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Apel/Ref-1 Stimulates GDNF/GFR ¢ 1-mediated Downstream Signaling
and Neuroblastoma Proliferation
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We previously reported that glial cell line-derived neurotropic factor (GDNF) receptor ¢1 (GFRa1)
is a direct target of apurinidapyrimidinic endonuclease 1 (Apel/Ref-1). In the present study, we further
analyzed the physiological roles of Apel/Ref-1-induced GFR a1 expression in Neuro2a mouse neuro-
blastoma cells. Apel/Ref-1 expression caused the clustering of GFR ¢1 immunoreactivity in lipid rafts
in response to GDNF. We also found that Ret, a downstream target of GFRe1, was functionally
activated by GDNF in Apel/Ref-1-expressing cells. Moreover, GDNF promoted the proliferation of
Apel/Ref-1-expressing Neuro2a cells. Furthermore, GFR ¢ 1-specific RNA experiments demonstrated
that the downregulation of GFRe1 by siRNA in Apel/Ref-1-expressing cells impaired the ability of
GDNF to phosphorylate Akt and PLC 7-1 and to stimulate cellular proliferation. These results show
an association between Apel/Ref-l1 and GDNF/GFR e signaling, and suggest a potential molecular
mechanism for the involvement of Apel/Ref-1 in neuronal proliferation.
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INTRODUCTION

Apurinic/apyrimidinic endonuclease 1/redox factor-1 (Apel/
Ref-1) is a ubiquitous and remarkably multifunctional pro-
tein (Fishel et al., 2008). It plays a central role in the base
excision repair (BER) pathway for repairing damaged bases
and DNA single-strand breaks induced by reactive oxygen
species (ROS) and alkylating agents and also repairing
apurinic/apyrimidinic (AP) sites that are generated sponta-
neously or after the excision of oxidized and alkylated bases
by DNA glycosylases (Fung and Demple, 2005). AP or abasic
sites are the most common form of DNA damage with about
20,000~ 50,000 sites produced in each cell/day. Apel/Ref-1
specifically binds to abasic sites and cuts the 5' phospho-
diester bond with its endonuclease activity to produce a
DNA primer with 3' hydroxyl end, which is a required step
in the base excision repair pathway (Fung et al., 2007).
Therefore, Apel/Ref-1 is an essential endonuclease and
plays a central role in the repair of AP site of DNA lesions.
Besides its repair function, mammalian Apel/Ref-1 has
transcriptional regulatory activity. It was independently
identified as reductive activator of c-Jun in vitro and named
Ref-1 (Xanthoudakis and Curran, 1992). Subsequently, seve-
ral other transcription factors including NF- & B, hypoxia
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inducible factor 1- @, PAX5, PAXS, p53, Egr-1, and YB-1
were also shown to be activated by Apel/Ref-1 (Liu et al.,
2005; Chattopadhyay et al., 2008; Fantini et al., 2008).
Apel/Ref-1 is essential for cell viability. Genetic knockout
of Apel/Ref-1 in mice causes postimplantation embryonic
lethality and any attempt to isolate stable Apel/Ref-1-
knockout cell lines has been so far unsuccessful (Larsen et
al., 2007). In human cancer cells as well as human lympho-
blastoid cells, small interference RNA (siRNA) directed
against Apel/Ref-1 results in a decrease in proliferation,
an increase in AP sites and increased levels of apoptosis
(Fishel et al., 2008; Xiang et al., 2008). Dominant-negative
forms of Apel/Ref-1 leads to chemotherapeutic agent sensi-
tization (Wang et al., 2004; McNeill and Wilson, 2007,
McNeill et al., 2009), and targeted reduction of Apel/Ref-1
protein by specific anti-sense oligonucleotides or siRNA ren-
ders mammalian cells hypersensitive to a variety of chemo-
therapeutic agents (Bobola et al., 2005; Yang et al., 2007).
Apel/Ref-1 is highly expressed in select regions of the
central nervous system (Ono et al.,, 1995; Wilson et al,,
1996). Reduced Apel/Ref-1 expression has been shown in
the hippocampus following hypoxic-ischemic injury (Walton
et al., 1997), in the cortex after compression injury (Lewen
et al., 2001), and in the spinal cord following ischemia
(Sakurai et al., 2003). In addition, overexpression of Apel/
Ref-1 in neuronal cultures using adenoviral constructs
appears to be neuroprotective (Vasko et al., 2005). Moreover,
alterations in Apel/Ref-1 expression and mutations in the

ABBREVIATIONS: GDNF, glial cell line-derived neurotropic factor;
Apel, apurinic/apyrimidinic endonuclease 1; Ref-1, redox factor-1;
ROS, reactive oxygen species; Ret, receptor tyrosine kinase.
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Apel/Ref-1 gene have been detected in patients with a varie-
ty of neurodegenerative diseases (Edwards et al., 1998;
Olkowski, 1998; Tan et al., 1998). Thus, Apel/Ref-1 dys-
function may contribute to the development of neuro-
degenerative disease (Rass et al.,, 2007).

We recently showed that glial cell line-derived neuro-
tropic factor (GDNF) receptor @1 (GFRa1) is a direct target
of Apel/Ref-1 (Kim et al., 2009). We found that Apel/Ref-
I-mediated increases in GFR @1 expression contributed to
neurite outgrowth as well as to neuronal survival in re-
sponse to B-amyloid and H20s exposure. It seems likely
that Apel/Ref-1 is important for promoting stress resist-
ance and regulating neuronal cell life span under normal
conditions. Thus, we initiated the effect of Apel/Ref-1 and
GDNF/GFR e signaling on the neuronal cell proliferation,
and examined biocchemical analyses to elucidate the mecha-
nism of Apel/Ref-1-mediated neuronal survival and pro-
liferation, with a focus on possible interplay between Apel/
Ref-1 and GFR @. Our data suggest that Apel/Ref-1 protein
is crucial in the regulation of neuronal cell proliferation
through GDNF/GFR ¢ signaling pathway and is a rational
therapeutic target of drug development in the treatment
of neurodegenerative diseases.

METHODS

Reagents and cell culture

GDNF was purchased from Sigma (St. Louis, MO, USA).
Mouse GFR a1 small interfering RNA (siRNA; sc-35470)
and scrambled siRNA (sc-37007) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). NeuroZa
(mouse) and SK-N-SH (human) neuroblastoma cells were
cultured in Eagle’s minimum essential medium (EMEM)
containing 10% fetal bovine serum (FBS). SN4741 (a mouse
neuron-like dopaminergic cell line) cells were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% FBS. All cells were maintained in cell-specific media
at 37°C in a humidified atmosphere of 5% COs The
Neuro2a and SK-N-SH cell lines were obtained from the
American Type Culture Collection (ATCC, Rockville, MD,
USA). SN4741 was provided by Dr. H. 8. Jeon (Chosun
University).

Western blotting and immunoprecipitation

Cells were lysed in M-PER buffer (Mammalian Protein
Extraction Reagent; Pierce, Rockford, IL) with protease in-
hibitors (Roche Diagnostic Corp., Indianapolis, IN, USA).
Equal amounts of protein were separated by 6~ 15% SDS-
PAGE followed by electrotransfer onto a polyvinylidene
difluoride membrane (Millipore, Bedford, MA, USA). The
membranes were blocked for 1 h with TBS-t (10 mM
Tris-HCl [pH 7.4], 150 mM NaCl, and 0.1% tween-20) con-
taining 5% non-fat milk and then incubated at room tem-
perature with primary antibodies against Ret (sc-167G),
¢-Sre (sc-8056), Apel/Ref-1 (sc-13104), and A-actin (sc-47778;
Santa Cruz Biotechnology, Santa Cruz, CA, USA); p-Ret
(Tyr905) (3221), p-AKT (Serd73) (9271), AKT (9272), p-PLC
7-1 (Tyr783) (2821) and PLCv7-1 (2822; Cell Signaling
Technology, Danvers, MA, USA); and human GFRe-1

(AF714) and rat GFR 21 (MAB560; R&D Systems, Minnea-
polis, MN, USA). The blots were washed four times for 15
min with 0.1% Tween 20-containing TBS-t and then in-
cubated for 1 h with peroxidase-conjugated secondary anti-
bodies (1 : 5,000, Jackson ImmunoResearch Inc., West
Grove, PA, USA). The membranes were washed four more
times and developed using an enhanced chemiluminescence
detection system (ECL; GE Healthcare, Buckinghamshire,
UK).

For immunoprecipitation, cells were harvested 10 min
after 30 ng/ml GDNF treatment and washed with ice-cold
PBS before being lysed with lysis buffer (50 mM Tris-HCI,
pH 8.0, 1 mM EDTA, 150 mM NaCl, 0.5% Na-deoxycholate,
0.02% Na-azide, 1 mM NaF, 1 mM Na-vanadate, 1 mM phe-
nylmethylsulfonyl fluoride [PMSF], 1% Nonidet P-40, 1 mM
dithiothreitol [DTT], 0.1% SDS, 2 rg/ml pepstatin, 2 zg/ml
leupeptin, and 2 uxg/ml aprotinin). After incubation for 1
h at 4°C, cellular debris was removed by centrifugation at
14,000xg for 30 min. The cell lysates were immunopreci-
pitated using anti-Ret antibodies and protein G-agarose
beads (Santa Cruz Biotechnology) for 8 h at 4°C. The beads
were then washed extensively with lysis buffer, boiled in
SDS sample buffer, fractionated by SDS-PAGE, and ana-
lyzed by Western blotting with anti-phospho-Ret, anti-GFR
@1, anti-e-Src or anti-Ret antibodies.

Lipid raft labeling

Membrane lipid raft microdomains were fluorescently
labeled using a Vybrant® Lipid Raft Labeling kit (V-34403;
Molecular Probes, Eugene, OR, USA), following the manu-
facturer’s instructions. Staining for GFR @1 was performed
using goat anti-rat GFR a1 antibodies (R&D Systems) for
either 2 h on ice prior to fixation of the cells with 4% paraf-
ormaldehyde or after extraction with 1% Triton X-100. The
cells were then washed in phosphate-buffered saline (PBS)
and incubated on ice in buffer (2 mM MgClg, 10 mM EGTA,
and 60 mM PIPES, pH 7.0). After washing, the cells were
incubated with Alexa fluor 647 chicken anti-goat IgG. For
visualization of the lipid raft marker GM1, the cells were
labeled for 45 min with 0.1 xg/ml fluorescein-conjugated
cholera toxin B fragment (Sigma) and anti-CT-B rabbit
serum in PBS containing 0.1% BSA, washed with PBS, and
mounted in mounting solution. The cells were then visualized
by fluorescence microscopy.

Proliferation assays

Vector/Neuro2a cells and Neuro2a/Apelcells were cul-
tured in serum-free medium for 12 h and then treated with
or without 30 ng/ml GDNF in serum-free medium for the
indicated times. Cellular proliferation was determined by
counting the cells under a light microscope.

Statistical analysis

All values are expressed as the meantstandard deviation
(SD). Where indicated, we performed statistical analyses
using two-tailed Student’s i-tests, We considered p<0.05
(indicated by * in the Figs) as significant and p<0.01 (**)
as highly significant.



Apel/Ref-1 Stimulates GDNF/GFR a1 Signaling Pathway 351

RESULTS

Apel/ Ref-1 causes the clustering of GFR @1 immuno-
reactivity in lipid rafts

GDNF signals through a multi-component receptor com-
plex, which consists of a glycosyl-phosphatidylinositol (GPI)-
binding subunit and a transmembrane receptor tyrosine
kinase (Ret), which is a major component of the signaling
cascade activated by members of the GDNF family
(Airaksinen and Saarma, 2002). We previously showed that
GPI-anchored GFR @1 is a downstream target of Apel/Ref-1
(Kim et al., 2009). To further elucidate the biological rele-
vance of GDNF using Apel/Ref-1-expressing neuronal cells,
we tested whether GFR @1 expression could be attributed
to Apel/Ref-1 in various neuronal cell types. We found that
GFR @1 expression in Apel/Ref-1 expression vector-trans-
fected Neuro2a, SN4741, and SKNSH cells was significantly
higher than in empty vector-transfected cells (Fig. 1A). The
induction of GFR @1 was observed in Neuro2a cells as early
as 48 h after Apel/Ref-1 expression vector transfection (Fig.
1B).

GFR a1 is attached to the outer membrane by a GPI
modification. The glycolipid moiety of GPI-anchored re-
ceptors is known to have affinity for specialized regions of
the plasma membrane known as lipid rafts. These rafts are
liquid-ordered phase microdomains produced by the lateral
packing of sphingolipids and cholesterol scattered within
the fluid, disordered phase of the lipid bilayer (Tsui-Pierchala
et al., 2002). To test the possible involvement of Apel/Ref-1
in the clustering of GFR a1 in response to GDNF, we estab-
lished Neuro2a cells that stably expressed Apel/Ref-1
(Neuro2a/Apel) or vector alone (vector/Neuro2a), because
Neuro2a cells express endogenous Ret, but not GFRe1
(Coulpier et al., 2002). We then tested the effect of GDNF
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parent vector Apel parent vector Apel

Apel/Ref-1
GFRal

B-actin

B
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on the localization of GFRa@1 in the plasma membrane.
Control and Apel/Ref-1-expressing Neuro2a cells were
treated for 4 h with GDNF or left untreated; subsequently,
the medium was removed and the cells were incubated with
anti-GFR @1 antibodies on ice prior to fixation and staining
for the receptor at the surface of the living cells. As shown
in Fig. 1C, no GFR @1 immunostaining was detected in the
vector/Neuro2a cells, whereas the Neuro2a/Apel cells ex-
hibited receptor clusters. This is in accordance with the
finding that GFR @1 was predominantly located in lipid
rafts at the plasma membrane in our stable Apel/Ref-1
transfectants. The localization of GFR ¢1 in lipid rafts was
visualized by double labeling with anti-GFR ¢ 1 antibodies
and FITC-coupled cholera toxin B, which specifically binds
the lipid raft marker GM1, a cell-surface ganglioside (Iwamori
et al., 1985). Triton extraction of the cells was used to visu-
alize the detergent-insoluble membrane compartments, as
described previously (Paratcha et al., 2001), and we found
that GFR ¢1 was highly colocalized with GM1 in Neuro2a/
Apelcells (Fig. 1D). These results suggest that GDNF in-
duces the clustering of GFR @1 in lipid microdomains on
the surface of Neuro2a/Apelcells.

GDNF activates GFR 2 1 in association with Ret and
induces Ret phosphorylation in Apel/ Ref-1-expressing
Neuro2a cells

Lipid rafts are thought to represent specialized signaling
organelles within the plasma membrane because of the en-
richment of many adaptor and signaling molecules (Anderson,
1998). GDNF signals via a receptor complex consisting of
Ret and a GPI-anchored ligand-binding subunit, GFR 1.
As expected from its GPI anchorage, GFR @1 is located in
lipid rafts (Tsui-Pierchala et al., 2002). In the absence of
GDNF, GFR 1 and Ret do not associate with each other

Vector/Neuro2a Neuro2a/APE1
GFRal
Neuro2a/APE1
GFRal CTX

Merged

Fig. 1. GFR @1 colocalizes with a lipid raft marker in Apel/Ref-1-expressing Neuro2a cells. (A) Neuro2a, SN4741, and SKNSH cells were
transfected with empty vector (vector) or Apel/Ref-1 expression vector (Apel) then harvested 48 h later. Total cell extracts were prepared
for immunoblotting as indicated. (B) Neuro2a cells were transfected with empty or Apel/Ref-1 expression vector and then harvested at
the indicated times after transfection. Total cell extracts were prepared for immunoblotting as indicated. (C) Neuro2a/Apel and
vector/NeuroZa cells were immunostained using polyclonal anti-GFR @ 1 antibodies tagged with Alexa fluor. (D) Neuro2a/Apel cells were
stained with anti-GFR @1 antibodies and cholera toxin (CTX), which specifically binds the lipid raft ganglioside GM1. The images show

the colocalization of GFR«1 and CTX.
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and Ret is not present in lipid rafts. In contrast, upon
ligand stimulation, GDNF/GFR ¢1 complexes recruit Ret
into lipid rafts. Translocation to the rafts is essential for
Ret function because manipulations that render GFR 1
incapable of recruiting Ret into rafts or treatments that
disrupt lipid rafts have been shown to compromise down-
stream signaling (Tansey et al., 2000). GFR @1 binds Ret
in response to GDNF in neurons, leading to the phosphor-
ylation of Ret tyrosine kinase, which subsequently associates
with and activates a cytoplasmic Src family tyrosine kinase
(Durbec et al., 1996; Jing et al., 1996; Treanor et al., 1996).
Therefore, it is expected that increased GFR @1 expression
induced by Apel/Ref-1 would facilitate GDNF signaling
through Ret. To determine whether this is the case in Neuro2a
cells stably transfected with Apel/Ref-1, we performed Ret
coimmunoprecipitation experiments using Neuro2a/Apel
cells stimulated with GDNF. Visualization of immune com-
plexes was accomplished by SDS-PAGE followed by probing
with specific antibodies against GFR a1 and c-Src. There
was an increase in detectable associations between Ret and
GFR @1, and between Ret and c-Src, in the GDNF-stimu-
lated Neuro2a/Apelcells, but not in the vector/Neuro2a
cells (Fig. 2A), suggesting that Apel/Ref-1 induces the
GDNF-mediated association of GFR @1 and Ret in Neuro2a
cells.

We next examined whether the Apel/Ref-1-mediated in-
crease in GFR @1 is indeed involved in downstream GDNF
signaling by investigating the phosphorylation status of
Ret. After Neuro2a/Apel and vector/Neuro2a cells were
stimulated with GDNF, cell lysates were prepared and im-
munoprecipitated with anti-Ret antibodies for Western
blotting using anti-phospho-Ret (Tyr905) antibodies. As

Vector Apel
GDNF -+ - + IgG

Vector/Neuro2a Neuro2a/Apel

GDNF 0 5 10 15 30 0 S 10 15 30 (min)

Fig. 2. The effect of Apel/Ref-1 on GDNF/GFR ¢1 signaling in
NeuroZa cells. (A) Vector/Neuro2a (vector) and Neuro2a/Apel
(Apel) cells were treated with or without 30 ng/ml GDNF for 10
min. The cells were then lysed and subjected to immunoprecipi-
tation (IP) with anti-Ret antibodies and analyzed for GFR e 1,
¢-Sre, phospho-Ret (pRet), and Ret by immunoblotting. (B) Vector/
Neuro2a and NeuroZa/Apel cells were incubated with or without
30 ng/ml GDNF. At the indicated times, cell extracts were prepared
and examined for activated phospho-Ret by immunoblotting.

shown in Fig. 2A, GDNF-triggered Ret tyrosine phosphor-
ylation increased significantly in Neuro2a/Apel cells. In
contrast, Ret tyrosine phosphorylation in response to
GDNF was not detected in vector/Neuro2a cells. GDNF-in-
duced Ret phosphorylation was further characterized by ex-
amining the time course of GDNF action in this pathway
using Neuro2a/Apel cells. Time course analysis indicated
that the stimulation of Neuro2a/Apelcells with GDNF
caused a rapid and transient increase in Ret phosphor-
ylation; in contrast, no obvious increase in phosphorylation
was observed in vector/Neuro2a cells (Fig. 2B). These re-
sults suggest that the Apel/Ref-1-mediated increase in
GFR a1 expression results in the stimulation of Ret phos-
phorylation in response to GDNF.

Apel/ Ref-1 induces GDNF-mediated Akt and PLC 7-
1 activation in Neuro2a cells

To determine whether pathways downstream of Ret phos-
phorylation were activated by GFR @ 1/GDNF, we examined
the ability of GDNF to mediate Ret signaling events, such
as Akt and PLC 7 1 phosphorylation, in Neuro2a/Apel cells.
GDNF stimulates the PI3K/Akt pathway via activation of
Ret tyrosine kinase in several contexts (Pong et al., 1998;
Besset et al., 2000). Thus, we examined whether GDNF in-
duced Akt activation by investigating the phosphorylation
status of Akt in total lysates prepared from Neuro2a/Apel
and vector/Neuro2a cells. As shown in Fig. 3A, Akt was
phosphorylated in GDNF-stimulated, Apel/Ref-1-expressing
NeuroZ2a cells. Akt phosphorylation was detected 5 min
after GDNF treatment; the signal lasted for up to 30 min
after stimulation with GDNF and then gradually decreased
with time. The levels of non-phosphorylated Akt were un-
affected by treatment with GDNF. In contrast, the vector/
Neuro2a cells did not show Akt phosphorylation in response
to GDNF. We also saw an increase in the tyrosine phos-
phorylation of PLC 7-1, which is another signaling target
of Ret (Borrello et al., 1996). PLC -1 phosphorylation was
detected at 5~30 min in GDNF-treated Neuro2a/Apel
cells. No obvious increase in PLC 7-1 phosphorylation was ob-
served after GDNF stimulation in vector/Neuro2a cells (Fig.
3A).

To determine if GFR @1 contributes to Apel/Ref-1-induced
Akt and PLC 7-1 phosphorylation in response to GDNF,
siRNA in the form of 21-base pair RNA duplexes targeted
against GFR @1 was used to inhibit its expression. Neuro2a/
Apel and vector/Neuro2a cells were transfected with the
control or GFR @ 1-specific siRNA. Western blot analysis re-
vealed that GFR ¢1 expression in cells transfected with
GFR 21 siRNA decreased by more than 90% compared to
control siRNA-transfected cells (Fig. 3B). The GDNF-in-
duced phosphorylation of Akt and PLC r -1 following trans-
fection with GFR @1 siRNA was then examined. As shown
in Fig. 3B, Apel/Ref-1-infected cells treated with the GFR a
1 siRNA showed the attenuation of GDNF-induced Akt and
PLC 7-1 phosphorylation, suggesting that Apel/Ref-1-in-
duced GFR 1 expression triggered GDNF-mediated Akt
and PLC 7-1 phosphorylation in Neuro2a cells.

GDNF enhances cellular proliferation in Apel/ Ref-1-
expressing NeuroZ2a cells

The GDNF/GFR @ system regulates cell survival and pro-
liferation (Airaksinen and Saarma, 2002; Sariola and
Saarma, 2003). Therefore, in this study, we examined the
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Fig. 3. Apel/Ref-1 increases Akt and PLC 7-1 phosphorylation in response to GDNF through GFRa1. (A) GDNF-induced Akt and PLC 7-1
phosphorylation in Apel/Ref-1-expressing Neuro2a cells. Vector/Neuro2a and Neuro2a/Apel cells were incubated with or without 30 ng/ml
GDNF for the indicated times and total cell extracts were prepared for immunoblotting as indicated. (B) The amounts of phospho-Akt
and Phospho-PLC 7-1 were quantified by densitometry and corrected for the amount of Akt and PLC7-1 in the corresponding lysate,
rerspectively. Levels of phospho-Akt and phospho- PLC 7-1 are expressed relative to its level in non-NGEF-treated cells (0 min) transfected
with control vector. The data shown are the means+S.D. from three separate experiments. (C) Neuro2a/Apel cells were transfected with
control or GFR @1 siRNA. At 48 h after transfection, the cells were incubated with or without 30 ng/ml GDNF for the indicated times.
Total cell lysates were prepared for immunoblotting as indicated. (D) The amounts of phospho-Akt and Phospho-PLC 7 -1 were quantified
by densitometry and corrected for the amount of Akt and PLC -1 in the corresponding lysate, respectively. Levels of phospho-Akt are

expressed relative to its level in non-NGEF-treated cells (0 min) transfected with control siRNA. The data shown are the means+S.D.
from three separate experiments.

effect of GDNF on the proliferation of Apel/Ref-1-expressing DISCUSSSION

Neuro2a cells. Neuro2a/Apel and vector/Neuro2a cells were

either left untreated or incubated with GDNF, and the In the present study, we investigated the relevance of
number of cells was counted after a period of one to two Apel/Ref-1 and GDNF/GFR @ signaling in neuronal cell
days. As shown in Fig. 4, the Neuro2a/Apel cells treated proliferation. We found that Apel/Ref-1 expression in Neuro2a
with GDNF showed a more rapid increase in the number cells caused the clustering of GFR @1 immunoreactivity in

of cells on days 1 and 2 than did the vector/Neuro2a cells lipid rafts in response to GDNF. In addition, Ret, Akt, and
treated with GDNF. These results suggest that the Apel/ PLC -1, downstream targets of the GDNF/GFR @ pathway,

Ref-1-mediated increase in GFR a1 expression results in were activated by GDNF in Apel/Ref-1-expressing Neuro2a
the stimulation of neuronal cell proliferation in response cells, and the Apel/Ref-1-mediated increase in GFR a1 con-
to GDNF. To determine whether GFR @1 is indeed required tributed to Neuro2a cellular proliferation in response to
for GDNF-induced proliferation in Apel/Ref-1-expressing GDNF. These data suggest that Apel/Ref-1 is involved in
Neuro2a cells, Neuro2a/Apel cells were transfected with neuronal survival and proliferation via GDNF/GFR «
control or GFRa1 siRNA and the number of cells was signaling.

counted. As shown in Fig. 4, the transfection of GFR«1- The GDNF was originally characterized as a potent neu-
specific siRNA significantly reduced the level of cellular rotropic factor specific for the survival and differentiation
proliferation in response to GDNF compared to transfection of the midbrain dopaminergic neurons (Lin et al., 1993).
with control siRNA. These results suggest that Apel/Ref- Subsequently, the biological effects of GDNF on the uterine
1-mediated GFR @1 expression is involved in neuronal pro- branching in kidney morphogenesis, spermatogenesis, and

liferation in response to GDNF. survival as well as the differentiation of several other neu-
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Fig. 4. Apel/Ref-1 expression increases neuronal proliferation in
response to GDNF. Vector/Neuro2a and Neuro2a/Apel cells were
transfected with control (sicont) or GFR @ 1-siRNA (siGFR @ 1). At
24 h after transfection, the cells were incubated with or without
30 ng/ml GDNF for up to 48 h. The number of cells was then
determined by counting every 24 h after GDNF treatment. Each
value is the mean=S.D. from three separate experiments. **p<0.01.

ronal populations have considerably extended the range of
activities of this polypeptide (Moore et al., 1996). Currently,
four GFR @ proteins, GFR a1, 2, 3, and 4 have been iden-
tified. GFR @1 mainly binds GNDF, and GFRe2, 3, and
4 bind neurturin (NTN), artemin (ART), and persephin
(PSP), respectively, which are the GDNT family of growth
factors (Ernsberger, 2008). The GDNF protein signals
through a multi-component receptor complex, which con-
sists of a glycosyl-phosphatidylinositol (GPI) binding sub-
unit, which is known as the GDNF family receptor @ (GFR
@), and the transmembrane receptor tyrosine kinase (Ret)
(Paratcha and Ledda, 2008).

The GDNF/GFR @ signaling pathway promotes the survival
of various neurons, including peripheral autonomic and
sensory neurons, as well as central motor and dopamine
neurons (Airaksinen et al., 1999). Moreover, in various animal
models of Parkinson’s disease, GDNF can prevent the neu-
rotoxin-induced death of dopamine neurons and promote
functional recovery (Tomac et al., 1995; Gash et al., 1996).
The ability of GDNF to rescue dopaminergic neurons sup-
ports the idea that GDNF can ameliorate the degeneration
of dopaminergic neurons in patients with Parkinson’s
disease. Therefore, GDNF has been suggested as a ther-
apeutic candidate for the treatment of Parkinson’s disease
(Kirik et al., 2004; Hong et al., 2008). GDNF is also a good
candidate molecule for the possible treatment of motor neu-
ron-related diseases, such as amyotrophic lateral sclerosis
or acute neuronal trauma (Saarma and Sariola, 1999; Klein
et al., 2005). Recently, several lines of evidence have sug-
gested that dysfunction in Apel/Ref-1 may contribute to the
development of neurodegenerative disease. For example,
alterations in Apel/Ref-1 expression and mutations in the
Apel/Ref-1 gene have been found in patients with a variety
of neurodegenerative diseases (Kisby et al., 1997; Olkowski,
1998; Tan et al., 1998). Furthermore, preventing the loss

of Apel/Ref-1 by protein synthesis rescued neurons from
experimentally induced cell death (Chiarini et al., 2000),
whereas overepxression of Apel/Ref-1 protects neuronal
cells against oxidative stress (Vasko et al., 2005; Jiang et
al., 2008). Our results indicate that an Apel/Ref-1-mediated
increase in GFR @ 1 contributes to GDNF-induced GFR « 1
localization to lipid rafts and mediates both proximal (i.e.,
receptor-complex formation and Ret phosphorylation) and
distal Ret signaling events (i.e., Akt and PLC- 7 1 phosphor-
ylation). It was also demonstrated that Apel/Ref-1 ex-
pression led to enhanced neuronal proliferation, and that
Apel/Ref-1-induced GFR @ 1 expression is required for these
effects. Therefore, it is possible that Apel/Ref-1-induced
GFR @ expression is involved in the regulation of neuronal
function, including GDNF-induced neuronal proliferation,
which suggests a protective role for the protein against the
development of neurodegenerative diseases. These results
highlight the potential role of redox factor-1 in neuronal
function through GDNF/GFR ¢ signaling.

During development, high level of redox factor-1 expression
is present in all somatic tissues (Wilson et al., 1996). The
presence of widespread and high level of redox factor-1 ex-
pression during development is expected to play an im-
portant role in embryogenesis. redox factor-1 null mice ex-
hibits die during the embryonic stage, which results from
a developmental defect (Xanthoudakis et al., 1996). The
phenotype of embryonic death observed in the redox factor-
1-/- mice may be a consequence of defective DNA repair
as well as inappropriate gene regulation whose expression
is dependent on redox factor-1. This study demonstrated
that a defect in redox factor-1 expression by siRNA suppressed
GFR a1 expression and the GDNF responsiveness. Mice
lacking GDNF (Pichel et al., 1996; Sanchez et al., 1996)
and GFR ¢ (Cacalano et al., 1998) all die soon after birth
and share a similar phenotype of kidney agenesis and ab-
sence of enteric neurons below the stomach, suggesting
GNDF/GFR @ signaling pathway plays an important role
in morphogenesis during embryonic development. Although
little is known about why redox factor-1 null mice are em-
bryonic lethal, one may speculate that arising from redox
factor-1 functional defect in redox factor-1-null embryos, a
failure of GDNF/GFR ¢ signal pathway needed to stimulate
morphogenesis may contribute to embryonic death.
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