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Abstract

Glial cell line-derived neurotrophic factoGDNF) activates c-Ret tyrosine kinase and

severaldownstream intracellular pathways; the bgital effects caused by the activation of

ead of these pathways, however, remain to be elucidated. Here we report the ability of

GDNF to induce proliferation, rather than éiféntiation, of neuroblastoma cells (SH-SY5Y)

via targeting the signaling pathway responsfblemediating this proliferative effect. GDNF

induces the phosphorylation of Akt and p70Sgakie (p70S6K) in SH-SY5Y cells in which

Ret piotein expression is relatively low. Interestingly, treating SH-SY5Y cells with retinoic

acid greatly increases Ret protein leveld &DNF-induced Ret tyrosine phosphorylation, but

does not affect the mitogenicten of GDNF and the activation of the Akt/p70S6K pathway.

In contrast, the activation of the ERK pathyand the resulting induction of immediate-early

genes parallel the increases in Ret proteinl$e\Rapamycin, a specific inhibitor of p70S6K

activation by mammaliantarget of rapamycin, completely prevents GDNF-induced

proliferation and activation of p70S6K. Tleesesults suggest that GDNF promotes cell

proliferation via the activation of p70S6Kydependent of the ERK signaling pathway, and

that GDNF activates the Akt/p70S6K pathway meifeciently than the ERK pathway in the

cdls in which Ret expression is low.
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1. Introduction

Glial cell line-derived neurotrophic factor (GDNF), a distant member of the transforming

growth factorfd superfamily, was characterized as a potent survival factor for midbrain

dopaminergic neurons [26]. Subsequent studidicate that GDNF exhibits variety of other

biological activities and has effects on seveypkt of neurons includg motor neurons [19],

as well as sensory and autonomic neurons GONF also prevents the axotomy-induced

death of facial or spinal cord motorneur¢h8,29,47], and the degeneration of mesencephalic

dopaminergic neurons following axotomy [3hdachemical lesions by 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP) [37] or 6-hydroxydopamine [23]. GDNF exerts its effects

via a multicomponent receptor complex comprised of the c-Ret receptor tyrosine kinase and

the glycosylphosphatidylinositol (GPIl)-anchored receptor, &ERwhich is required for

ligand binding [24,38]. GDNF activates the ctRaase and downstream signaling pathways,

including the Ras/extracellular signal-regulated kinase (ERK) and the phosphatidylinositol 3-

kinase (PI3K)/Akt pathways [43,44]. In atdn to Ret-dependent pathways, GDNF can also

signal cells lacking the Ret receptor viangechanism that involves binding to G&R

receptors, stimulation of a cytoplasmic GFRassociated Src-like kinase, and activation of

the cyclic AMP response element binding protein (CREB) [41].

The GDNF-induced activation of the PI3K pathy has been implicated in lamellipodia



formation, which is rquired for neuritogenesis in neurdéglioma cells [43], and in the

suvival of spinal cord motoneurons [36]. TRESK pathway was also shown to be involved

in the GDNF-induced differentiation of doparaergic neurons [32] and in the GDNF-induced

proliferation of enteric neuroblasts [15].

In this paper, we demonstrate that a mitogefiect of GDNF on SH-SY5Y cells in which

Ret and GFRx1 are endogenously expressed is depeinde the activation of p70 S6 kinase

(p70S6K) but independent of the activation ofkeR addition, the up-regulation of Ret does

not have a relevant contribution to the mitoigeaction and the activation of p70S6K induced

by GDNF.The SH-SY5Y model allowed us to study GDNF-induced Akt/p70S6K signaling

without the influence of the ERK pathwajome of these data have been published

previously in abstract form [21,22].

2. Materials and methods

2.1. Materials

Anti-phosphotyrosine antibody (Ab) 4G10 and anti-Rsk2 Ab were obtained from Upstate

Biotechnology (Lake Placid, NY). Anti-p70S6K, anti-c-Fos (4), anti-Egr-1 (C-19) and anti-

Ret Abs, C-19 (specific for Ret short isoform) and C-20 (specific for Ret long isoform) were

from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-GERAb was from



Pharmingen (San Diego, CA). Phospho-specific Abs for ERK, Rsk, CREB, Akt and p70S6K,

anti-ERK Ab and anti-CREB Ab were from Nemngland Biolabs, Inc. (Beverly, MA). Anti-

actin (Ab-1) Ab was from Calbiochem-Novabiochem Corporation (San Diego, CA). GDNF

was obtained from Almone Labs Ltd. (Jerusalem, Israel).

2.2. Cell cultures

The human neuroblastoma cell line SH-SY5Y [5 e human neuroepithelioma cell line

SK-N-MC [5,6], and the mouse neuroblasi cell line Neuro2a (ATCC #CCL 131) were

cultured in RPMI 1640 or Dulbecco's modified Eagle's medium (DMEM) supplemented with

8% heat-inactivated fetal bovine serum (Biofluids, Inc., Rockville, MD) at 37°C in 5% CO

The rat pheochromocytoma cell line PC12 [#&}s grown in DMEM supplemented with 7%

horse serum (BioWhittaker, Inc., WalkersvilMD) and 4% fetal bovine serum at 37°C in 5%

CO..

2.3. Western blotting

Cdls were lysed in SDS-Laemmli sample buffer (62.5 mM Tris-HCI (pH 6.8), 2% SDS,

10% glycerol) and sonicated for ~ 20 s. Totdl sates (40 pg protein) were separated by

SDS-PAGE and transferred to nitrocellulose membranes. Immunoblottasy performed

with the appropriate antibody, and immunoteaty was visualized with the enhanced

chemiluminescence (ECL) system (Amersham Biosciences Corp., Piscataway, NJ). In some



cases, blots were reprobed with different antibodies after stripping in 62.5 mM Tris-HCI (pH

6.7)/100 mMpB-mercapbethanol/2% SDS at 55°C for 30 min.

2.4. Cell proliferation assay

Cdl proliferation was determined wittd-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-

tetrazolio]-1,3-benzene disulfonate (WST-1) using a Cell Counting Kit (Wako Pure Chemical

Industries, Osaka, Japan). Briefly, WST-1 waddeal to the culture at a final concentration of

500 nM. After incubation for 2-4 h at 37°Cetlabsorbance was measured photometrically at

405 nm using a reference wavelength of 690 nmtishical differences between controls and

treated groups were assessed by the two-tailed, unpaired Student's t-test.

2.5. Immunoprecipitation

Cells were lysedor 10 min on ice in 10 volumes of the lysis buffer (50 mM Tris-HCI (pH

8.0), 150 mM NaCl, 1% Nonidet P-4.5% deoxycholic acid) containing 1 mM

phenylmethylsulfonyl fluoride, 1 pg/ml leupeptibh mM EDTA, 1 mM dithiothreitol (DTT),

1 uM okadaic acid, 1 mMaslium vanadate and 100 mBAglycerophosphate, after which the

lysates were centrifuged at 12,000 x g for 10 min. The lysates were immunoprecipitated by

incubating with an appropriate Ab at 4°C ovehiifollowed by incubation with 40 pl of a 1:1

slurry of Protein A/G+ agarose at 4°C fdrh. The immunocomplexes bound to the agarose

were washed 3 times with 1 ml of the lysis buffer and once with 1 ml of 50 mM Tris-HCI (pH



6.8), and eluted with 40 pl of SDS-Laemmli sample buffer containing3-5#&rcatoethanol.

The samples were then boiled for 5 min, and 2@liguots of eluate we subjected to SDS-

PAGE and immunoblotted as described above.

2.6. Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA wasisolated using a RNeasy Total RNA kit (Qiagen, Hilden, Germany). Single

strand cDNA was synthesized from 1 pg total RNA in a volume of 20 ul containing 0.5 pg

oligo(dT),,.,5 primer (Invitrogen Corporation, Carlsbad, CA), 50 mM Tris-HCI (pH 8.3), 75

mM KCI, 3 mM MgCl, 10 U RNasin ribonuclease inhibitor (Promega Corporation, Madison,

WI), 0.5 mM each of dATP, dCTP, dGTP, and dTTP, 10 mM DTT and 200 U MMLYV reverse

transcriptase (SuperScrifitll, Invitrogen Corporation). Reactiomgere incubated for 50 min

at 42°C, then terminated by heating for 15 min at 70°C. To remove RNA complementary to

the cDNA, 2 U of RNase H were added and rfixture was incubated for 20 min at 37°C.

PCR was performed using the following primers: ret, F:5'-

GCTGAGGGACGGAAGATGAAG-3' and R:5-CAGTTGTCTGGCCTCTCCATCC-3'

giving a 281-bp product (30 cycles); G&R F:5-GCACAGCTACGGGATGCTCTTCTG-3

(mouse, rat), F:5'-GCACAGCTACGGAATGC-TTCTG-3' human) and R:5-GTAGTTAG-

GAGTCATGACTGTGCCAATC-3' (mouse, rat), R:5-GTAGTTGGGGGTCATGACTGTG-

CCAATA-3' (human) giving a 286-bp product [235 cycles); GAPDH (glyceraldehyde-3-



phosphate dehydrogenase), F:5-GGAGATTGTTGCCATCAACGAC-3' (mouse, rat), F:5'-

GGATATTGTTGCCATCAATGAC-3' (human) and R:5'-ATGAGCCCTT-

CCACAATGCCAAAG-3' (mouse, rat), R:5-ATGAGTCCTTCCACGATACCAAAG-3'

(human) giving a 441-bp product [25] (25 cycles).

3. Results

3.1 Effects of GDNF on SH-SY5Y cells

First, to determine the biological effects GDNF on the human neuroblastoma cell line

SH-SY5Y, SH-SY5Y cells were grown in serum-containing medium in the presence or

absence of GDNF. GDNF significantly incredsthe number of dividing cells in a

concentration-dependent meer (Fig. 1, Fig. 2A, B). Whereas GDNF elicits cell

differentiation of Purkinje cells and the ureblastoma cell line, TGW-I-nu [27,28], phase-

contrast microscopy revealed no apparentphological changes in the SH-SY5Y cells (Fig.

2B) under these conditions. These results suggasGDNF alone acts asmitogenic factor,

rather thara differentiating factor, in SH-SY5Y cells.

3.2. Effect of GDNF on Neuro2a, SK-N-MC and PC12 cells

To investigate whether the mitogenic action of GDNF is observed in different cell lines

that express either Ret or GER, SK-N-MC, Neuro2a and PC12 cells were cultured in the



presence of GDNF. SK-N-MC, a human neuroepithelioma cell line, expresseslGBiR

not Ret [43]. Transfection of Ret into SK-N-MC cells renders these cells responsive to GDNF,

an action that is not observed in the parecgdl line. This finding indicates that SK-N-MC

has intrinsic functional GHRL receptors, but not Ret receptors. GDNF did not affect the

proliferation of SK-N-MC cells at conceations of 10 to 100 ng/ml (Fig. 3). Neuro2a, a

mouse neuroblastoma cell line, endogenouslyesgas Ret, but does not express detectable

levels of GFRi1 mRNA [24]. NeuroZ2a also did not respond to GDNF at concentrations of 10

to 100 ng/ml (Fig. 3). Similarly, PC12, @ pheochromocytomaell line, endogenously

expresses Ret, but does not express detectable levels oflJEF. As with the Neuro2a

cells, PC12 cells did not respond to GDNF (Rj.These results indicate that the mitogenic

action of GDNF requires the expression of both Ret andoGHiRoteins.

3.3. RA stimulates the level of Ret protein but does not affect the action of GDNF

Theexpression of Ret and GER proteins in SH-SY5Y cells was confirmed with Western

blotting. Although the expression was relativédyv in these cells, Ret was detected as a

doublet comprised of 150 kDa and/or 170 kDgcgproteins of both short (1072 amino acids)

and long isoforms (1114 amino acids) (Fig. 2R protein expression in SH-SY5Y cells was

enhanced by treating the cells with retinoidda@&®A), a compound demonstrated to induce ret

MRNA in SH-SY5Y cells [9]. Indeed, RA strongly induced protein levels of 150 kDa Ret and
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170 kDa Ret of both isoforms (Fig. 2C). Protein induction lasted at least 5 days. To obtain

maximum induction of Ret, we usually pretreatied cells with 1-1.5 uM RA for 1 day. The

expression of GF&®L protein, in contrast, was not influenced by the RA treatment. RA

treatment may have multiple effects on a nundfeell pathways in addition to modulate Ret

protein levels, however, at the least protein lewé several signaling molecules such as Gabl,

Gab2, Grab2 and Shc were not affected undereiperimental conditions (data not shown).

Although we observed neuritic ext@ons in SH-SY5Y cells treated with RA, as previously

reported [31], both untreated and RA-treateells exhibited increased proliferation in

response to GDNF (Fig. 2A, B). It is surprising that RA-induced overexpression of Ret does

not appear to contribute to the mitogemitects of GDNF. GDNF treatment for 3 days

resulted in a slight increase in Ret protein level; this increase, however, was less than that in

RA-treated cells (data not shown). These results exclude the possibility that the mitogenic

action of GDNF alone is due to the induction of Ret.

To confirm that induced Ret in RA-treated SH-SY5Y cells responds to GDNF, the cells

were treated with GDNF followed by immunopi@tation with antibodies that recognize

short and long forms of Ret. The immunoprecipitated Ret proteins were then assayed for

ligand-induced tyrosine phosphorylation by probing with anti-phosphotyrosine antibody.

GDNF stimulated the tyrosine phosphorylation of p170 Ret, a form located in the plasma

11



membrane, (Fig. 2D). p150 Ret, an incompletely processed form of Ret present in the

endoplasmic reticulum, was not phosphorylated. ldoee, even in the absence of ligand, Ret

showed a high constitutive level of tyrosipéosphorylation in RA-treated cells similar to

that exhibited by COS cells that overexpress [R@]. In contrast, in naive SH-SY5Y cells,

GDNF-induced tyrosine phosphorylation of Reds very minimal under these conditions. It

may be possible that this low level of tgme phosphorylation is #ficient to mitogenic

signal.

3.4. Effects of GDNF on various signaling pathways

To investigate the initial event associatetth the mitogenic action of GDNF, various

types of cells were treated with GDNF for 10 min, then the phosphorylation of signaling

molecules was examined by Western blottjRgy. 4A, B). GDNF stimulates the PI3K/Akt

and ERK pathways via activation of Ret tyroskiease in several contexts [4,15,32,36,41].

The phosphorylation status of downstream PI3K targets, Akt and p70S6K, was studied by

immunoblotting to determine their activation stéfeg. 4A). In untreated SH-SY5Y cells and

RA-treated SH-SY5Y cells, GDNF treatmentnailated the phosphorylation of Akt and

p70S6K. The phosphorylation of p70S6K was albserved as a reduction in mobility upon

SDS-PAGE. The extent of GDNF-induced phosptadion of Akt and p70S6K was similar in

RA-treated SH-SY5Y cells and in untreated SH-SY5Y cells, regardless of the amount of Ret
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expressed. In contrast, the phosphorylation of p44/p42 ERK was much more evident in RA-

treated SH-SY5Y cells compared to that in untreated SH-SY5Y cells (Fig. 4B). Akt, p70S6K,

and ERK protein levels were not significandffected by GDNF and RA treatment. These

resuts indicate that the activation of Akt aqp¥0OS6K appears to be correlated with the

mitogenic action of GDNF, but not with the exmies of Ret protein. On the other hand, the

phosphorylation of ERKs was related to Ret eiotlevels. These results suggest that the

Akt/p70S6K pathway and the ERK pathway ardependently regulated by the activation of

the GDNF receptor complex. There was no obvious stimulation of Akt, p70S6K, and ERKSs in

SK-N-MC cells, and little activation of these pathways in Neuro2a and PC12 cells (Fig. 4A,

B). Moreover, GDNF did not promote proliferation in these 3 cell lines. These results further

support that both Ret and GER are necessary to stimulate these signaling molecules.

Theexpression of Ret and GER in these cell lines was confirmed by assessing both the

MRNASs and proteins of these receptors using RT-PCR and Western blotting. As shown in Fig.

4C and D, both ret mRNA and Ret proteinrevexpressed in SH-SY5Y cells, Neuro2a cells

and PC12 cells, but not in SK-N-MC cells. GFRMRNA and protein were expressed in SH-

SY5Y cells and SK-N-MC cells. Faint GBR mRNA signals were detected in PC12 cells

and Neuro2a cells under thesgperimental conditions. GFER protein, however, was not

detectable in these cell lines. The observation that mRNA levels does not always parallel
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protein levels was also evident in RAdted SH-SY5Y cells, in which the induction of

GFRo1 mRNA was obvious, but GFR protein level was unchanged.

3.5. Smilar time course of GDNF-induced signaling in naive SH-SY5Y cells and in RA-

treated SH-SYBY cdlls

The GDNF-induced stimulation of the Akt/p76¥% and ERK pathways was further

characterized by examining the time cours&®8MNF action on these pathways in untreated

or naive and RA-treated SH-SY5Y cells. IERnd p70S6K phosphorylation was elevated 30

min after GDNF treatment; this elevation &sup to 12 h after stimulation with GDNF and

gradually decreased with time (Fig. 5AJhe time course of both ERK and p70S6K

phosphorylation was similar in naiemd RA-treated SH-SY5Y cells.

Activation of the ERK signaling pathway dders the induction of specific immediate-

early gene expression [39]. In RA-treat8H-SY5Y cells, GDNF treatment elicited a rapid

increase in c-Fos and Egr-1/NGFI-A/Zif268 praoteixpression that peaked 2 h after treatment

(Fig. 5B). There was a slight induction ofede immediate-early genes in naive SH-SY5Y

cells. Reprobing the transfer membrane or blot with an anti-actin antibody showed that

protein loading in the different lanes was similar. Taken together, these results suggest that

GDNF induces the expression of c-Fos and Egr-1/NGFI-A/Zif268 through the ERK signaling

pathway, but not through the PI3K/Akt kinase signaling pathway.
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The90 kDa ribosomal S6 kinase-2 (Rsk2), the first CREB kinase shown to be induced by a

neurotrophin, is a downstream target of the Ras/ERK pathway [46]. Therefore, it would be

reasonable to examine wheti@DNF induces the phosphorylation of Rsk and CREB. As

shown in Fig. 5C, GDNF stimulated the phosphatign of Rsk and CREB in a time course

smilar to that of p44/42 ERK. These results suggest that GDNF stimulates the

phosphorylation of CREB via activation of Rsk2, which is required for growth factor-

stimulated transcription of the c-Fos gene [7].

3.6. Inhibition of p70 S5 kinase but not ERK kinase reverses GDNF-induced proliferation

Cdls were treated with rapamycin to detene the role of the Akt/p70S6K and ERK

kinase pathways in mediag the mitogenic effects of GDNF. As shown in Fig. 6A,

rapamycin completely blocked both GDMNRduced and RA-, GDNF-induced cell

proliferation. In contrast, PD98059, an ibitor of the ERK kinase, had no effect on

mitogenic action of GDNF (Fig. 6B). Western aysaé confirmed that rapamycin specifically

prevented the phosphorylation of p70S6K (Fig. 6C). The phosphorylation of Akt and ERK

were not affected by rapamycin. LY294002, PI3K inhibitor, blocked GDNF-induced

proliferation of SH-SY5Y cells and GDNRduced phosphorylation of Akt and p70S6K but

not ERK, confirming that Akt and p70S6K adlewnstream of PI3K (data not shown). These
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resuts clearly indicate that the activation of pB¥Sis responsible for the mitogenic action of

GDNF, whereas ERKSs are not involved in this signaling pathway.

4. Discussion

The mitogenic action of GDNF has been maidgscribed in mammalian enteric nervous

system progenitors. GDNF increases the uptak®&rdU from neuronal crest cells immuno-

isolated from the gut of quail or rat embr[18,45]. While GDNF and neurturin, another

member of the GDNF family, greatly increase ttumber of BrdU/Ret double-labeled enteric

neuron precursors, removal of GDNF or neurturin from the culture medium decreases cell

proliferation [20]. Along with the observation that the death of cultured Ret-expressing cells

increases in the absence of growth facta@sehstudies suggest that GDNF and neurturin are

capable of promoting both proliferation and suaV of enteric neuroprecursors. We also see

increases in the number of SH-SY5Y neuroblastoma cells, similar to those increases observed

for enteric neuron precursors. However, GDNF does not affect the survival of SH-SY5Y cells,

since these cells grow normally in serum-containing media void of GDNF. In SH-SY5Y cells,

therefore, we can only study the proliferatigffects of GDNF and its effects on downstream

pathways.

Although the intracellular pathways invalg oncogenic forms of Ret have been
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extensively studied [1,10,13,34], less is known about the signaling mechanisms involving

endogenous Ret in neuronal cells. We identifieglafp signaling pathways responsible for

mediating the mitogenic actions of GDNF.naive SH-SY5Y cells, GDNF activates mainly

the PI3K pathway. Observation that p70S6K is a critical signaling molecule responsible for

mediating the mitogenic effect of GDNF in SHY neuroblastoma cells is in line with the

generally accepted understanding of the role kimase plays in regulating cell growth and

proliferation [42]. The ERK kinase pathwagn the other hand, is minimally activated by

GDNF and does not appear to contributeGiIDNF-associated mitogenicity. These results

agree with and extend the findings of other groups. In enteric crest-derived cells, GDNF

activates both the PI3K and MAP kinase paiis, however, the latter is not required for

proliferation of these cells [15]. Furthermoseyveral gperiments demonstrated that the PI3K

pathway is involved in cell survival and difentiation. A PI3K inhibitor LY294002, but not

an ERK kinase (MEK) inhibitor PD98059, prevents GDNF family ligand-mediated neuronal

suvival [4,14,36]. The inhibition of PI3K blocks cellular differentiation mediated by GDNF

in dopaminergic neurons [32] and Ret-indudarhellipodia formation [43]. These diverse

findings indicate that the multiple functions@DNF are mediated by the PI3K pathway, and

the response to GDNF depends mainly on the cellular context.

In contrast, in RA-treated SH-SY5Y cells, GDNF activates both the PI3K and ERK
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pathways. The GDNF-associated activationtttd ERK signaling pathway results in the

phosphorylation of Rsk and its downstream ¢ar@ REB, and in the induction of immediate-

early genes, such as c-fos and Ergl/NGFI-A/Zif2B&awse the expression of immediate-

early genes is known to be regulated by #RK pathway [39], our observation strongly

suggests that the GDNF-induced expression of these immediate-early gene products in SH-

SY5Y cells is regulated by the ERK pathway, tiha PI3K pathway, and that these genes are

unnecessary for the GDNF-induced proliferat@inSH-SY5Y cells. Nonetheless, in certain

cell types, the ERK pathway may playr@e in the control of cell growthlhere isdirect

evidence that ERKs have an effector fime in the control of cell proliferation. In

experiments using interfering mutants of KERhutants, Pages and colleagues showed that

ERKs ae necessary for fibroblast proliferation [30]. On the other hand, a variety of

experiments indicate that a primary functiohthe ERK signaling pathway is to induce

differentiation [35]. For example, activation MAP kinase kinase (MEK) is sufficient to

induce neurite outgrowth in PC12 cells [12].r@bservations that RA-treated SH-SY5Y cells

have longer neurite extensions comparedthiose of naive SH-SY5Y cells, reveal the

difficulty of assessing the effects of GDNF diiferentiation. Further studies are required,

therefore, to determine the role of the ERK signaling pathway in cell differentiation in RA-

treated SH-SY5Y cells.
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Treatment of SH-SY5Y cells with retinoic acid results in increased p170 Ret expression

and a basal level of tyrosimghosphorylation that clearly exceeds GDNF-stimulated tyrosine

phosphorylation of this receptor in naive culturkr spte of this observation, enhanced

signaling through Akt/p70S6K is not detected nothisre an increase in cellular replication

rate. This ligand-independentyrosine phosphorylation of Ret may not cause the

phosphorylation of tyrosine residues suchtyassine 1062 important for the intracellular

signaling downstream of Ret [17]. Alternatively,could be due to gptic localization of

increased Ret protein, compartmentalized in such a way as to access the ERK cascade, but not

PI3K pathway.

Experiments performed with SK-MC cells showed that the activation of the Akt/p70S6K

pathway requires Ret expression. In SHEP olglastoma cells and in Ret-/- DRG neurons,

Poteryaev et al. [33] showed that GDN#duces Ret-independent MAPK signaling via

GFRu1. While we did not observe this type Rét-independent signaling in our SK-N-MC

cell preparations, Ret-independent signalires been described in RN33B cells, a raphe

nucleus cell line that expsses high levels of GIBR, but no Ret [41]. One explanation for

these apparent discrepancies for the rolRetfin GDNF-associated signaling is that GER

expression may have to reach a certain threshold level in order for the GDNF signal to be

transmitted independent of Ret [41].
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Given this hypothesis, it is surprising that the levels of GDNF-induced Ret

phosphorylation we observed in our SH-SY5Y cedigarations were sufficient to activate the

Akt/p70S6K pathway. The simplest explaoatifor this observation is that GDNF transmits

its signal preferentially and more efficiently to the Akt/p70S6K pathway, rather than to the

ERK patlway. Alternatively, a unique signaling pathy that is yet to be identified may be

involved in this phenomenon. The mechanigmderlying this phenomenon is currently under

investigation in our laboratory.

In summary, we characterized the signalinghpeays underlying the mitogenic effects of

GDNF on neuroblastoma cells (Fig. 7). GDNF podes cell proliferation via the activation

of Akt/p70S6 kinase, independent of the ER#nsiling pathway. The level of Ret expression

required for the activation of the Akt/p70S6K pathywa very different from that required for

the activation of the ERK pathway. SH-SY5Y and RA-treated SH-SY5Y cell models will

facilitate further investigation of GDNF signalinigat is involved in the proliferation and

differentiation of these cells.
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Fig. 1. GDNF stimulates the proliferation 8H-SY5Y cells. The cell§5000 cells/well) were

cultured in 96-well plates for 2 days in 100qil medium/well. Afterthe treatment of cells

with various concentrations of GDNF, the W& Bssay was performed with a kit according to

the manufacturer's protocol (Wako Pure Chemical Industries). Each value is the mean + SD of

eight experiments. *p < 0.01 for difference from control.

Fig. 2. GDNF has similar mitogenic effects on SH-SY5Y cells in the absence or presence of

retinoic acid (RA), a compounthat strongly induces Ret protein levels. (A) WST-1 assay for

cell proliferation. SH-SY5Y cells (5000 cells/Aljevere cultured in 96-well plates for 3 days

in 100 pl of medium/well. The cells weteeated with GDNF (100 ng/ml), RA (1 uM) or

GDNF plus RA for the indicated periods, andl peoliferation was assessed with the WST-1

assay according to the manufacturer's protocol (Wako Pure Chemical Industries). (B)

Representative phase-contrast photomicrograplsiitdres bathed in basal medium (control),

GDNF, RA, or GDNF plus RA. SH-SYS5Y cells were maintained in culture in the presence of

GDNF (50 ng/ml), RA (1 uM) or GDNF plus RA for 4 days. (C) RA strongly induces both

short and long form of Ret protein, but not GFRprotein. SH-SY5Y cells were exposed to 1

MM RAfor O, 1, 2, or 5 days or were cultdrior 1 day with increasing concentrations of RA.

Following treatment, the cells were lyseshd equal amounts (40 pg) of protein were
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separated via SDS-PAGE and analyzedngsiWestern blotting. Anti-monoclonal GDNER

antibody (Transduction Laboratory) was used for the immunodetection ofi GKR) RA-

induced Ret protein responds to GDNF. SH-SYS5Y cells cultured in the absence or presence of

1.5 pM RA for 1 day and stimulatesith 50 ng/ml GDNF for 10 min. Ret was

immunoprecipitated with Ret antibodies and analyzed using Western blotting and Ret and

phosphotyrosine antibodies.

Fig. 3. GDNF has no effect on the proliferation of SK-N-MC, Neuro2a and PC12 cells. SK-N-

MC cells (2000 cells/well) and Neaa cells (1000 cells/well) wecultured in 96-well plates

for 1 day in 100 pl of medium/well, and treateith GDNF (10, 50, or 100 ng/ml) for the

indicated periods. PC12 cells (3000 cells/wellyeveultured in 96-well plates for 2 days in

100 pl of medium/well, and treated with GDNF (100 ng/ml) for the indicated periods. Cell

proliferation was assessed with the WST-1 assay as described above.

Fig. 4. Both Ret and GKRL are necessary to stimulate (A) the Akt/p70S6 and (B) ERK

pathways. SH-SY5Y(RA) cells were pretreated with 1.5 uM of RA for 24 e cdls were

stimulated with GDNF (100 ng/ml) for 10 min. {Lewere lysed and equal amounts (30 pg)
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of protein were separated on SDS-PAGRd aanalyzed using Western blotting. The

expression of Ret and GBR in various cell lines was determined using (C) Western blotting

and (D RT-PCR .

Fig. 5. (A) Comparison of p70S6K and ERKtlpaay activation in untreated and RA-treated

SH-SY5Y cells. SH-SY5Y cells were treated wiRA (1.5 pM) for 1 day and were stimulated

with GDNF (100 ng/ml) for the indicated periods. Cells were lysed and equal amounts (40

pg) of protein were separated on SDS-PA@#RO analyzed using Western blotting. (B)

Induction of immediate-early gene products ®PNF in RA-treated SH-SY5Y cells. The

cells were treated with RA (1.5 uM) for 1ydand were stimulated with GDNF (50 ng/ml) for

the indicated periods. Immediate-early ggmeducts were assessed using SDS-PAGE and

Western blotting. (C) Activation of Rsk2 and CREB by GDNF in RA-treated SH-SY5Y cells.

The cells were treated with RA (1.5 pM)rf@ day and were stimulated with GDNF (100

ng/ml) for the indicated periods. Rsk2 and CREB phosphorylation was assessed using SDS-

PAGE and Western blotting.

Fig. 6. (A) Rapamycin completely blocketh GDNF-induced and RA-, GDNF-induced cell

proliferation. SH-SY5Y cells (5000 cells/wellere cultured in 96-well plates for 3 days in
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100 pl of medium/well. The cells were tredtwith GDNF (100 ng/ml) and/or rapamycin

(100 nM) in the absence or presence of RA (1.5 pM) for the indicated periods, and cell

proliferation was assessed with the WST-1 assay as described above. (B) PD98059 does not

bolck GDNF-induced cell proliferation. SH-SYZ¢lIs (5000 cells/well) were cultured in 96-

well plates for 2 days in 100 pl of mediungllv The cells were treated with GDNF (100

ng/ml) and/or PD98059 (20 uM) for the indicateeriods, and cell proliferation was assessed

with the WST-1 assay as described above. (C) Effect of rapamycin (RM) on GDNF-induced

activation of Erk, Akt and p70 S6 kinase. SM&Y cells, treated with RA (1.5 pM) for 24 h,

were preincubated with rapamycin (100 nM) 3@ min and then stimulated with GDNF (100

ng/ml) for 30 min. Equal amounts (40 pg) of protein were separated on SDS-PAGE and

analyzed by Western blotting.

Fig. 7 Schematic illustration of the intracellular signaling pathway in SH-SY5Y cells in the
absence or presence of RA
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