neuro-
trophins and CNTF: two families of collabora-
tive neurotrophic factors. Annu Rev Neurosci. 
19:491-515.

Ishida M, Ichihara M, Mii S, Jijiwa M, Asai 
N, Enomoto A, Kato T, Majima A, Ping J, 
Murakumo Y, Takahashi M (2007). Sprouty2 
regulates growth and differentiation of human 
neuroblastoma cells through RET tyrosine ki-
nase. Cancer Sci. 98:815-21.

Ishiguro Y, Iwashita T, Murakami H, Asai N, 
Iida K, Goto H, Hayakawa T, Takahashi M 
(1999). The role of amino acids surrounding 
tyrosine 1062 in ret in specifi c binding of the 
shc phosphotyrosine-binding domain. Endo-
crinology 140:3992-8.

Ivanchuk SM, Myers SM, Eng C, Mulligan 
LM (1996). De novo mutation of GDNF, 
ligand for the RET/GDNFR-alpha receptor 
complex, in Hirschsprung disease. Hum Mol 
Genet. 5:2023-6.

Ivanchuk SM, Eng C, Cavenee WK, Mulli-
gan LM (1997). The expression of RET and 
its multiple splice forms in developing human 
kidney. Oncogene 14:1811-8.

Iwashita T, Murakami H, Asai N, Takahashi M 
(1996). Mechanism of ret dysfunction by Hir-
schsprung mutations affecting its extracellular 
domain. Hum Mol Genet. 5:1577-80.

Iwashita T, Kurokawa K, Qiao S, Murakami 
H, Asai N, Kawai K, Hashimoto M, Watanabe 
T, Ichihara M, Takahashi M (2001). Functional 
analysis of RET with Hirschsprung mutations 
affecting its kinase domain. Gastroenterology 
121:24-33.

Jain S, Watson MA, DeBenedetti MK, Hiraki 
Y, Moley JF, Milbrandt J (2004). Expression 
profi les provide insights into early malignant 
potential and skeletal abnormalities in multiple 
endocrine neoplasia type 2B syndrome tumors. 
Cancer Res. 64:3907-13.

Jain S, Golden JP, Wozniak D, Pehek E, John-
son EM Jr, Milbrandt J (2006). RET is dispen-
sable for maintenance of midbrain dopamin-
ergic neurons in adult mice. J Neurosci. 
26:11230-8.

Jansen P, Giehl K, Nyengaard JR, Teng K, 
Lioubinski O, Sjoegaard SS, Breiderhoff T, 
Gotthardt M, Lin F, Eilers A, Petersen CM, 
Lewin GR, Hempstead BL, Willnow TE, Ny-
kjaer A (2007). Roles for the pro-neurotrophin 
receptor sortilin in neuronal development, ag-
ing and brain injury. Nat Neurosci. 10:1449-
57.

Jaszai J, Farkas L, Galter D, Reuss B, Strelau 
J, Unsicker K, Krieglstein K (1998). GDNF-
related factor persephin is widely distributed 
throughout the nervous system. J Neurosci 
Res. 53:494-501.

Jijiwa M, Kawai K, Fukihara J, Nakamura A, 
Hasegawa M, Suzuki C, Sato T, Enomoto A, 
Asai N, Murakumo Y, Takahashi M (2008). 
GDNF-mediated signaling via RET tyrosine 
1062 is essential for maintenance of spermato-
gonial stem cells. Genes Cells. 13:365-74.

References



62

Jing S, Tapley P, Barbacid M (1992). Nerve 
growth factor mediates signal transduction 
through trk homodimer receptors. Neuron 
9:1067-79.

Jing S, Wen D, Yu Y, Holst PL, Luo Y, Fang 
M, Tamir R, Antonio L, Hu Z, Cupples R, 
Louis JC, Hu S, Altrock BW, Fox GM (1996). 
GDNF-induced activation of the ret protein ty-
rosine kinase is mediated by GDNFR-alpha, a 
novel receptor for GDNF. Cell 85:1113-24.

Jing S, Yu Y, Fang M, Hu Z, Holst PL, Boone 
T, Delaney J, Schultz H, Zhou R, Fox GM 
(1997). GFRalpha-2 and GFRalpha-3 are two 
new receptors for ligands of the GDNF family. 
J Biol Chem. 272:33111-7.

Kawamoto Y, Takeda K, Okuno Y, Yamakawa 
Y, Ito Y, Taguchi R, Kato M, Suzuki H, Taka-
hashi M, Nakashima I (2004). Identifi cation of 
RET autophosphorylation sites by mass spec-
trometry. J Biol Chem. 279:14213-24.

Kearns CM, Gash DM (1995). GDNF protects 
nigral dopamine neurons against 6-hydroxy-
dopamine in vivo. Brain Res. 672:104-11.

Kjaer S, Ibáñez CF (2003). Identifi cation of a 
surface for binding to the GDNF-GFR alpha 
1 complex in the fi rst cadherin-like domain of 
RET. J Biol Chem. 278:47898-904.

Kjaer S, Kurokawa K, Perrinjaquet M, 
Abrescia C, Ibáñez CF (2006). Self-associa-
tion of the transmembrane domain of RET un-
derlies oncogenic activation by MEN2A muta-
tions. Oncogene 25:7086-95.

Klein RD, Sherman D, Ho WH, Stone D, Ben-
nett GL, Moffat B, Vandlen R, Simmons L, Gu 
Q, Hongo JA, Devaux B, Poulsen K, Armanini 
M, Nozaki C, Asai N, Goddard A, Phillips 
H, Henderson CE, Takahashi M, Rosenthal 
A (1997). A GPI-linked protein that interacts 
with Ret to form a candidate neurturin recep-
tor. Nature 387:717-21.

Knauf JA, Kuroda H, Basu S, Fagin JA (2003). 
RET/PTC-induced dedifferentiation of thyroid 
cells is mediated through Y1062 signaling 
through SHC-RAS-MAP kinase. Oncogene 
22:4406-12.

Knowles PP, Murray-Rust J, Kjaer S, Scott RP, 
Hanrahan S, Santoro M, Ibáñez CF, McDon-
ald NQ (2006). Structure and chemical inhibi-
tion of the RET tyrosine kinase domain. J Biol 
Chem. 281:33577-87.

Kodama Y, Asai N, Kawai K, Jijiwa M, Mura-
kumo Y, Ichihara M, Takahashi M (2005). The 
RET proto-oncogene: a molecular therapeutic 
target in thyroid cancer. Cancer Sci. 96:143-8.

Kordower JH, Palfi  S, Chen EY, Ma SY, Sen-
dera T, Cochran EJ, Cochran EJ, Mufson 
EJ, Penn R, Goetz CG, Comella CD (1999). 
Clinicopathological fi ndings following intra-
ventricular glial-derived neurotrophic factor 
treatment in a patient with Parkinson’s disease. 
Ann Neurol. 46:419-24.

Kotzbauer PT, Lampe PA, Heuckeroth RO, 
Golden JP, Creedon DJ, Johnson EM Jr, Mil-
brandt J (1996). Neurturin, a relative of glial-
cell-line-derived neurotrophic factor. Nature 
384:467-70.

Kowsky S, Pöppelmeyer C, Kramer ER, 
Falkenburger BH, Kruse A, Klein R, Schulz 
JB (2007). RET signaling does not modulate 
MPTP toxicity but is required for regeneration 
of dopaminergic axon terminals. Proc Natl 
Acad Sci U S A. 104:20049-54.

Kramer ER, Aron L, Ramakers GM, Seitz 
S, Zhuang X, Beyer K, Smidt MP, Klein R 
(2007). Absence of Ret signaling in mice caus-
es progressive and late degeneration of the ni-
grostriatal system. PLoS Biol. 5:e39.

Krieglstein K, Henheik P, Farkas L, Jaszai J, 
Galter D, Krohn K, Unsicker K (1998). Glial 
cell line-derived neurotrophic factor requires 
transforming growth factor-beta for exerting 
its full neurotrophic potential on peripheral 
and CNS neurons. J Neurosci. 18:9822-34.

Kurokawa K, Iwashita T, Murakami H, Hay-
ashi H, Kawai K, Takahashi M (2001). Iden-
tifi cation of SNT/FRS2 docking site on RET 
receptor tyrosine kinase and its role for signal 
transduction. Oncogene 20:1929-38.

Lacy HM, Sanderson RD (2002). 6xHis pro-
motes binding of a recombinant protein to 
heparan sulfate. Biotechniques 32:254, 256, 
258.

References



63

Lang AE, Gill S, Patel NK, Lozano A, Nutt JG, 
Penn R, Brooks DJ, Hotton G, Moro E, Hey-
wood P, Brodsky MA, Burchiel K, Kelly P, 
Dalvi A, Scott B, Stacy M, Turner D, Wooten 
VG, Elias WJ, Laws ER, Dhawan V, Stoessl 
AJ, Matcham J, Coffey RJ, Traub M (2006). 
Randomized controlled trial of intraputame-
nal glial cell line-derived neurotrophic factor 
infusion in Parkinson disease. Ann Neurol. 
59:459-66.

Lawlor PA, During MJ (2004). Gene therapy 
for Parkinson’s disease. Expert Rev Mol Med. 
6:1-18.

Ledda F, Paratcha G, Sandoval-Guzmán T, 
Ibáñez CF (2007). GDNF and GFRalpha1 
promote formation of neuronal synapses by 
ligand-induced cell adhesion. Nat Neurosci. 
10:293-300.

Lee R, Kermani P, Teng KK, Hempstead BL 
(2001). Regulation of cell survival by secreted 
proneurotrophins. Science 294:1945-8.

Lee FS, Chao MV (2001). Activation of Trk 
neurotrophin receptors in the absence of neuro-
trophins. Proc Natl Acad Sci U S A. 98:3555-
60.

Lee KY, Samy ET, Sham MH, Tam PK, Lui 
VC (2003). 3’ Splicing variants of ret recep-
tor tyrosine kinase are differentially expressed 
in mouse embryos and in adult mice. Biochim 
Biophys Acta. 1627:26-38.

Lee RH, Wong WL, Chan CH, Chan SY 
(2006). Differential effects of glial cell line-
derived neurotrophic factor and neurturin in 
RET/GFRalpha1-expressing cells. J Neurosci 
Res. 83:80-90.

Lemmon MA, Schlessinger J (1994). Regula-
tion of signal transduction and signal diversity 
by receptor oligomerization. Trends Biochem 
Sci. 19:459-63.

Leppänen VM, Bespalov MM, Runeberg-Roos 
P, Puurand U, Merits A, Saarma M, Goldman 
A (2004). The structure of GFRalpha1 domain 
3 reveals new insights into GDNF binding and 
RET activation. EMBO J. 23:1452-62.

Levi-Montalcini R, Hamburger V (1951). Se-
lective growth stimulating effects of mouse 
sarcoma on the sensory and sympathetic nerv-
ous system of the chick embryo. J Exp Zool. 
116:321-61

Lewitt PA (2008). Levodopa for the treat-
ment of Parkinson’s disease. N Engl J Med. 
359:2468-76.

Li H, He Z, Su T, Ma Y, Lu S, Dai C, Sun M 
(2003). Protective action of recombinant neu-
rturin on dopaminergic neurons in substantia 
nigra in a rhesus monkey model of Parkinson’s 
disease. Neurol Res. 25:263-7.

Liepinsh E, Ilag LL, Otting G, Ibáñez CF 
(1997). NMR structure of the death domain 
of the p75 neurotrophin receptor. EMBO J. 
16:4999-5005.

Lievens PM, Mutinelli C, Baynes D, Liboi 
E (2004). The kinase activity of fibroblast 
growth factor receptor 3 with activation loop 
mutations affects receptor traffi cking and sign-
aling. J Biol Chem. 279:43254-60.
 
Lin LF, Doherty DH, Lile JD, Bektesh S, Col-
lins F (1993). GDNF: a glial cell line-derived 
neurotrophic factor for midbrain dopaminergic 
neurons. Science 260:1130-2.

Lin LF, Zhang TJ, Collins F, Armes LG (1994). 
Purifi cation and initial characterization of rat 
B49 glial cell line-derived neurotrophic factor. 
J Neurochem. 63:758-68.

Lindahl M, Timmusk T, Rossi J, Saarma M, 
Airaksinen MS (2000). Expression and alter-
native splicing of mouse Gfra4 suggest roles 
in endocrine cell development. Mol Cell Neu-
rosci. 15:522-33.

Lindahl M, Poteryaev D, Yu L, Arumäe U, 
Timmusk T, Bongarzone I, Aiello A, Pierotti 
MA, Airaksinen MS, Saarma M (2001). Hu-
man glial cell line-derived neurotrophic factor 
receptor alpha 4 is the receptor for persephin 
and is predominantly expressed in normal 
and malignant thyroid medullary cells. J Biol 
Chem. 276:9344-51.

References



64

Lindfors PH, Lindahl M, Rossi J, Saarma M, 
Airaksinen MS (2006). Ablation of persephin 
receptor glial cell line-derived neurotrophic 
factor family receptor alpha4 impairs thyroid 
calcitonin production in young mice. Endo-
crinology 147:2237-44.

Lindholm P, Voutilainen MH, Laurén J, 
Peränen J, Leppänen VM, Andressoo JO, Lin-
dahl M, Janhunen S, Kalkkinen N, Timmusk T, 
Tuominen RK, Saarma M (2007). Novel neu-
rotrophic factor CDNF protects and rescues 
midbrain dopamine neurons in vivo. Nature 
448:73-7.

Lindholm P, Peränen J, Andressoo JO, Kalk-
kinen N, Kokaia Z, Lindvall O, Timmusk T, 
Saarma M (2008). MANF is widely expressed 
in mammalian tissues and differently regulated 
after ischemic and epileptic insults in rodent 
brain. Mol Cell Neurosci. 39:356-71.

Liu X, Vega QC, Decker RA, Pandey A, Wor-
by CA, Dixon JE (1996). Oncogenic RET re-
ceptors display different autophosphorylation 
sites and substrate binding specifi cities. J Biol 
Chem. 271:5309-12.

Lorenzo MJ, Eng C, Mulligan LM, Stonehouse 
TJ, Healey CS, Ponder BA, Smith DP (1995). 
Multiple mRNA isoforms of the human RET 
proto-oncogene generated by alternate splic-
ing. Oncogene 10:1377-83.

Lorenzo MJ, Gish GD, Houghton C, Stone-
house TJ, Pawson T, Ponder BA, Smith DP 
(1997). RET alternate splicing infl uences the 
interaction of activated RET with the SH2 and 
PTB domains of Shc, and the SH2 domain of 
Grb2. Oncogene 14:763-71.

Lui VC, Samy ET, Sham MH, Mulligan LM, 
Tam PK (2002). Glial cell line-derived neuro-
trophic factor family receptors are abnormally 
expressed in aganglionic bowel of a subpopu-
lation of patients with Hirschsprung’s disease. 
Lab Invest. 82:703-12.

Luo Y, Ceccherini I, Pasini B, Matera I, Bicoc-
chi MP, Barone V, Bocciardi R, Kääriäinen H, 
Weber D, Devoto M, et al. (1993). Close link-
age with the RET protooncogene and bounda-
ries of deletion mutations in autosomal domi-
nant Hirschsprung disease. Hum Mol Genet. 
2:1803-8.

Lücking CB, Lichtner P, Kramer ER, Gie-
ger C, Illig T, Dichgans M, Berg D, Gasser 
T (2008). Polymorphisms in the receptor for 
GDNF (RET) are not associated with Parkin-
son’s disease in Southern Germany. Neurobiol 
Aging. 2008 Apr 22. [Epub ahead of print]

Lykissas MG, Batistatou AK, Charalabopou-
los KA, Beris AE (2007). The role of neuro-
trophins in axonal growth, guidance, and re-
generation. Curr Neurovasc Res. 4:143-51.

Maeda K, Murakami H, Yoshida R, Ichihara 
M, Abe A, Hirai M, Murohara T, Takahashi M 
(2004). Biochemical and biological responses 
induced by coupling of Gab1 to phosphatidyli-
nositol 3-kinase in RET-expressing cells. Bio-
chem Biophys Res Commun. 323:345-54.

Majdan M, Walsh GS, Aloyz R, Miller FD 
(2001). TrkA mediates developmental sym-
pathetic neuron survival in vivo by silencing 
an ongoing p75NTR-mediated death signal. J 
Cell Biol. 155:1275-85.

Masure S, Cik M, Pangalos MN, Bonaventure 
P, Verhasselt P, Lesage AS, Leysen JE, Gordon 
RD (1998). Molecular cloning, expression and 
tissue distribution of glial-cell-line-derived 
neurotrophic factor family receptor alpha-3 
(GFRalpha-3). Eur J Biochem. 251:622-30.

Masure S, Geerts H, Cik M, Hoefnagel E, 
Van Den Kieboom G, Tuytelaars A, Harris S, 
Lesage AS, Leysen JE, Van Der Helm L, Ver-
hasselt P, Yon J, Gordon RD (1999). Enovin, 
a member of the glial cell-line-derived neu-
rotrophic factor (GDNF) family with growth 
promoting activity on neuronal cells. Exist-
ence and tissue-specifi c expression of different 
splice variants. Eur J Biochem. 266:892-902.

Masure S, Cik M, Hoefnagel E, Nosrat CA, 
Van der Linden I, Scott R, Van Gompel P, Les-
age AS, Verhasselt P, Ibáñez CF, Gordon RD 
(2000). Mammalian GFRalpha -4, a divergent 
member of the GFRalpha family of corecep-
tors for glial cell line-derived neurotrophic 
factor family ligands, is a receptor for the 
neurotrophic factor persephin. J Biol Chem. 
275:39427-34.

McAllister AK, Katz LC, Lo DC (1999). Neu-
rotrophins and synaptic plasticity. Annu Rev 
Neurosci. 22:295-318.

References



65

McDonald NQ, Panayotatos N, Hendrickson 
WA (1995). Crystal structure of dimeric hu-
man ciliary neurotrophic factor determined by 
MAD phasing. EMBO J. 14:2689-99.

Melillo RM, Carlomagno F, De Vita G, Form-
isano P, Vecchio G, Fusco A, Billaud M, San-
toro M (2001). The insulin receptor substrate 
(IRS)-1 recruits phosphatidylinositol 3-kinase 
to Ret: evidence for a competition between 
Shc and IRS-1 for the binding to Ret. Onco-
gene 20:209-18.

Mendez I, Dagher A, Hong M, Hebb A, Gaudet 
P, Law A, Weerasinghe S, King D, Desrosiers 
J, Darvesh S, Acorn T, Robertson H (2000). 
Enhancement of survival of stored dopamin-
ergic cells and promotion of graft survival by 
exposure of human fetal nigral tissue to glial 
cell line--derived neurotrophic factor in pa-
tients with Parkinson’s disease. Report of two 
cases and technical considerations. J Neuro-
surg. 92:863-9.

Meng X, Lindahl M, Hyvönen ME, Parvinen 
M, de Rooij DG, Hess MW, Raatikainen-
Ahokas A, Sainio K, Rauvala H, Lakso M, 
Pichel JG, Westphal H, Saarma M, Sariola H 
(2000). Regulation of cell fate decision of un-
differentiated spermatogonia by GDNF. Scien-
ce 287:1489-93.

Mijatovic J, Airavaara M, Planken A, Auvinen 
P, Raasmaja A, Piepponen TP, Costantini F, 
Ahtee L, Saarma M (2007). Constitutive Ret 
activity in knock-in multiple endocrine neo-
plasia type B mice induces profound elevation 
of brain dopamine concentration via enhanced 
synthesis and increases the number of TH-pos-
itive cells in the substantia nigra. J Neurosci. 
27:4799-809.

Milbrandt J, de Sauvage FJ, Fahrner TJ, Ba-
loh RH, Leitner ML, Tansey MG, Lampe PA, 
Heuckeroth RO, Kotzbauer PT, Simburger KS, 
Golden JP, Davies JA, Vejsada R, Kato AC, 
Hynes M, Sherman D, Nishimura M, Wang 
LC, Vandlen R, Moffat B, Klein RD, Poulsen 
K, Gray C, Garces A, Johnson EM Jr, et al. 
(1998). Persephin, a novel neurotrophic fac-
tor related to GDNF and neurturin. Neuron 
20:245-53.

Miller FD, Kaplan DR (2001). Neurotrophin 
signalling pathways regulating neuronal apop-
tosis. Cell Mol Life Sci. 58:1045-53.

Mitsumoto H, Tsuzaka K (1999). Neurotrophic 
factors and neuro-muscular disease: II. GDNF, 
other neurotrophic factors, and future direc-
tions. Muscle Nerve 22:1000-21.

Miyagi E, Braga-Basaria M, Hardy E, Vasko 
V, Burman KD, Jhiang S, Saji M, Ringel MD 
(2004). Chronic expression of RET/PTC 3 en-
hances basal and insulin-stimulated PI3 kinase/
AKT signaling and increases IRS-2 expression 
in FRTL-5 thyroid cells. Mol Carcinog. 41:98-
107.

Miyazaki K, Asai N, Iwashita T, Taniguchi M, 
Isomura T, Funahashi H, Takagi H, Matsuyama 
M, Takahashi M (1993). Tyrosine kinase activ-
ity of the ret proto-oncogene products in vitro. 
Biochem Biophys Res Commun. 193:565-70.

Moore MW, Klein RD, Fariñas I, Sauer H, Ar-
manini M, Phillips H, Reichardt LF, Ryan AM, 
Carver-Moore K, Rosenthal A (1996). Renal 
and neuronal abnormalities in mice lacking 
GDNF. Nature 382:76-9.

Morinaga T, Enomoto A, Shimono Y, Hirose 
F, Fukuda N, Dambara A, Jijiwa M, Kawai K, 
Hashimoto K, Ichihara M, Asai N, Murakumo 
Y, Matsuo S, Takahashi M (2005). GDNF-
inducible zinc fi nger protein 1 is a sequence-
specifi c transcriptional repressor that binds to 
the HOXA10 gene regulatory region. Nucleic 
Acids Res. 33:4191-201.

Mulligan LM, Eng C, Attié T, Lyonnet S, 
Marsh DJ, Hyland VJ, Robinson BG, Frill-
ing A, Verellen-Dumoulin C, Safar A, et al. 
(1994). Diverse phenotypes associated with 
exon 10 mutations of the RET proto-oncogene. 
Hum Mol Genet. 3:2163-7.

Mulligan LM, Ponder BA (1995). Genetic ba-
sis of endocrine disease: multiple endocrine 
neoplasia type 2. J Clin Endocrinol Metab. 
80:1989-95.

References



66

Mulligan LM, Marsh DJ, Robinson BG, 
Schuffenecker I, Zedenius J, Lips CJ, Gagel 
RF, Takai SI, Noll WW, Fink M, et al. (1995). 
Genotype-phenotype correlation in multiple 
endocrine neoplasia type 2: report of the In-
ternational RET Mutation Consortium. J Intern 
Med. 238:343-6.

Munro S (2003). Lipid rafts: elusive or illu-
sive? Cell 115:377-88.

Murakami H, Yamamura Y, Shimono Y, Kawai 
K, Kurokawa K, Takahashi M (2002). Role of 
Dok1 in cell signaling mediated by RET tyro-
sine kinase. J Biol Chem. 277:32781-90.

Nagar B, Overduin M, Ikura M, Rini JM 
(1996). Structural basis of calcium-induced E-
cadherin rigidifi cation and dimerization. Na-
ture 380:360-4.

Nakamura T, Ishizaka Y, Nagao M, Hara M, 
Ishikawa T (1994). Expression of the ret proto-
oncogene product in human normal and neo-
plastic tissues of neural crest origin. J Pathol. 
172:255-60.

Narhi LO, Rosenfeld R, Shimamoto G, Lee R, 
Hawkins N, Li T, Philo J, Wen J, Arakawa T 
(1997). Comparison of solution properties of 
human and rat ciliary neurotrophic factor. J 
Pept Res. 50:300-9.

Naveilhan P, Baudet C, Mikaels A, Shen L, 
Westphal H, Ernfors P (1998). Expression and 
regulation of GFRalpha3, a glial cell line-de-
rived neurotrophic factor family receptor. Proc 
Natl Acad Sci U S A. 95:1295-300.

Nikiforov YE (2008). Thyroid carcinoma: mo-
lecular pathways and therapeutic targets. Mod 
Pathol. 21:37-43.

Nomoto S, Ito S, Yang LX, Kiuchi K (1998). 
Molecular cloning and expression analysis of 
GFR alpha-3, a novel cDNA related to GDN-
FR alpha and NTNR alpha. Biochem Biophys 
Res Commun. 244:849-53.

Nozaki C, Asai N, Murakami H, Iwashita T, 
Iwata Y, Horibe K, Klein RD, Rosenthal A, 
Takahashi M (1998). Calcium-dependent Ret 
activation by GDNF and neurturin. Oncogene 
16:293-9.

Nutt JG, Burchiel KJ, Comella CL, Jankovic J, 
Lang AE, Laws ER Jr, Lozano AM, Penn RD, 
Simpson RK Jr, Stacy M, Wooten GF (2003). 
Randomized, double-blind trial of glial cell 
line-derived neurotrophic factor (GDNF) in 
PD. Neurology 60:69-73.

Nykjaer A, Lee R, Teng KK, Jansen P, Mad-
sen P, Nielsen MS, Jacobsen C, Kliemannel 
M, Schwarz E, Willnow TE, Hempstead BL, 
Petersen CM (2004). Sortilin is essential for 
proNGF-induced neuronal cell death. Nature 
427:843-8.

Oiwa Y, Yoshimura R, Nakai K, Itakura T 
(2002). Dopaminergic neuroprotection and 
regeneration by neurturin assessed by using 
behavioral, biochemical and histochemical 
measurements in a model of progressive Par-
kinson’s disease. Brain Res. 947:271-83.

Oiwa Y, Nakai K, Itakura T (2006). Histologi-
cal effects of intraputaminal infusion of glial 
cell line-derived neurotrophic factor in Parkin-
son disease model macaque monkeys. Neurol 
Med Chir (Tokyo). 46:267-75.

Oppenheim RW (1991). Cell death during de-
velopment of the nervous system. Annu Rev 
Neurosci. 14:453-501.

Pachnis V, Mankoo B, Costantini F (1993). 
Expression of the c-ret proto-oncogene dur-
ing mouse embryogenesis. Development 
119:1005-17.

Palgi M, Lindström R, Peränen J, Piepponen 
TP, Saarma M, Heino TI (2009). Evidence 
that DmMANF is an invertebrate neurotrophic 
factor supporting dopaminergic neurons. Proc 
Natl Acad Sci U S A. 106:2429-34.

Pandey A, Duan H, Di Fiore PP, Dixit VM 
(1995). The Ret receptor protein tyrosine ki-
nase associates with the SH2-containing adapt-
er protein Grb10. J Biol Chem. 270:21461-3.

Pandey A, Liu X, Dixon JE, Di Fiore PP, Dixit 
VM (1996). Direct association between the 
Ret receptor tyrosine kinase and the Src ho-
mology 2-containing adapter protein Grb7. J 
Biol Chem. 271:10607-10.

References



67

Paratcha G, Ledda F, Baars L, Coulpier M, 
Besset V, Anders J, Scott R, Ibáñez CF (2001). 
Released GFRalpha1 potentiates downstream 
signaling, neuronal survival, and differentia-
tion via a novel mechanism of recruitment of 
c-Ret to lipid rafts. Neuron 29:171-84.

Paratcha G, Ledda F, Ibáñez CF (2003). The 
neural cell adhesion molecule NCAM is an al-
ternative signaling receptor for GDNF family 
ligands. Cell 113:867-79.

Parisi MA, Kapur RP (2000). Genetics of 
Hirschsprung disease. Curr Opin Pediatr. 
12:610-7.

Parkash V, Lindholm P, Peränen J, Kalkkinen 
N, Oksanen E, Saarma M, Leppänen VM, 
Goldman A (2009). The structure of the 
conserved neurotrophic factors MANF and 
CDNF explains why they are bifunctional. 
Protein Eng Des Sel. 22:233-41.

Pascual A, Hidalgo-Figueroa M, Piruat JI, 
Pintado CO, Gómez-Díaz R, López-Barneo 
J (2008). Absolute requirement of GDNF for 
adult catecholaminergic neuron survival. Nat 
Neurosci. 11:755-61.

Paulick MG, Bertozzi CR (2008). The gly-
cosylphosphatidylinositol anchor: a complex 
membrane-anchoring structure for proteins. 
Biochemistry 47:6991-7000.

Pelet A, Geneste O, Edery P, Pasini A, Chap-
puis S, Atti T, Munnich A, Lenoir G, Lyon-
net S, Billaud M (1998). Various mechanisms 
cause RET-mediated signaling defects in Hir-
schsprung’s disease. J Clin Invest. 101:1415-
23.

Pérez P, Coll PM, Hempstead BL, Martín-Zan-
ca D, Chao MV (1995). NGF binding to the trk 
tyrosine kinase receptor requires the extracel-
lular immunoglobulin-like domains. Mol Cell 
Neurosci. 6:97-105.

Peterson AL, Nutt JG (2008). Treatment of 
Parkinson’s disease with trophic factors. Neu-
rotherapeutics. 5:270-80.

Peterziel H, Unsicker K, Krieglstein K (2002). 
TGFbeta induces GDNF responsiveness in 

neurons by recruitment of GFRalpha1 to the 
plasma membrane. J Cell Biol. 159:157-67.

Petrova P, Raibekas A, Pevsner J, Vigo N, 
Anafi  M, Moore MK, Peaire AE, Shridhar V, 
Smith DI, Kelly J, Durocher Y, Commissiong 
JW (2003). MANF: a new mesencephalic, as-
trocyte-derived neurotrophic factor with selec-
tivity for dopaminergic neurons. J Mol Neuro-
sci. 20:173-88.

Pichel JG, Shen L, Sheng HZ, Granholm 
AC, Drago J, Grinberg A, Lee EJ, Huang SP, 
Saarma M, Hoffer BJ, Sariola H, Westphal H 
(1996). Defects in enteric innervation and kid-
ney development in mice lacking GDNF. Na-
ture 382:73-6.

Pierchala BA, Milbrandt J, Johnson EM Jr. 
(2006). Glial cell line-derived neurotrophic 
factor-dependent recruitment of Ret into lipid 
rafts enhances signaling by partitioning Ret 
from proteasome-dependent degradation. J 
Neurosci. 26:2777-87.

Pierchala BA, Tsui CC, Milbrandt J, Johnson 
EM (2007). NGF augments the autophospho-
rylation of Ret via inhibition of ubiquitin-de-
pendent degradation. J Neurochem. 100:1169-
76.

Popsueva A, Poteryaev D, Arighi E, Meng X, 
Angers-Loustau A, Kaplan D, Saarma M, Sari-
ola H (2003). GDNF promotes tubulogenesis 
of GFRalpha1-expressing MDCK cells by Src-
mediated phosphorylation of Met receptor ty-
rosine kinase. J Cell Biol. 161:119-29.

Por SB, Huttner WB (1984). A Mr 70,000 
phosphoprotein of sympathetic neurons regu-
lated by nerve growth factor and by depolari-
zation. J Biol Chem. 259:6526-33.
 
Poteryaev D, Titievsky A, Sun YF, Thomas-
Crusells J, Lindahl M, Billaud M, Arumäe U, 
Saarma M (1999). GDNF triggers a novel ret-
independent Src kinase family-coupled signal-
ing via a GPI-linked GDNF receptor alpha1. 
FEBS Lett. 463:63-6.

Pozas E, Ibáñez CF (2005). GDNF and GFRal-
pha1 promote differentiation and tangential 
migration of cortical GABAergic neurons. 
Neuron 45:701-13.

References



68

Qiao S, Iwashita T, Furukawa T, Yamamoto 
M, Sobue G, Takahashi M (2001). Differential 
effects of leukocyte common antigen-related 
protein on biochemical and biological activi-
ties of RET-MEN2A and RET-MEN2B mutant 
proteins. J Biol Chem. 276:9460-7.

Reichardt LF (2006). Neurotrophin-regulated 
signalling pathways. Philos Trans R Soc Lond 
B Biol Sci. 361:1545-64.

Richardson DS, Lai AZ, Mulligan LM (2006). 
RET ligand-induced internalization and its 
consequences for downstream signaling. On-
cogene 25:3206-11.

Rickard SM, Mummery RS, Mulloy B, Rider 
CC (2003). The binding of human glial cell 
line-derived neurotrophic factor to heparin 
and heparan sulfate: importance of 2-O-sulfate 
groups and effect on its interaction with its re-
ceptor, GFRalpha1. Glycobiology 13:419-26.

Romeo G, Ronchetto P, Luo Y, Barone V, Seri 
M, Ceccherini I, Pasini B, Bocciardi R, Lerone 
M, Kääriäinen H, et al. (1994). Point muta-
tions affecting the tyrosine kinase domain of 
the RET proto-oncogene in Hirschsprung’s 
disease. Nature 367:377-8.

Rose-John S, Heinrich PC (1994). Soluble 
receptors for cytokines and growth factors: 
generation and biological function. Biochem 
J. 300:281-90.

Rosenblad C, Martinez-Serrano A, Björklund 
A (1998). Intrastriatal glial cell line-derived 
neurotrophic factor promotes sprouting of 
spared nigrostriatal dopaminergic afferents 
and induces recovery of function in a rat mod-
el of Parkinson’s disease. Neuroscience 1998 
82:129-37.

Rosenblad C, Kirik D, Devaux B, Moffat B, 
Phillips HS, Björklund A (1999). Protection 
and regeneration of nigral dopaminergic neu-
rons by neurturin or GDNF in a partial lesion 
model of Parkinson’s disease after administra-
tion into the striatum or the lateral ventricle. 
Eur J Neurosci. 11:1554-66.

Rosenblad C, Grønborg M, Hansen C, Blom N, 
Meyer M, Johansen J, Dagø L, Kirik D, Patel 
UA, Lundberg C, Trono D, Björklund A, Jo-
hansen TE (2000). In vivo protection of nigral 
dopamine neurons by lentiviral gene transfer 
of the novel GDNF-family member neublastin/
artemin. Mol Cell Neurosci. 15:199-214.

Rossi J, Luukko K, Poteryaev D, Laurikainen 
A, Sun YF, Laakso T, Eerikäinen S, Tuominen 
R, Lakso M, Rauvala H, Arumäe U, Paster-
nack M, Saarma M, Airaksinen MS (1999). 
Retarded growth and defi cits in the enteric and 
parasympathetic nervous system in mice lack-
ing GFR alpha2, a functional neurturin recep-
tor. Neuron 22:243-52.

Runeberg-Roos P, Saarma M (2007). Neu-
rotrophic factor receptor RET: structure, cell 
biology, and inherited diseases. Ann Med. 
39:572-80.

Saavedra A, Baltazar G, Duarte EP (2008). 
Driving GDNF expression: the green and the 
red traffi c lights. Prog Neurobiol. 86:186-215.

Sah DW, Ossipov MH, Rossomando A, Silvian 
L, Porreca F (2005). New approaches for the 
treatment of pain: the GDNF family of neuro-
trophic growth factors. Curr Top Med Chem. 
5:577-83.

Salomon R, Attié T, Pelet A, Bidaud C, Eng C, 
Amiel J, Sarnacki S, Goulet O, Ricour C, Ni-
houl-Fékété C, Munnich A, Lyonnet S (1996). 
Germline mutations of the RET ligand GDNF 
are not suffi cient to cause Hirschsprung dis-
ease. Nat Genet. 14:345-7.

Salvatore D, Barone MV, Salvatore G, Melillo 
RM, Chiappetta G, Mineo A, Fenzi G, Vecchio 
G, Fusco A, Santoro M (2000). Tyrosines 1015 
and 1062 are in vivo autophosphorylation sites 
in ret and ret-derived oncoproteins. J Clin En-
docrinol Metab. 85:3898-907.

Salvatore D, Melillo RM, Monaco C, Visconti 
R, Fenzi G, Vecchio G, Fusco A, Santoro M 
(2001). Increased in vivo phosphorylation of 
ret tyrosine 1062 is a potential pathogenetic 
mechanism of multiple endocrine neoplasia 
type 2B. Cancer Res. 61:1426-31.

References



69

Salvatore MF, Ai Y, Fischer B, Zhang AM, 
Grondin RC, Zhang Z, Gerhardt GA, Gash 
DM (2006). Point source concentration of 
GDNF may explain failure of phase II clinical 
trial. Exp Neurol. 202:497-505.

Sancandi M, Ceccherini I, Costa M, Fava M, 
Chen B, Wu Y, Hofstra R, Laurie T, Griffths 
M, Burge D, Tam PK (2000). J Pediatr Surg. 
35:139-42

Sánchez MP, Silos-Santiago I, Frisén J, He B, 
Lira SA, Barbacid M (1996). Renal agenesis 
and the absence of enteric neurons in mice 
lacking GDNF. Nature 382:70-3.

Sanicola M, Hession C, Worley D, Carmillo P, 
Ehrenfels C, Walus L, Robinson S, Jaworski 
G, Wei H, Tizard R, Whitty A, Pepinsky RB, 
Cate RL (1997). Glial cell line-derived neuro-
trophic factor-dependent RET activation can 
be mediated by two different cell-surface ac-
cessory proteins. Proc Natl Acad Sci U S A. 
94:6238-43.

Santoro M, Rosati R, Grieco M, Berlingieri 
MT, D’Amato GL, de Franciscis V, Fusco A 
(1990). The ret proto-oncogene is consistent-
ly expressed in human pheochromocytomas 
and thyroid medullary carcinomas. Oncogene 
5:1595-8.

Santoro M, Carlomagno F, Romano A, Bottaro 
DP, Dathan NA, Grieco M, Fusco A, Vecchio 
G, Matoskova B, Kraus MH, et al. (1995). Ac-
tivation of RET as a dominant transforming 
gene by germline mutations of MEN2A and 
MEN2B. Science 267:381-3.

Sauer H, Rosenblad C, Björklund A (1995). 
Glial cell line-derived neurotrophic factor but 
not transforming growth factor beta 3 prevents 
delayed degeneration of nigral dopaminergic 
neurons following striatal 6-hydroxydopamine 
lesion. Proc Natl Acad Sci U S A. 92:8935-9.

Schaar DG, Sieber BA, Dreyfus CF, Black IB 
(1993). Regional and cell-specifi c expression 
of GDNF in rat brain. Exp Neurol. 124:368-
71.

Schlessinger J (2000). Cell signaling by recep-
tor tyrosine kinases. Cell 103:211-25.

Schlessinger J (2003). Signal transduction. Au-
toinhibition control. Science 300:750-2.

Schmidt-Arras DE, Böhmer A, Markova B, 
Choudhary C, Serve H, Böhmer FD (2005). 
Tyrosine phosphorylation regulates maturation 
of receptor tyrosine kinases. Mol Cell Biol. 
25:3690-703.

Schuchardt A, D’Agati V, Larsson-Blomberg 
L, Costantini F, Pachnis V (1994). Defects in 
the kidney and enteric nervous system of mice 
lacking the tyrosine kinase receptor Ret. Na-
ture 367:380-3.

Schuchardt A, D’Agati V, Larsson-Blomberg 
L, Costantini F, Pachnis V (1995). RET-de-
ficient mice: an animal model for Hirschs-
prung’s disease and renal agenesis. J Intern 
Med. 238:327-32.

Schuringa JJ, Wojtachnio K, Hagens W, Vel-
lenga E, Buys CH, Hofstra R, Kruijer W 
(2001). MEN2A-RET-induced cellular trans-
formation by activation of STAT3. Oncogene 
20:5350-8.

Scott RP, Ibáñez CF (2001). Determinants of 
ligand binding specifi city in the glial cell line-
derived neurotrophic factor family receptor al-
phas. J Biol Chem. 276:1450-8.

Scott RP, Eketjäll S, Aineskog H, Ibáñez CF 
(2005). Distinct turnover of alternatively 
spliced isoforms of the RET kinase receptor 
mediated by differential recruitment of the Cbl 
ubiquitin ligase. J Biol Chem. 280:13442-9.

Sharma P, Varma R, Sarasij RC, Ira, Gous-
set K, Krishnamoorthy G, Rao M, Mayor S. 
(2004) Nanoscale organization of multiple 
GPI-anchored proteins in living cell mem-
branes. Cell 116:577-89.

Shridhar V, Rivard S, Shridhar R, Mullins C, 
Bostick L, Sakr W, Grignon D, Miller OJ, 
Smith DI (1996). A gene from human chromo-
somal band 3p21.1 encodes a highly conserved 
arginine-rich protein and is mutated in renal 
cell carcinomas. Oncogene 12:1931-9.

Shults CW, Kimber T, Martin D (1996). Intras-
triatal injection of GDNF attenuates the effects 

References



70

of 6-hydroxydopamine. Neuroreport 7:627-
31.
Sian J, Gerlach M, Youdim MB, Riederer P 
(1999). Parkinson’s disease: a major hypoki-
netic basal ganglia disorder. J Neural Transm. 
106:443-76.
 
Silvian L, Jin P, Carmillo P, Boriack-Sjodin 
PA, Pelletier C, Rushe M, Gong B, Sah D, 
Pepinsky B, Rossomando A (2006). Artemin 
crystal structure reveals insights into heparan 
sulfate binding. Biochemistry 45:6801-12.

Simons K, Ikonen E (1997). Functional rafts in 
cell membranes. Nature 387:569-72.

Simons K, Toomre D (2000). Lipid rafts and 
signal transduction. Nat Rev Mol Cell Biol. 
1:31-9.

Skinner MA, Moley JA, Dilley WG, Owzar K, 
Debenedetti MK, Wells SA Jr. (2005) Prophy-
lactic thyroidectomy in multiple endocrine ne-
oplasia type 2A. N Engl J Med. 353:1105-13.

Slevin JT, Gerhardt GA, Smith CD, Gash DM, 
Kryscio R, Young B (2005). Improvement 
of bilateral motor functions in patients with 
Parkinson disease through the unilateral in-
traputaminal infusion of glial cell line-derived 
neurotrophic factor. J Neurosurg. 102:216-22.

Smith DP, Houghton C, Ponder BA (1997). 
Germline mutation of RET codon 883 in 
two cases of de novo MEN 2B. Oncogene 
15:1213-7.

Smith MP, Cass WA (2007). GDNF reduces 
oxidative stress in a 6-hydroxydopamine 
model of Parkinson’s disease. Neurosci Lett. 
412:259-63.

Songyang Z, Carraway KL 3rd, Eck MJ, Har-
rison SC, Feldman RA, Mohammadi M, Sch-
lessinger J, Hubbard SR, Smith DP, Eng C, et 
al. (1995). Catalytic specifi city of protein-tyro-
sine kinases is critical for selective signalling. 
Nature 373:536-9.

Spillantini MG, Schmidt ML, Lee VM, Tro-
janowski JQ, Jakes R, Goedert M (1997). 
Alpha-synuclein in Lewy bodies. Nature 
388:839-40.

Strömberg I, Björklund L, Johansson M, Tom-
ac A, Collins F, Olson L, Hoffer B, Humpel 
C (1993). Glial cell line-derived neurotroph-
ic factor is expressed in the developing but 
not adult striatum and stimulates develop-
ing dopamine neurons in vivo. Exp Neurol. 
124:401-12.

Suvanto P, Hiltunen JO, Arumäe U, Moshnya-
kov M, Sariola H, Sainio K, Saarma M (1996). 
Localization of glial cell line-derived neuro-
trophic factor (GDNF) mRNA in embryonic 
rat by in situ hybridization. Eur J Neurosci. 
8:816-22.

Suvanto P, Wartiovaara K, Lindahl M, Arumäe 
U, Moshnyakov M, Horelli-Kuitunen N, Air-
aksinen MS, Palotie A, Sariola H, Saarma M 
(1997). Cloning, mRNA distribution and chro-
mosomal localisation of the gene for glial cell 
line-derived neurotrophic factor receptor beta, 
a homologue to GDNFR-alpha. Hum Mol 
Genet. 6:1267-73.

Suzuki C, Murakumo Y, Kawase Y, Sato T, 
Morinaga T, Fukuda N, Enomoto A, Ichihara 
M, Takahashi M (2008). A novel GDNF-induc-
ible gene, BMZF3, encodes a transcriptional 
repressor associated with KAP-1. Biochem 
Biophys Res Commun. 366:226-32.

Söding J, Biegert A, Lupas AN (2005). The 
HHpred interactive server for protein homol-
ogy detection and structure prediction. Nucleic 
Acids Res. 33:W244-8.

Tahira T, Ishizaka Y, Itoh F, Sugimura T, Na-
gao M (1990). Characterization of ret proto-
oncogene mRNAs encoding two isoforms of 
the protein product in a human neuroblastoma 
cell line. Oncogene 5:97-102.

Takahashi M, Ritz J, Cooper GM (1985). Ac-
tivation of a novel human transforming gene, 
ret, by DNA rearrangement. Cell 42:581-8.

Takahashi M, Buma Y, Hiai H (1989). Isolation 
of ret proto-oncogene cDNA with an amino-
terminal signal sequence. Oncogene 4:805-6.

Takahashi M, Buma Y, Taniguchi M (1991). 
Identifi cation of the ret proto-oncogene prod-

References



71

ucts in neuroblastoma and leukemia cells. On-
cogene 6:297-301.

Takahashi M, Asai N, Iwashita T, Isomura T, 
Miyazaki K, Matsuyama M (1993). Character-
ization of the ret proto-oncogene products ex-
pressed in mouse L cells. Oncogene 8:2925-9.

Takahashi M, Iwashita T, Santoro M, Lyonnet 
S, Lenoir GM, Billaud M (1999). Co-segre-
gation of MEN2 and Hirschsprung’s disease: 
the same mutation of RET with both gain and 
loss-of-function? Hum Mutat. 13:331-6.

Tanaka M, Xiao H, Kiuchi K (2002). Heparin 
facilitates glial cell line-derived neurotroph-
ic factor signal transduction. Neuroreport 
13:1913-6.

Tansey MG, Baloh RH, Milbrandt J, Johnson 
EM Jr. (2000). GFRalpha-mediated localiza-
tion of RET to lipid rafts is required for effec-
tive downstream signaling, differentiation, and 
neuronal survival. Neuron 25:611-23.

Tao RH, Maruyama IN (2008). All EGF(ErbB) 
receptors have preformed homo- and het-
erodimeric structures in living cells. J Cell Sci. 
121:3207-17.

Taraviras S, Marcos-Gutierrez CV, Durbec P, 
Jani H, Grigoriou M, Sukumaran M, Wang 
LC, Hynes M, Raisman G, Pachnis V (1999). 
Signalling by the RET receptor tyrosine kinase 
and its role in the development of the mam-
malian enteric nervous system. Development 
126:2785-97.

Tatsumi N, Miki R, Katsu K, Yokouchi Y 
(2007). Neurturin-GFRalpha2 signaling con-
trols liver bud migration along the ductus ven-
osus in the chick embryo. Dev Biol. 307:14-
28.

Teng HK, Teng KK, Lee R, Wright S, Tevar S, 
Almeida RD, Kermani P, Torkin R, Chen ZY, 
Lee FS, Kraemer RT, Nykjaer A, Hempstead 
BL (2005). ProBDNF induces neuronal apop-
tosis via activation of a receptor complex of 
p75NTR and sortilin. J Neurosci. 25:5455-63.

Tessarollo L, Tsoulfas P, Donovan MJ, Palko 
ME, Blair-Flynn J, Hempstead BL, Parada 
LF (1997). Targeted deletion of all isoforms 

of the trkC gene suggests the use of alternate 
receptors by its ligand neurotrophin-3 in neu-
ronal development and implicates trkC in nor-
mal cardiogenesis. Proc Natl Acad Sci U S A. 
94:14776-81.

Thoenen H, Barde YA (1980). Physiology of 
nerve growth factor. Physiol Rev. 60:1284-
335.

Thompson J, Doxakis E, Piñón LG, Strachan 
P, Buj-Bello A, Wyatt S, Buchman VL, Davies 
AM (1998). GFRalpha-4, a new GDNF family 
receptor. Mol Cell Neurosci. 11:117-26.

Tomac AC, Agulnick AD, Haughey N, Chang 
CF, Zhang Y, Bäckman C, Morales M, Matt-
son MP, Wang Y, Westphal H, Hoffer BJ 
(2002). Effects of cerebral ischemia in mice 
defi cient in Persephin. Proc Natl Acad Sci U 
S A. 99:9521-6.

Treanor JJ, Goodman L, de Sauvage F, Stone 
DM, Poulsen KT, Beck CD, Gray C, Armanini 
MP, Pollock RA, Hefti F, Phillips HS, God-
dard A, Moore MW, Buj-Bello A, Davies AM, 
Asai N, Takahashi M, Vandlen R, Henderson 
CE, Rosenthal A (1996). Characterization of 
a multicomponent receptor for GDNF. Nature 
382:80-3.

Trupp M, Rydén M, Jörnvall H, Funakoshi 
H, Timmusk T, Arenas E, Ibáñez CF (1995). 
Peripheral expression and biological activities 
of GDNF, a new neurotrophic factor for avian 
and mammalian peripheral neurons. J Cell 
Biol. 130:137-48.

Trupp M, Arenas E, Fainzilber M, Nilsson AS, 
Sieber BA, Grigoriou M, Kilkenny C, Salazar-
Grueso E, Pachnis V, Arumäe U (1996). Func-
tional receptor for GDNF encoded by the c-ret 
proto-oncogene. Nature 381:785-9.

Trupp M, Belluardo N, Funakoshi H, Ibáñez 
CF (1997). Complementary and overlapping 
expression of glial cell line-derived neuro-
trophic factor (GDNF), c-ret proto-oncogene, 
and GDNF receptor-alpha indicates multiple 
mechanisms of trophic actions in the adult rat 
CNS. J Neurosci. 17:3554-67.

References



72

Trupp M, Raynoschek C, Belluardo N, Ibáñez 
CF (1998). Multiple GPI-anchored receptors 
control GDNF-dependent and independent ac-
tivation of the c-Ret receptor tyrosine kinase. 
Mol Cell Neurosci. 11:47-63.

Trupp M, Scott R, Whittemore SR, Ibáñez CF 
(1999). Ret-dependent and -independent mech-
anisms of glial cell line-derived neurotrophic 
factor signaling in neuronal cells. J Biol Chem. 
274:20885-94.

Tsui CC, Pierchala BA (2008). CD2AP and 
Cbl-3/Cbl-c constitute a critical checkpoint 
in the regulation of ret signal transduction. J 
Neurosci. 28:8789-800.

Tsui-Pierchala BA, Ahrens RC, Crowder RJ, 
Milbrandt J, Johnson EM Jr. (2002a). The 
long and short isoforms of Ret function as in-
dependent signaling complexes. J Biol Chem. 
277:34618-25.

Tsui-Pierchala BA, Milbrandt J, Johnson EM 
Jr. (2002b). NGF utilizes c-Ret via a novel 
GFL-independent, inter-RTK signaling mecha-
nism to maintain the trophic status of mature 
sympathetic neurons. Neuron 33:261-73.

Tsui-Pierchala BA, Encinas M, Milbrandt J, 
Johnson EM Jr. (2002c). Lipid rafts in neuro-
nal signaling and function. Trends Neurosci. 
25:412-7.

Ultsch MH, Wiesmann C, Simmons LC, Hen-
rich J, Yang M, Reilly D, Bass SH, de Vos AM 
(1999). Crystal structures of the neurotrophin-
binding domain of TrkA, TrkB and TrkC. J 
Mol Biol. 290:149-59.

Urfer R, Tsoulfas P, O’Connell L, Shelton DL, 
Parada LF, Presta LG (1995). An immunoglob-
ulin-like domain determines the specifi city of 
neurotrophin receptors. EMBO J. 14:2795-
805.

Vanhorne JB, Andrew SD, Harrison KJ, Tay-
lor SA, Thomas B, McDonald TJ, Ainsworth 
PJ, Mulligan LM (2005). A model for GFR al-
pha 4 function and a potential modifying role 
in multiple endocrine neoplasia 2. Oncogene 
24:1091-7.

van Weering DH, Bos JL (1997). Glial cell 
line-derived neurotrophic factor induces Ret-
mediated lamellipodia formation. J Biol Chem. 
272:249-54.

van Weering DH, Moen TC, Braakman I, Baas 
PD, Bos JL (1998). Expression of the recep-
tor tyrosine kinase Ret on the plasma mem-
brane is dependent on calcium. J Biol Chem. 
273:12077-81.

Vergara C, Ramirez B (2004), CNTF, a pleio-
tropic cytokine: emphasis on its myotrophic 
role. Brain Res Brain Res Rev. 47:161-73.

Vieira AV, Lamaze C, Schmid SL (1996). Con-
trol of EGF receptor signaling by clathrin-me-
diated endocytosis. Science. 274:2086-9.

Wang LM, Zhang Q, Zhang Q, Zhu W, He C, 
Lu CL, Ding DF, Chen ZY (2004). Identifi ca-
tion of the key amino acids of glial cell line-
derived neurotrophic factor family receptor al-
pha1 involved in its biological function. J Biol 
Chem. 279:109-16.

Wang X, Baloh RH, Milbrandt J, Garcia KC 
(2006). Structure of artemin complexed with 
its receptor GFRalpha3: convergent recogni-
tion of glial cell line-derived neurotrophic fac-
tors. Structure 14:1083-92.

Wang R, King T, Ossipov MH, Rossomando 
AJ, Vanderah TW, Harvey P, Cariani P, Frank 
E, Sah DW, Porreca F (2008). Persistent resto-
ration of sensory function by immediate or de-
layed systemic artemin after dorsal root injury. 
Nat Neurosci. 11:488-96.

Watanabe T, Ichihara M, Hashimoto M, Shi-
mono K, Shimoyama Y, Nagasaka T, Mura-
kumo Y, Murakami H, Sugiura H, Iwata H, 
Ishiguro N, Takahashi M (2002). Characteriza-
tion of gene expression induced by RET with 
MEN2A or MEN2B mutation. Am J Pathol. 
161:249-56.

Widenfalk J, Tomac A, Lindqvist E, Hoffer B, 
Olson L (1998). GFRalpha-3, a protein related 
to GFRalpha-1, is expressed in developing pe-
ripheral neurons and ensheathing cells. Eur J 
Neurosci. 10:1508-17.

References



73

Wong A, Bogni S, Kotka P, de Graaff E, 
D’Agati V, Costantini F, Pachnis V (2005). 
Phosphotyrosine 1062 is critical for the in vivo 
activity of the Ret9 receptor tyrosine kinase 
isoform. Mol Cell Biol. 25:9661-73.

Worby CA, Vega QC, Chao HH, Seasholtz 
AF, Thompson RC, Dixon JE (1998). Identi-
fi cation and characterization of GFRalpha-3, 
a novel Co-receptor belonging to the glial cell 
line-derived neurotrophic receptor family. J 
Biol Chem. 273:3502-8.

Worley DS, Pisano JM, Choi ED, Walus L, 
Hession CA, Cate RL, Sanicola M, Birren SJ 
(2000). Developmental regulation of GDNF 
response and receptor expression in the enteric 
nervous system. Development 127:4383-93.

Xiao H, Hirata Y, Isobe K, Kiuchi K (2002). 
Glial cell line-derived neurotrophic factor up-
regulates the expression of tyrosine hydroxy-
lase gene in human neuroblastoma cell lines. J 
Neurochem. 82:801-8.

Yang J, Runeberg-Roos P, Leppänen VM, 
Saarma M (2007). The mouse soluble GFRal-
pha4 receptor activates RET independently of 
its ligand persephin. Oncogene 26:3892-8. 

Yang J, Siao CJ, Nagappan G, Marinic T, Jing 
D, McGrath K, Chen ZY, Mark W, Tessarollo 
L, Lee FS, Lu B, Hempstead BL (2009). Neu-
ronal release of proBDNF. Nat Neurosci. 2009 
Jan 11. [Epub ahead of print]

Yoong LF, Peng ZN, Wan G, Too HP (2005). 
Tissue expression of alternatively spliced 
GFRalpha1, NCAM and RET isoforms and 
the distinct functional consequence of ligand-
induced activation of GFRalpha1 isoforms. 
Brain Res Mol Brain Res. 139:1-12.

Zhang Z, Miyoshi Y, Lapchak PA, Collins F, 
Hilt D, Lebel C, Kryscio R, Gash DM (1997). 
Dose response to intraventricular glial cell 
line-derived neurotrophic factor administra-
tion in parkinsonian monkeys. J Pharmacol 
Exp Ther. 282:1396-401.

Åkerud P, Holm PC, Castelo-Branco G, Sousa 
K, Rodriguez FJ, Arenas E (2002). Persephin-
overexpressing neural stem cells regulate the 
function of nigral dopaminergic neurons and 
prevent their degeneration in a model of Par-
kinson’s disease. Mol Cell Neurosci. 21:205-
22.

References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


