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Characterization of the Intracellular Localization,
Processing, and Secretion of Two Glial Cell Line-Derived
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Endocrine and neuronal cells have highly developed secretion mechanisms, and the secretion can be either constitutive or regulated by
physiological stimuli. In the constitutive pathway, intracellular transport vesicles undergo immediate fusion reactions after arrival at the
target. In regulated secretion, vesicles accumulate near the target membrane until triggered to fuse, typically by a local rise in free Ca*™.
In the present study, we characterize the processing and secretion mechanisms of the glial cell line-derived neurotrophic factor (GDNF).
Although the function of GDNF has been extensively studied, very little is known about the basic cell biology of GDNF and its precursor
forms (a)pro-GDNF and (3)pro-GDNF that have different pro-regions. Our results show that both («)pro-GDNF and (3)pro-GDNF are
secreted. We demonstrate that KCl-induced depolarization increases the secretion of (3)pro-GDNF and corresponding mature GDNF,
but not (a)pro-GDNF and corresponding mature GDNF, to the cell medium in a Ca>*-dependent manner. In parallel with this, immu-
nofluorescence analysis of cells show that (c)pro-GDNF/GDNF is localized mostly in the Golgi complex, whereas (3)pro-GDNF/GDNF is
localized primarily in secretogranin II and Rab3A-positive vesicles of the regulated secretory pathway. In addition, we find that matrix
metalloproteinases and plasmin that cleave pro-BDNF and pro-NGF are not responsible for the cleavage of pro-GDNF, whereas furin
endoproteinase, PACE4, and proprotein convertases PC5A, PC5B, and PC7 can cleave pro-GDNF into mature GDNF. Thus, the processing

and secretion mechanisms of GDNF are different from those of BDNF and NGF.

Introduction
Glial cell line-derived neurotrophic factor (GDNF) is a secretory
protein thatis widely expressed in the CNS and peripheral tissues.
It is synthesized in the form of precursor pre-pro-GDNEF that is
proteolytically cleaved to mature, biologically active neurotro-
phic factor (Lin et al., 1993). In human and rodents, the GDNF
gene encodes two mRNAs that are produced by alternative splic-
ing: a full-length transcript [pre-(a)pro-GDNF] and a shorter
transcript [pre-(8)pro-GDNF] that lacks 78 bp in the region en-
coding the pro-domain (Suter-Crazzolara and Unsicker, 1994;
Trupp et al., 1995; Matsushita et al., 1997; Grimm et al., 1998).
The function of GDNF has been studied extensively, but little is
known about the basic cell biology, including processing and
secretion of the two GDNF isoforms and their precursors.
GDNF is a distant member of the transforming growth factor-f3
superfamily. Cellular responses to biologically active mature GDNF
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homodimer are mediated by a multicomponent receptor consisting
of glycosylphosphatidylinositol-linked ligand-binding GDNF fam-
ily receptor a1l (GFRa1) and transmembrane Ret receptor tyrosine
kinase (Durbec et al., 1996; Trupp et al., 1996). GDNF protects do-
pamine neurons in vitro and in animal models of Parkinson’s disease
(PD), which makes it a valuable candidate for therapeutic use in
several neurodegenerative diseases, especially in PD (Lin et al., 1993;
Bjorklund et al., 2000; Airaksinen and Saarma, 2002).

The secretion and function of the pro-forms of several other
neurotrophic factors, especially nerve growth factor (NGF) and
brain-derived neurotrophic factor (BDNF), have been well char-
acterized. Mature NGF and BDNF induce neuronal survival, dif-
ferentiation, and synaptic modulation (Huang and Reichardt,
2001), whereas uncleaved pro-BDNF and pro-NGF are proposed
to induce cell death (Lee et al., 2001; Nykjaer et al., 2004). More-
over, BDNF and NGF, encoded by one splice isoform, are se-
creted via either constitutive or regulated pathway, depending on
the cell type and stimulation (Thomas and Davies, 2005).

We have used primary cortical neurons as well as the PC-6.3
cell line, a subclone of the rat pheochromocytoma PC12 cell line,
to study intracellular processing, cleavage, localization, and se-
cretion of proteins encoded by pre-(a)pro-GDNF and pre-
(B)pro-GDNF cDNAs. PC-6.3 cells are rat neuroendocrine cells,
which exhibit a neuronal-like phenotype, primarily in response
to NGF (Pittman etal., 1993). They have been studied extensively
on mechanisms of vesicular sorting, because they provide both
the constitutive and regulated secretory pathways (Tooze and
Huttner, 1990; Lang et al., 1997).
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Figure1. Characteristics of the GDNF splice variants and GDNF mRNA expression in the brain
and kidney. A, B, Characteristics of pre-(cx)pro-GDNF and pre-(/3)pro-GDNF splice variants. In
the GDNF gene, exons 3 and 4 are shown as boxes, and the protein coding regions are shown in
black. The introns, depicted as lines, are not drawn in scale. In the pre-(«)pro-GDNF and pre-
(B)pro-GDNF proteins, the number of amino acids in mature molecules in white, pro-regions in
gray, and pre-regions in black are shown. For clarity, N-terminal signal sequences (pre-regions)
areincluded, although they are cleaved during the protein translation. Relative positions of the
seven conserved cysteine residuesin the mature GDNF are shown as black bars, and the putative
cleavage sites of pro-domains are indicated with arrows. Alternative splicing of the GDNF gene
leads to 26 aa deletion and 1 aa substitution (the N-terminal G to A) in the pro-region of the
pre-(B)pro-GDNF protein compared with the pre-(cx)pro-GDNF protein. (—F, RT-PCR analysis
of the GDNF mRNA expression in human adult brain (€), in mouse hippocampal neuronal cul-
tures from P1—P9 animals, cultured 3 or 4 d in vitro (D), in developing mouse brain (E), and in
mouse kidney at different developmental stages (F). The PCR products of pre-(c)pro-GDNF and
pre-(/3)pro-GDNF variants are marked with arrows. H,0 or human cDNA were used as templates
in negative (—Ctrl) and positive (+Ctrl) control reactions.

Here we report that the processing and secretion mecha-
nisms of GDNF are different from those of BDNF and NGF.
We show that KCl-induced depolarization increases the secre-
tion of (3)pro-GDNF and corresponding mature GDNF but
not (a)pro-GDNF and corresponding mature GDNF, to the cell
medium in a calcium-dependent manner. Moreover, (a)pro-
GDNF/GDNF is localized mostly in the Golgi, whereas (8)pro-
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GDNEF/GDNF islocalized primarily in secretogranin II (SgII) and
Rab3A-positive vesicles of the regulated secretory pathway. Dif-
ferently from pro-BDNF and pro-NGF, we show that matrix
metalloproteinase (MMPs) and plasmin are not responsible for
the cleavage of pro-GDNF to yield mature GDNF. Similarly to
pro-BDNF and pro-NGF, we show that (a)pro-GDNF and
(B)pro-GDNF can be secreted as pro-GDNF proteins.

Materials and Methods

Reverse transcription-PCR, generation of expression constructs, and prim-
ers. The expression of pre-(o)pro-GDNF and pre-(3)pro-GDNF cDNAs
was analyzed by reverse transcription (RT)-PCR. Total RNAs from
mouse brain, kidney, and primary neuronal cultures were isolated using the
TRIzol Reagent (Invitrogen). Human RNAs were obtained from Clontech.
RT reactions were prepared from 5 g of RNA using the reverse transcriptase
(Superscript"; Invitrogen) kit and oligo-dT (Promega) primers.

For expression analysis, mouse pre-(a)pro-GDNF and pre-(f)pro-
GDNF cDNAs were cloned from testis and kidney by RT-PCR and
cloned into the pCR2.1 vector. The cDNAs were cleaved from pCR2.1
vector and ligated into phosphorylated enhanced green fluorescent pro-
tein (pEGFP)-N1 vector (Invitrogen) using restriction sites of HindIII
and Xhol. For production of GDNF pro-glutathione S-transferase fusion
proteins, the cDNAs encoding the pro-regions of mouse pre-(a)pro-
GDNF and pre-(3)pro-GDNF were cloned into pGEX-4T-1 vector using
BamHI and Xhol restriction sites.

Human pre-(a)pro-GDNF and pre-(B)pro-GDNF cDNAs were
cloned from human kidney and brain RNA (Clontech) by RT-PCR and
cloned first into the pCR2.1 vector and next into pEGFP-N1 vector as
described above. In addition, human pre-(a)pro-GDNF and pre-
(B)pro-GDNF cDNAs were cloned into pAAV-multiple cloning site
(MCS) and pAAV—internal ribosomal entry site (IRES)-humanized
Renilla GFP (hrGFP) expression vectors (Stratagene) using restriction
sites BamHI and Xhol. To produce uncleavable pro-GDNFs, pAAV—
MCS constructs expressing human pre-(o)pro-GDNF and pre-(8)pro-
GDNEF carrying either (1) Lys to Ala substitutions in residues (—5) and

—2) and Arg to Ala mutations in residues (—4) and (—1) or (2) Lys to
Ala substitutions in residues (—5) and (—2) and Arg to Ala mutations in
residues (—4), (—1), 11 and 12 were cloned using the Phusion site-
directed mutagenesis kit (Finnzymes). All clonings were verified by se-
quencing. A pPEGFP-N1 construct expressing rat pre-pro-BDNF-EGFP
was a gift from Volkmar Lessmann (Otto von Guericke University, Mag-
deburg, Germany). Constructs expressing wild-type (WT) neurotrophin
3 (NT3) and uncleavable NT3 were gifts from Kenneth Teng (Weill
Cornell Medical College, New York, NY). Constructs expressing propro-
tein convertases (PCs), furin, and paired basic amino acid cleaving en-
zyme 4 (PACE4) were gifts from Nabil G. Seidah (Institut de Recherches
Cliniques de Montréal, Montréal, QC, Canada). A construct expressing
GFRal was a gift from Maria Lindahl (University of Helsinki, Helsinki,
Finland). A construct expressing vesicular stomatitis virus glycoprotein
G protein has been described previously (Keller et al., 2001). Constructs
pEGFP-Rab3A and pEGFP—Rab27A were generated by cloning the open
reading frame of these genes from human cDNA into pEGFP-C1A, and
pEGFP-Rab3A-T36N was created by site-directed mutagenesis using
inverse PCR.

Primers used for cloning of mouse pre-(a)pro-GDNF and pre-()pro-
GDNF into pCR2.1 were first forward (5'-GCTCCTGCCCGAGGTC-3'),
first reverse (5'-CCTTTCTTCGCACTGTAGCAG-3'), nested forward (5'-
GTCCGGATGGGTCTCCTGG-3'), and nested reverse (5'-CACAG-
CAGTCTCTGGAGCCG-3'). Primers used for cloning of mouse pre-
(a)pro-GDNF and pre-(B)pro-GDNF into pEGFP-N1 were forward (5'-
CAACTCGAGCAAATGGGATTCGGGCCACTTGGA-3") containing
Xhol site and reverse (5'-CCAAAGCTTCCATCAGATACATCCACAC-
CGTTTAG-3') containing HindIII site. Primers used for cloning of the
pro-region of mouse pre-(a)pro-GDNF in pGEX-4T-1 were forward (5'-
CAATGGATCCTTCCCGCTGCCCGCCGGTAA-3") containing BamHI
site and reverse (5'-ATTGCTCGAGTCACCTTTTCAGTCTTT-
TAATGGTGGC-3") containing Xhol site and for cloning of the pro-region
of mouse pre-(a)pro-GDNF forward (5'-CAATGGATCCTTCCCGCT-
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Figure2. Proteins encoded by pre-(cx)pro-GDNF and pre-(/3)pro-GDNF cDNA localize to Golgi and DCVs in NGF-differentiated
PC-6.3 cells. A-D, Localization of proteins encoded by human pre-(cx)pro-GDNF or pre-(3)pro-GDNF cDNA in NGF-differentiated
PC-6.3 cells (). Double immunofluorescence stainings with anti-GDNF antibody (red) and anti-GM130 antibody for cis-to medial-
Golgi marker protein (green). The GDNF-specific staining patterns detected are Golgi staining and vesicle-like staining. PlanApo
40></1.00 (oil) objective (Olympus) was used. Scale bar, 10 m. B, Quantification of localizations of the proteins encoded by
pre-(ax)pro-GDNF (gray bars) or pre-(/3)pro-GDNF (black bars) in Golgi and in vesicle-like structures (n = 3). *p = 0.0023. Error
bars show SD. €, IEM analysis of cells transfected with pre-(c)pro-GDNF (a, b, e) or pre-(3)pro-GDNF (¢, d, f) cDNAs. In neurites,
DCVs (arrows) are gathered nearby the plasma membrane (b, d). The anti-GDNF antibody-specific staining in DCVs (arrowheads)
isshownin higher magnification (e, f). Smallinsets (a, ¢) show overview of the whole cell, in which magnified extension is marked
(asterisk). Scale bars: @, ¢, 5 um; b, d, 0.5 wm; e, f,0.25 pm. D, IEM analysis of cells transfected with pre-(c)pro-GDNF (a, b, e)
or pre-(B)pro-GDNF (c, d, f) cDNAs. Black clustered dots (arrows) indicate the localization of GDNF in Golgi complex (¢, d). The
anti-GDNF antibody-specific staining in Golgi complex transport vesicles is shown in higher magnification. Protein overexpression
causes tubularization of the Golgi complex. Small insets (a, ¢) show overview of the whole cell, in which Golgi area is highlighted
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polypeptide 321 (CPEDYPDQFDDVMD) cor-
responding to amino acids —24 to —12 of the
human and mouse (a)pro-GDNF and (f)pro-
GDNF sequences (Inbiolabs). One cysteine resi-
due was added to the N terminus of the peptide.
The pure 321 peptide was conjugated to carrier
protein keyhole limpet hemocyanin, to stimulate
an immune response in the subsequent immuni-
zation process. Purification of the antibody from
the blood antiserum was done using IgG-
purification MAbsorbent technology. Polyclonal
anti-SglI(175) antibody was a gift from Sharon A.
Tooze (Cancer Research UK, London Research
Institute, London, UK) (Dittie and Tooze, 1995).
Monoclonal anti-GDNF antibody G90 was a gift
from Amgen. The following primary antibodies
were obtained from commercial sources: a poly-
clonal anti-GDNF D20 (Santa Cruz Biotechnol-
ogy), a polyclonal anti-GDNF (Genway Biotech),
a monoclonal anti-GM130 (BD Biosciences), a
monoclonal anti-MAP2 (Millipore Bioscience
Research Reagents), a monoclonal anti-FLAG
M2 (Sigma), and a monoclonal anti-GFRa1 (R &
D Systems). For immunofluorescence (IF), cya-
nine 2 (Cy2)-conjugated donkey anti-mouse IgG
(Jackson ImmunoResearch), Cy3-conjugated
donkey anti-rabbit IgG (Jackson Immuno-
Research), Cy5-conjugated donkey anti-mouse
IgG (Jackson ImmunoResearch), Alexa Fluor
568-conjugated goat anti-rabbit IgG (Invitro-
gen), and Alexa Fluor 568-conjugated goat anti-
mouse IgG (Invitrogen) were used as secondary
antibodies. The nuclei were labeled with Hoechst
33342 (1:1000; Invitrogen). For Western blot
(WB), HRP-conjugated donkey anti-rabbit Ig
secondary antibody (Dako) and HRP-conju-
gated goat anti-mouse secondary antibody (Dako)
were used as a secondary antibody.

Cell culture, transient transfections, and stim-
ulations. CHO and PC-6.3 cell lines were
grown in differentiation medium (DME) con-
taining antibiotics together with either 10%
FBS (CHO) or 10% horse serum and 5% FBS
(PC-6.3). LoVo cells were grown in DME con-

(asterisk). Nucleus (N) and Golgi complex (G) are indicated. Scale bars: a, ¢, 5 wm; b, d, 0.5 um; e, f, 0.25 pm.

GCCCGCCGCCAA-3") containing BamHI site and reverse (5'-ATT-
GCTCGAGTCACCTTTTCAGTCTTTTAATGGTGGC-3') containing
Xhol site. Primers used for cloning of human pre-(a)pro-GDNF and
pre-()pro-GDNF into pCR2.1 were first forward (5'-GACCTGTT-
GGGCGGGGCTC-3'), first reverse (5'-CCTGGGAACCTTGGT-
CCCTTTC-3"), nested forward (5'-GCTCCAGCCATCAGCCCGG-3'),
and nested reverse (5'-CACAGCAGTCTCTGGAGCCGG-3'). For ex-
pression analysis, the cDNAs were cleaved from pCR2.1 and cloned into
pEGFP-NI1 using restriction enzymes Xhol and HindIIIL Primers used for
cloning of human pre-(a)pro-GDNF and pre-(3)pro-GDNF into pAAV—
MCS and pAAV-IRES-hrGFP were forward (5'-CAACAAGGATCCAT-
GAAGTTATGGGATGTCGTGG-3') containing BamHI site and reverse
(5"-CCACCACTCGAGTCAGATACATCCACACCTTTTAG-3") contain-
ing Xhol site. Primers used for cloning of 4A mutation into human pre-
(a)pro-GDNF and pre-(B)pro-GDNF were forward (5'-CTGGC-
AGCGTCACCAGATAAACAAATGGCAGTGC-3") and reverse (5'-
CGCTGCAATGGTGGCTTGAATAAAATCCATGACATC-3"). Primers
used for cloning of 6A mutation into human pre-(a)pro-GDNF(4A) and
pre-(B)pro-GDNF(4A) were forward (5'-AGAGCGGAATCGGCAGGCT-
GCAG-3") and reverse (5'- GCTGCAGGAAGCACTGCCATTTG-
TTTATC-3").

Antibodies. A polyclonal peptide antibody anti-pro-GDNF against the
GDNF pro-region was produced by immunizing rabbits with a synthetic

taining 1.5 g/L NaHCO3, 2 mm glutamine, and
10% FBS. Cells were transfected using Lipo-
fectamine 2000 (Invitrogen) transfection pro-
tocol. For NGF differentiation, undifferentiated PC-6.3 cells were seeded on
collagen (Sigma)-coated plates and grown in differentiation medium (DME,
5% horse serum and 2.5% FCS, 50 ng/ml NGF, and antibiotics) for 3—4 d.
For stimulations, the differentiation medium of transfected PC-6.3 cells was
replaced with DME or DME containing KCI. For Western blot analysis, the
transfected cells were incubated with 25 mm KCl for 5 h followed by collec-
tion and concentration of the media and detection of GDNF using anti-
GDNF (D20) antibody. For GDNF and BDNF ELISA, the transfected cells
were incubated with DME, DME containing 50 mm KCl, or DME containing
50 mm KCl together with 20 um calcium chelator BAPTA-AM (Fluka) for 2 h
followed by collection of the media and analysis. BAPTA-AM, which was
added 20 min before treatment with KCI, was used for inhibition of stimu-
lation. For immunofluorescence analysis, the transfected cells were incu-
bated with 50 mm KCl for 2 h, and GDNF was detected using polyclonal or
monoclonal anti-GDNF antibody or anti-pro-GDNF antibody. The protein
synthesis was stopped with 50 pg/ml cycloheximide (Sigma).
Hippocampal and cortical neuron preparations and transfections. Hip-
pocampi and cortices were dissected from embryonic day 18 (E18) rats.
Tissues were digested with 0.25% trypsin in HBSS for 10-15 min (hip-
pocampi) or 30 min (cortices) at 37°C. DNase I (1 mg/ml) was added, and
sample was triturated with siliconized glass pipette. Cells were washed three
times with HBSS containing 10 mm glucose (Sigma) and plated on poly-p-
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lysine hydrobromide (Sigma)-coated coverslips A
in four-well plates. The cultures were grown in
Neurobasal medium (Invitrogen) supplemented
with L-glutamate (Invitrogen), 1 X B-27 (Invitro-
gen), and antibiotics (primocin). For transfec-
tions, the cells were incubated for 2 h with
Neurobasal medium containing 10 mm MgCl,
followed by transfection using Lipofectamine
2000 transfection protocol.

Immunocytochemistry. PC-6.3 cells were dif-
ferentiated for 3 d, and primary neurons were
grown in vitro for 16 or 17 d before transfection.
Cells were fixed in 4% paraformaldehyde 24 h
after transfection, blocked with 0.5% BSA
(Sigma), and permeabilized with 0.1% Triton B
X-100 (Sigma). Cells were incubated with pri-
mary antibodies in 0.5% BSA in room tempera-
ture for 1 h, washed, and then repeated with
secondary antibodies. In surface labeling, the
nonpermeabilized living cells were incubated
with primary antibodies on ice for 30 min, fol-
lowed by fixation and staining with secondary
antibodies. GDNF was detected with polyclonal
anti-GDNF (GenWay Biotech), monoclonal anti-
GDNF (G90), or anti-pro-GDNF antibody. Nuclei
were stained with Hoechst 33342 (Invitrogen),
and coverslips were mounted with Immu-
mount (Thermo Fisher Scientific).

For the wide-field fluorescence image acquire- C
ment, the AnalySIS software (Olympus) and
PlanApo 60X/1.40 (oil) objective (Olympus) or
UPlanApo 40X/1.00 (oil) objective (Olympus)
was used. The confocal microscope lasers used
were diode-pumped solid-state 561 nm/20 mW
and optically pumped semiconductor laser 488
nm/270 mW; the objective used was a HCX APO
63X/1.30 (glycerol) corr CS 21. The confocal im-
age stacks were deconvoluted with AutoQuant X
AutoDeblur 3D Blind Deconvolution (Media
Cybernetics), and the three-dimensional recon-
structions were made with Imaris 6.2.1 (Bit-
plane). The Pearson’s coefficient in colocalized
volume was calculated using Imaris 6.2.1 Coloc
tool (Costes et al., 2004). The value of one indi-
cates complete positive correlation and zero indi-
cates no correlation. The statistical significance
was assessed by Student’s ¢ test.

Immunoelectron microscopy. PC-6.3 cells
were NGF differentiated for 3 d before transfec-
tions. To be able to identify transfected cells by
GFP signal, cells were transfected with human
pre-(a)pro-GDNF and pre-(8)pro-GDNF in pAAV-IRES-hrGFP encod-
ing GFP separately. After 24 h transfection, the cells growing on collagen-
coated plastic coverslips (Millipore Bioscience Research Reagents) were
fixed with PLP fixative (2% formaldehyde, 0.01 M NaIO,, and 0.075 M lysine—
HClin 0.037 M phosphate buffer, pH 7.4) for 2 h at room temperature. Cells
were permeabilized with 0.01% saponin (Sigma) and immunolabeled using
monoclonal anti-GDNF (G90) as a first antibody and 1.4 nm gold particle-
conjugated Fab’ fragments against mouse IgG (Nanoprobes) as a second
antibody. Nano gold particles were silver enhanced for 1-5 min (using HQ
Silver Enhancement kit; Nanoprobes) and gold toned with 0.05% gold chlo-
ride (Arai etal., 1992). After washing, the cells were dehydrated in an alcohol
series and processed for Epon embedding while still on coverslips (Seemann
et al., 2000). Sections were cut parallel to coverslip, poststained with uranyl
acetate and lead citrate, and detected using a JEOL JEM-1200EX II transmis-
sion electron microscope operating at 60 kV. Images were acquired with
ES500W CCD camera (Gatan).

Western blot. Transfected cells were grown in serum-free growth medium
(CHO, PC-6.3, and LoVo). Cells and media were collected 48 or 72 h after
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Proteins encoded by pre-(cx)pro-GDNF and pre-(3)pro-GDNF cDNA localize to both dendrites and axonsin rat primary
cortical neurons. Double immunofluorescence stainings of E18 rat cortical primary neurons transfected with human pre-(c)pro-
GDNF or pre-(/3)pro-GDNF ¢DNA. 4, Stainings for GDNF (red) and dendritic marker protein MAP2 (green) in E18 rat cortical primary
neurons (16 d in vitro). MAP2-negative and GDNF-positive axons are indicated with arrows. Scale bar, 10 um. B, Stainings for GDNF
(red) and for cis-to medial-Golgi marker protein GM130 (green) in E18 rat cortical primary neurons (16 d in vitro). Scale bar, 10 um.
€, Stainings for pro-GDNF (red) and mature GDNF (green) in E18 rat cortical primary neurons (17 d in vitro). PlanApo 40 < /1.00 (oil)
objective (Olympus) was used. Insets are magnifications of the regions indicated by arrows. Scale bar, 10 wm.

transfection and separated by SDS-PAGE, followed by blotting into nylon
membrane. GDNF was detected with anti-GDNF (D20) or anti-pro-GDNF
antibody. All medium samples, except WT and mutant GDNF samples
shown in Figures 6C and 7E and mutant GDNF samples shown in Figure 6 E,
were concentrated using Amicon Ultra-4 Centrifugal Filter Units (Millipore
Corporation).

Endoglycosidase digestion. Growth media (Opti-MEM) of transfected
CHO cells were collected 48 h after transfection, denatured, and incubated
with 1 ul of PNGase F (15,000 U/ml; New England Biolabs) for 1 h at 37°C.
The media from wild-type pre-(o)pro-GDNF and pre-(3)pro-GDNF trans-
fected cells were concentrated before PNGase F treatment. Samples were
analyzed by WB.

Processing by proprotein convertases. Proprotein convertase cDNA
constructs, including mouse (m) PCl, mPC2, mPC5A, mPC5B,
human full-length furin, soluble furin, PACE4, and rat PC7 were
transiently cotransfected to LoVo cells with human pre-(a)pro-
GDNF. GDNF cotransfected with GFP was used as a control. At 48 h
after transfection, media were collected and samples were analyzed
by WB.



Lonka-Nevalaita et al. ® Characterization of the Two GDNF Splice Isoforms

A

media

cells media cells media

25 kDa — s | 0 &5
20 kDa — w | o - - |-

*-.

S -
| wB

r 1 anti

GFP

(a)pro-GDNF

B W L
zZ =z zZ =
a o o o
e ¢ e o
g2 2o T 2 2o
T Z &5 3 =

WB: anti-pro-GDNF

WB:
anti-
pro-GDNF

-GDNF

—
WB: anti-pro-GDNF

J. Neurosci., August 25, 2010 - 30(34):11403-11413 - 11407

murine pre-(a)pro-GDNF and pre-
(B)pro-GDNF splice variant mRNAs are
expressed in the CNS as well as in many
non-neuronal tissues (Suter-Crazzolara
and Unsicker, 1994; Matsushita et al.,
1997; Grimm et al., 1998). We confirmed
the presence of pre-(a)pro-GDNF and
pre-(B)pro-GDNF mRNAs in human
adult brain (Fig. 1C), mouse brain (Fig.
1E), and mouse hippocampal neuronal
cultures (Fig. 1D) by RT-PCR, cloning,
and sequencing. Furthermore, we showed
that pre-(a)pro-GDNF and pre-(8)pro-
GDNF mRNAs are expressed in embryonic
E13, E15, E17, postnatal day 1 (P1), and P5
mouse kidney tissues but not in P6 mouse
kidney, as reported previously for pre-
_ (a)pro-GDNF mRNA (Trupp et al., 1995;
8 Suvanto et al., 1996) (Fig. 1 F).

In cell lines and primary neurons,
proteins encoded by pre-(a)pro-GDNF
and pre-(8)pro-GDNF cDNAs localize
to Golgi compartment and secretory
vesicles

Currently there are no antibodies avail-

25kD T <« ()pro-  — W - - g%%g able that are able to specifically detect en-
20 kD — <+ GDNF i dogenous human or murine GDNF in cell
<= (B)pro-
- gsl)Dpl\li?:- _ GDNF lines or in cultured primary neurons.
15kD — - <«mature Therefore, we had to rely on the analysis
- GDNF of transfected cells with exogenously
WB: anti-GDNF ICP WB: anti-GDNF

cells

Figure4.

Inhibition of proteolytic cleavage. After transfection of cells, furin endo-
proteinase inhibitor (30 um; Calbiochem), broad-spectrum MMP inhib-
itor (GM6001; 10 um; Calbiochem), or a2 anti-plasmin (1 pg/ml;
Calbiochem) were added to the growth media (Opti-MEM). After 48 h,
media were collected, concentrated, and analyzed by WB.

ELISA. ELISAs, which do not discriminate mature GDNF or BDNF
from the pro-GDNF or pro-BDNF forms, were performed using GDNF
Emax Immunoassay System (Promega) and BDNF Emax Immunoassay
system (Promega), according to the recommendations of the supplier.
Protease inhibitor PMSF (1:100) was added to the samples before analy-
sis. All experiments were performed in the set of three or four repeats.
The statistical significance was assessed by Student’s ¢ test.

Results

Pre-(a)pro-GDNF and pre-(f3)pro-GDNF mRNAs are
expressed in the brain and kidney development

The GDNF gene encodes two GDNF mRNA variants called here
pre-(a)pro-GDNF and pre-(B)pro-GDNF (Suter-Crazzolara
and Unsicker, 1994; Trupp et al., 1995) (Fig. 1 A, B). These vari-
ants are produced by alternative splicing of the GDNF mRNA.
Compared with pre-(a)pro-GDNF mRNA, pre-(3)pro-GDNF
mRNA lacks 78 bp in the 3’ end of the exon 3 leading to the loss
of 26 aa and substitution of 1 aa in the pro-region of (f)pro-
GDNF protein (Grimm et al., 1998) (Fig. 1A, B). Human and

media

(cx)pro-GDNF and (3)pro-GDNF are secreted in mature GDNF, and pro-GDNF forms from cell lines. Human pre-(cx)pro GDNF
and pre-(3)pro-GDNF cDNAs were expressed in CHO cells (4) and PC-6.3 cells (B). Cells and media were collected, concentrated, and
analyzed by Western blotting using anti-pro-GDNF and anti-GDNF antibodies. A, In each GDNF sample, the lane on the left represents GDNF
expressed from pAAV—MCS vector, and the lane on the right represents GDNF expressed from pAAV—IRES— hrGFP vector. Expression of GFP
was used as control. B, GDNF was expressed from pAAV—MCS vector. Nontransfected cells were used as controls (Ctrl). The bands repre-
senting (cx)pro-GDNF, (3)pro-GDNF, mature GDNF, or intermediate cleavage products (ICP) are marked with arrows.

expressed GDNF. The subcellular local-
ization of GDNF encoded by pre-(a)
pro-GDNF and pre-()pro-GDNF was
determined in NGF-differentiated neuro-
nal-like PC-6.3 cells and in primary cortical
neurons by IF analysis using anti-GDNF
antibodies recognizing the mature part of
GDNF and antibodies for subcellular
marker proteins GM 130 for cis-to medial-
Golgi (Nakamura et al., 1995) and MAP2
for neuronal dendrites. In addition, we raised an anti-pro-GDNF
peptide antibody recognizing the pro-regions of (a)pro-GDNF
and (B)pro-GDNF (supplemental Fig. SI, available at www.
jneurosci.org as supplemental material). The specificity of the
anti-pro-GDNF antibody was shown by IF (supplemental Fig. S2,
available at www.jneurosci.org as supplemental material) and
WB analyses (supplemental Fig. S3, available at www.jneurosci.
org as supplemental material).

In PC-6.3 cells, the GDNF-specific staining patterns detected
and quantified were Golgi staining and vesicle-like staining,
which could also include Golgi staining (Fig. 2A). GDNF en-
coded by pre-(o)pro-GDNF localized mainly to the Golgi area
(58 = 18.6%) and to some extent to vesicle-like structures (42 *
18.6%) (Fig. 2 B). In contrast, the majority of GDNF encoded by
pre-(B)pro-GDNF localized in vesicle-like structures (82 =
11.4%) and minority in the Golgi area (18 = 11.4%, p = 0.0023)
(Fig. 2B). The localization of these proteins in PC-6.3 cells was
further analyzed by immunoelectron microscopy (IEM). Both
(a)pro-GDNF and (B)pro-GDNF and their corresponding ma-
ture GDNFs were detected in some, but not all, of the dense core
vesicles (DCVs) (Fig. 2C). Because the GDNF-specific staining is
detected only in some DCVss, it is likely that this localization is not
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attributable to increased GDNF secretion A
caused by overexpression itself. Rather,
the selective transport of the GDNF vari-
ant proteins by a subpopulation of DCVs
takes place, suggesting that sorting of
these proteins occurs in the Golgi complex.
In addition, the GDNF-specific staining is
seen in Golgi complex-associated transport
vesicles (Fig. 2D).

In rat primary cortical and hippocampal
neurons, similar vesicle-like immunostain-
ing of GDNF, encoded by pre-(a)pro-
GDNF and pre-(8)pro-GDNF cDNAs, was
seen along and at the tips of neurites (Fig.

GFRo1 and

GFRo1 and

3A) (supplemental Fig. S4, available at ggsm and
www.jneurosci.org as supplemental ma-

terial). GDNF was localized to both

MAP2-positive dendrites and MAP2- B
negative axons (Fig. 3A). In the Golgi re-

gion, GDNF showed partial colocalization

with GM130 (Fig. 3B). IF staining of pri- GFRa1 and

mary cortical neurons with anti-GDNF
and anti-pro-GDNF antibodies showed
similar staining patterns, suggesting that
noncleaved pro-GDNF or cleaved pro-
region together with mature GDNF is
transported to the cell periphery in corti-
cal neurons (Fig. 3C).

GFRa1 and

(a)pro-GDNF and (f8)pro-GDNF are
secreted in both mature GDNF and

pro-GDNF forms from cell lines gssm and
The GDNF variant proteins are synthe-

sized in the forms of precursors, pre-

pro-mature proteins (Fig. 1A,B). The

pre-region, consisting of the signal se-  Figure5.

quence, is cleaved off during mRNA
translation (Lin et al., 1993). The sizes of
pro-regions of (a)pro-GDNF and (8)pro-
GDNF are 58 and 32 aa, respectively (Trupp
etal., 1995) (Fig. 1 A, B). The 134 aa mature
GDNEF proteins, produced by both splice variants, are most likely
identical (Fig. 1A, B).

To study which forms of GDNF are secreted, pre-(a)pro
GDNF and pre-(B)pro-GDNF cDNAs were expressed in CHO
cells and undifferentiated PC-6.3 cells. The cell lysates and media
were analyzed by WB. In the cells and growth media, the anti-
pro-GDNF antibody recognized two bands of ~25 and 20 kDa or
22 and 18 kDa, respectively. Most likely these bands represent
glycosylated and unglycosylated forms of (a)pro-GDNF and
(B)pro-GDNEF (Fig. 4 A, B). In addition, in the growth media, but
not in cells, the anti-GDNF antibody recognized 15 kDa band
that corresponds to mature GDNF and 19 and 17 kDa bands most
likely representing intermediate cleavage products of (o) pro-GDNF
and (B)pro-GDNF (Fig. 4A, B). In PC-6.3 cells, in addition to anti-
pro-GDNF-specific bands, the anti-GDNF antibody recognized sev-
eral extra bands of ~20 kDa most likely representing intermediate
cleavage products of (a)pro-GDNF and (8)pro-GDNF (Fig. 4 B).

To confirm the secretion of (a)pro-GDNF and (B)pro-
GDNEF, we used IF analysis and surface labeling as an additional
method to detect extracellular pro-GDNF proteins. Differenti-
ated PC-6.3 cells were cotransfected with GDNF binding receptor
GFRal together with (a)pro-GDNF or (3)pro-GDNF. IF stain-

Scale bar, 10 pum.

(a)pro-GDNF+GFP

(B)pro-GDNF+GFP

(o)pro-GDNF+GFP

(B)pro-GDNF+GFP
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GDNF GFRa1

GFP

GFP pro-GDNF/ pro GFRa1

(cx)pro-GDNF and ([3)pro-GDNF or cleaved pro-regions together with mature GDNF are localized to the cell surface. Pre-
(cx)pro-GDNF or pre-(3)pro-GDNF ¢(DNAs in pAAV—IRES— hrGFP vector encoding GFP under separate open reading frames were coex-
pressed with GFRa1 in differentiated and stimulated PC-6.3 cells. 4, B, The cells were IF stained with anti-GDNF (A) or anti-pro-GDNF
antibody (B) together with anti-GFRa:1 antibody. Empty pAAV—IRES— hrGFP vector expressing GFP only was used as a control.

ings of stimulated cells with anti-GDNF, anti-pro-GDNF, and
anti-GFRal antibodies showed that noncleaved («)pro-GDNF
and ()pro-GDNF or cleaved pro-regions together with mature
GDNF are localized to the cell surface in the presence of GFRal
(Fig. 5A,B). GFRal transfected or untransfected cells, incubated
with exogenous recombinant mature GDNF protein, were used
as positive and negative controls (data not shown).

Proteolytic cleavage of pro-GDNF

The pro-GDNF variant proteins contain a putative furin-like en-
doproteinase cleavage site KRLKR (—5 to —1) (Lin et al., 1993)
(Fig. 6A). To produce noncleavable pro-GDNF proteins, we mu-
tated critical amino acids in the GDNF polypeptide. In
GDNF(4A) mutant, lysines (—5 and —2) and arginines (—4 and
—1) were mutated to alanines, and, in GDNF(6A) mutant, lysines
(—5and —2) and arginines (—4, —1, 11, and 12) were mutated to
alanines (Fig. 6 B). These proteins were expressed in CHO and
NGF-differentiated PC-6.3 cells and detected in growth media by
WB. The cleavage of the GDNF(4A) mutant was clearly reduced,
and the cleavage of GDNF(6A) mutant was almost completely
prevented (Fig. 6C,D). Compared with the WT GDNFs, the ex-
pression and secretion of GDNF(4A) and GDNF(6A) mutant
proteins were increased (Fig. 6C,D).
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differentiated PC-6.3 cells with or without
furin endoproteinase inhibitor and broad-
spectrum MMP inhibitor (GM6001). PC-6.3
cells were also treated with 2 anti-plasmin.
The results from the WB analysis of growth
media show that furin inhibitor, MMP in-
hibitors, or a2 anti-plasmin do not prevent
the cleavage of pro-GDNF to mature GDNF
(Fig. 7A-C). However, furin inhibitor pre-
vents the cleavage of the intermediate cleav-
age product of ~20 kDa. In PC-6.3 cells,
furin inhibitor also reduces the cleavage of
pro-GDNFs (Fig. 7B,C). WT and uncleav-
able pro-NT3 were used as controls (Seidah
et al, 1996b) (Fig. 7D). To determine
whether other PCs are responsible for the
cleavage of pro-GDNF into GDNF, we co-
expressed PC1, PC2, PC5A, PC5B, PACE4,
PC7, full-length furin, and soluble furin
with human pro-GDNFs in constitutively
secreting, furin-activity-deficient LoVo cells
and analyzed the growth media by WB. The
results demonstrate that furin, PACE4,
PC5A, PC5B, and, to a lesser extent, PC7
effectively process (a)pro-GDNF to yield
mature GDNF (Fig. 7E). Similar results were
obtained for (3)pro-GDNF (data not shown).

The secretion of (3)pro-GDNF and
corresponding mature GDNF is
regulated by neuronal activity in
differentiated neuronal-like PC-6.3 cells
To characterize whether electrical activity
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Figure 6.  Specificamino acid substitutions in the GDNF pro-sequence and mature sequence reduce the cleavage of pro-GDNF. 4, The

amino acid sequence from —5 to 13 of the human (cx)pro-GDNF and (/3)pro-GDNF sequences. The critical amino acids for pro-GDNF
cleavage are bolded. An arrow indicates the putative cleavage site of pro-GDNF. B, GDNF(4A) and GDNF(6A) amino acid substitutions and
resulting amino acid sequences from —5to 13 of the human pro-GDNFs. , D, Detection of GDNF from the media of transfected CHO (C) and
NGF-differentiated PC-6.3 (D) cells. Cells were transfected with human wild-type pre-(cx)pro-GDNF or pre-(3)pro-GDNF cDNA or the same
(DNAs containing either GDNF(4A) or GDNF(6A) mutations. Cell media were collected and analyzed by Western blot using anti-pro-GDNF
antibody and anti-GDNF antibody. E, Detection of GDNF from the media of transfected CHO cells. Cells were transfected with human
wild-type pre-(cx)pro-GDNF or pre-(3)pro-GDNF cDNA or same cDNAs containing either GDNF(4A) or GDNF(6A) mutations. The media
from wild-type pre-(ce)pro-GDNF and pre-([3)pro-GDNF transfected cells were concentrated. The samples were treated (+) with PNGase
F, which removes N-linked glycans from proteins, or left untreated (—) and analyzed by Western blotting using anti-GDNF antibody. (~E,

The bands representing (cx)pro-GDNF, (3)pro-GDNF, or mature GDNF are marked with arrows.

The mature GDNF polypeptide contains two putative
N-glycosylation sites (Lin et al., 1993). To determine whether the
GDNF protein products detected in WB are glycosylated, we per-
formed deglycosylation assay using PNGase F treatment. For this, we
used the media of CHO cells expressing WT pro-GDNFs or pro-
GDNFs containing either 4A or 6A mutations. Deglycosylation re-
duced the size of all WT pro-GDNF bands except the ~10 kDa band.
This band most likely represents unglycosylated mature GDNF (Fig.
6 E). After deglycosylation, pro-GDNFs carrying 4A or 6A mutations
were detected as a single band corresponding to the lower-
molecular-weight band of untreated controls, indicating that the
upper band represents glycosylated form and the lower band ungly-
cosylated form of pro-GDNFs (Fig. 6 E).

This result is in an agreement with a recent publication showing that
secreted GDNF is sensitive to N-glycosidase F (Oh-hashi et al., 2009).

To further characterize the cleavage of pro-GDNF into ma-
ture GDNF, we expressed WT pro-GDNFs in CHO and NGF-

changes the secretion of GDNF variant
proteins, pro-GDNFs were expressed in
NGEF-differentiated PC-6.3 cells depolar-
ized with KCl and detected from the
growth media by WB and ELISA analyses.
WB analysis shows that stimulation of the
cells with 25 mMm KCl for 5 h does not no-
tably change the secretion of (a)pro-
GDNF/GDNF but clearly increases the
secretion of (B)pro-GDNF/GDNF (Fig.
8A). Next, we asked whether calcium is
needed for the KCl-dependent secretion.
For that, cells were stimulated with 50 mm
KClI for 2 h, and the response was measured in the presence or
absence of a calcium chelator BAPTA-AM (with a 20 min pre-
treatment). The rat pre-pro-BDNF-EGFP (Haubensak et al.,
1998), which secretion is known to be increased by KCI, was used
as a positive control (Chen et al., 2004). ELISA confirms that
stimulation with KClI increases the secretion of (3)pro-GDNEF/
GDNEF (178 = 15%), as well as pro-BDNF-EGFP/BDNF-EGFP
(354 = 39%) to the growth medium (Fig. 8B). In addition,
BAPTA-AM prevents this activity-dependent secretion of
(B)pro-GDNF/GDNF (126 = 27%) as well as pro-BDNF-EGFP/
BDNE-EGFP (169 * 66%), indicating that KCl increases the
secretion of these proteins in a calcium-dependent manner [for
(B)pro-GDNF, p = 0.0578; for pro-BDNF, p = 0.0214] (Fig. 8 B).
The secretion of (a)pro-GDNF/GDNF is slightly increased after
KClstimulation (139 = 28%), but BAPTA-AM does not have any
effect on its secretion (134 * 29%), indicating that the increased
secretion of (a)pro-GDNEF/GDNF is not calcium dependent (Fig.
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Figure7.  Furin, PACE4, PC5A, PC5B, and P(7 can cleave pro-GDNF into mature GDNF. A-D, Furin
inhibitor, MMP inhibitor GM6001, or «¢2 anti-plasmin was added to the media of transfected CHO (4,
D) or NGF-differentiated PC-6.3 cells (B, €). After 48 h, media were collected, concentrated, and ana-
lyzed by Western blotting. Untreated media of transfected or nontransfected (Ctrl) cells were used as
controls. A-C, Cells were transfected with pre-(c)pro-GDNF or pre-(/3)pro-GDNF <DNA and detected
by WB using anti-GDNF antibody (4, B) or anti-pro-GDNF antibody (C). The bands representing the
final cleavage product of GDNF (A, B) or pro-GDNF (C) are marked with arrows. D, CHO cells were
transfected with FLAG-tagged WT pro-NT3 or uncleavable mutant pro-NT3 encoding cDNA and de-
tected from growth media by Western blotting using anti-FLAG antibody. The bands representing
pro-NT3 and mature NT3 are marked with arrows. E, Pre-(c¢)pro-GDNF cDNA was coexpressed with PC
family members in LoVo cells. Two furin constructs, full-length (fl) and soluble (sol.), were used. At
48 h after transfection, growth media were collected and analyzed by Western blot using anti-GDNF
antibody. GDNF coexpressed with GFP was used as a control.

8B). These results demonstrate that, in neuronal-like PC-6.3
cells, the secretion of (8)pro-GDNF/GDNF and not of («)pro-
GDNF/GDNF can be regulated in an activity-dependent manner.
The subcellular staining patterns of exogenous pro-GDNF pro-
teins were determined in NGF-differentiated PC-6.3 cells before
and after 2 h stimulation with 50 mm KCI by IF analysis using
anti-GDNF and anti-GM130 antibodies. To stop the protein syn-
thesis, 50 ug/ml cycloheximide was added to the cells simulta-
neously with KCI. The GDNEF-specific staining patterns detected
were (1) Golgi staining and (2) vesicle-like staining (Fig. 2A). As
shown by IF and IEM analyses, the vesicle-like staining most
likely represents DCVs (Fig. 2 A, C). The results show that, after
KCI stimulation, the vesicle-like GDNF staining pattern is de-
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tected in the majority of cells expressing ()pro-GDNF (79 =
0.04%) but in the minority of cells expressing (o)pro-GDNF
(21 % 0.03%), suggesting that, after stimulation, (3)pro-GDNF/
GDNF move more rapidly to the DCVs than (a)pro-GDNF/
GDNF (Fig. 8C).

(B)pro-GDNF and corresponding mature GDNF localize to
secretogranin II and Rab3A-positive vesicles of regulated
secretory pathway in differentiated neuronal-like PC-6.3 cells
To characterize whether GDNF variant proteins localize to the
vesicles of regulated secretory pathway, pro-GDNF proteins were
expressed in NGF-differentiated PC-6.3 cells treated with or
without 50 mM KCI for 2 h. GDNF was detected together with
Sgll, a marker protein for secretory granules of the regulated
secretory pathway, by IF analysis and confocal microscopy, and
the colocalization was quantified (Huttner et al., 1991; Dittie et
al., 1995). The expression of rat pro-BDNF-EGFP protein, which
is known to localize into the SglI-positive granules in neurons,
was used as a positive control (Haubensak et al., 1998). The re-
sults show that the colocalization of (a)pro-GDNF/GDNF with
Sgll is very weak before and after KCl treatment (Pearson’s coef-
ficient: without KCI, 0.18 = 0.054; with KCl, 0.16 = 0.069) (Fig.
9C). In addition, the areas of the strongest colocalization are
located in the proximal region of cells (Fig. 9A). In contrast, the
colocalization of () pro-GDNE/GDNEF with SgII before and after
KCl treatment is strong (Pearson’s coefficient: without KCl,
0.53 = 0.037; with KCI, 0.42 = 0.048), and the areas of the stron-
gest colocalization are located in the distal parts of the extensions
(Fig. 9A,C). Thus, the colocalization of (8)pro-GDNF/GDNF
and SglI is significantly stronger than the colocalization of
(a)pro-GDNF/GDNF and SgII (without KCI, p = 0.000056; with
KCl, p = 0.0073), indicating that, in the cells, the majority of
(B)pro-GDNF/GDNF is localized in the SglI-positive granules
of the regulated secretory pathway, whereas the majority of
(a)pro-GDNF/GDNF is localized outside these structures (Fig.
9C). Similarly to (B)pro-GDNF/GDNEF, the colocalization of
pro-BDNF-EGFP/BDNF-EGFP with SgII before and after KCl
treatment is strong (Pearson’s coefficient: without KCl, 0.53 =
0.035; with KCl, 0.54 = 0.034), and the areas of the strongest colo-
calization are found in the distal parts of the extensions (Fig. 9B, C).
Rab proteins are regulators of the secretory pathway (Zerial and
McBride, 2001). To further characterize the localization of both
(a)pro-GDNF and (B)pro-GDNF, we coexpressed them with two
different GFP-fused Rab proteins (Rab3A and Rab27A) known to
regulate secretion and exocytosis in mammalian cells (Tsuboi and
Fukuda, 2006). Our results show that both (a)pro-GDNF and
(B)pro-GDNF colocalize with Rab3A-WT on secretory vesicles
(supplemental Fig. S5, available at www.jneurosci.org as supplemen-
tal material). The colocalization was seen with both anti-GDNF and
anti-pro-GDNF antibodies (data not shown). In contrast, there was
no colocalization of (B8)pro-GDNF with GFP or the dominant-
negative mutant of Rab3A(T36N) (supplemental Fig. S5, available at
www.jneurosci.org as supplemental material). Rab27A-W'T colo-
calized also with both pro-forms of GDNF (data not shown).

Discussion

The function of the mature GDNF protein has been studied ex-
tensively. It was identified based on its ability to increase neurite
length, cell size, and the number of dopaminergic neurons as well
asits ability to stimulate high-affinity dopamine uptake in culture
(Lin et al., 1993). GDNF is a potent factor for the protection and
regeneration of nigral dopaminergic neurons against their toxin-
induced degeneration in animal models of PD and also in the
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the protein encoded by pre-(8)pro-

A human mouse
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%DNFI %DNFI secretory granules at the trans-Golgi net-
DNF DNF work. This would explain why there is
Figure 8. Neuronal depolarization-induced activity increases the sectetion of (3)pro-GDNF and corresponding mature GDNF. 4,8, more of (a)pro-GDNF in the Golgi re-

Detection of GDNF and BDNF from the growth media of transfected NGF-differentiated PC-6.3 cells. A, Western blotting analysis of the
growth media from human or mouse pre-(cx)pro-GDNF or pre-(3)pro-GDNF cDNA transfected cells using anti-GDNF antibody. Cells were
treated with (+) or without (—) 25 mum KCI for 5 h. B, ELISA of the growth media from human pre-(«
rat pre-pro-BDNFEGFP (DNA transfected cells. The cells were treated with (+) or without (—) 50 mm KCland 20 pum BAPTA-AM (with a 20
min pretreatment) for 2 h (n = 3). *p = 0.0578. **p = 0.0214. Error bars show SD. €, Subcellular localization of proteins encoded by
pre-(cx)pro-GDNF and pre-([3)pro-GDNF (DNA in NGF-differentiated PC-6.3 cells. The cells were either untreated (—) or treated (+) with
50 mm KCl together with 50 g/ml cycloheximide (Chx) for 2 h. The quantification of the subcellular staining patterns is shown.

treatment of patients with PD (Airaksinen and Saarma, 2002;
Andressoo and Saarma, 2008). GDNF can also promote the de-
velopment and survival of motoneurons, sensory neurons, en-
teric, parasympathetic, and sympathetic neurons. In addition,
GDNF regulates kidney differentiation and spermatogenesis
(Pichel et al., 1996; Meng et al., 2000; Airaksinen and Saarma,
2002). However, the cell biology of GDNF is poorly studied.
Here we have investigated the basic cell biology of the two
splice isoforms of GDNF, including their intracellular localiza-
tion, processing, cleavage, and secretion. The two GDNF splice
variant mRNAs, pre-(a)pro-GDNF and pre-(8)pro-GDNF, are
widely expressed in the CNS and peripheral tissues. First, using
immunofluorescence analysis of transfected NGF-differentiated
PC-6.3 cells, we show that there is a clear difference in the sub-
cellular localization and secretion of proteins encoded by pre-
(a)pro-GDNF and pre-(3)pro-GDNF ¢cDNAs in normal growth
condition and after neuronal stimulation. Protein encoded by
pre-(a)pro-GDNF localizes mostly in the Golgi complex and after
stimulation moves gradually along the secretory pathway, whereas

gion. Because of inefficient sorting, some
of (a) pro-GDNF might also be directed
into the constitutive pathway. Our data
suggest that the secretion mechanism of
GDNEF is different from that of BDNF,
which is secreted as one isoform via either
constitutive or regulated pathway. From
neurons, BDNF is secreted mostly in an
activity-dependent manner, after which it can have a variety of
biological effects such as modulating synaptic transmission and
synaptic plasticity (Mowla et al., 1999).

The functional importance of pro-neurotrophins has been
revealed recently. Mature NGF and BDNF induce neuronal sur-
vival, differentiation, and synaptic modulation by binding to two
tropomyosin-related receptor kinases A and B, respectively, and
to the common receptor p75NTR (Huang and Reichardt, 2001).
In contrast, uncleaved pro-BDNF and pro-NGF are proposed to
induce cell death by binding to death receptor complex consist-
ing of sortilin and p75NTR (Lee et al., 2001; Nykjaer et al., 2004;
Teng et al., 2005). Our results from Western blot analysis show
that overexpressed (a)pro-GDNF and (8)pro-GDNF reside in-
side the cells mostly in the pro-form, and they can be detected in
the growth media partially in the pro-form. Moreover, the results
from IF analysis show that noncleaved (a)pro-GDNF and
(B)pro-GDNF or cleaved pro-regions together with mature
GDNEF are localized to the cell surface. We have done preliminary
binding experiments of pro-regions of (a)pro-GDNF or ()pro-

)pro-GDNF, pre-(3)pro-GDNF, and
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Figure9.  (B)pro-GDNFand corresponding mature GDNF colocalize with secretogranin Il in NGF-
differentiated PC-6.3 cells. 4, B, Confocal images of transfected NGF-differentiated PC-6.3 cells. Cells
were treated with (+) or without (—) 50 mm KCl for 2 h. Scale bars, 10 em. 4, Colocalization of
overexpressed (cx)pro- GDNF/GDNF (red) or (/3)pro-GDNF/GDNF (red) and endogenous Sgll (green)
immunoreactivities. The areas of strongest colocalization are highlighted with yellow isosurface. B,
Colocalization of overexpressed pro-BDNF—EGFP/BDNF—EGFP (green) with endogenous Sgll immu-
noreactivity (red). The areas of strongest colocalization are highlighted with yellow isosurface. C,
Quantification of the level of colocalization shown as Pearson’s coefficient in colocalized volume (n =
10-11). *p = 0.000056; **p = 0.0073. Error bars show SEM.

GDNF with GFRal and could not detect binding, suggesting that
pro-GDNF proteins, rather than pro-regions alone, bind to the
cell surface (data not shown). This means that the proteolytic
cleavage of pro-GDNF into mature GDNF may occur also out-
side the cells, most likely in the extracellular matrix. In addition,
pro-GDNF proteins may remain uncleaved and have specific
roles outside the cells. There are differences in the processing of
(a)pro-GDNF and (8)pro-GDNF when expressed from different
expression plasmids. From the pAAV-MCS and pAAV-IRES—
hrGFP expression vectors that have a stronger promoter and
therefore result in higher protein expression, GDNF is detected
inside the cells almost entirely in the pro-GDNF form (Fig. 4).
Conversely, from pEGFP-N1 expression vector, which has a
weaker promoter and therefore milder expression, GDNF is de-
tected in both pro-GDNF and mature GDNF forms inside the
cells (our unpublished data). To avoid misleading results attrib-
utable to very high overexpression, all experiments characteriz-
ing changes in the secretion of GDNF and BDNF induced by
stimulation were done using pEGFP-N1 constructs. Based on
sequence analysis, the pro-GDNF polypeptide has been proposed
to have a putative furin-like endoproteinase cleavage site KRLKR
(—=5to —1) (Linetal., 1993). However, it has never been carefully
experimentally demonstrated that KRLKR site acts as a func-
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tional cleavage site and that furin endoproteinase is responsible
for the cleavage of pro-GDNF to yield mature GDNF. We ana-
lyzed the processing of pro-GDNF by proprotein convertases,
MMPs, and plasmin. We show that indeed furin, but also PACE4,
PC5A, PC5B, and, to lesser extent, PC7 can process pro-GDNF in
cell lines. In contrast, PC1 and PC2, MMPs, and plasmin do not
cleave pro-GDNE. Pro-BDNF and pro-NFG have been shown to
be processed into mature BDNF and NGF by furin, selective
MMPs, plasmin, and less by PACE4 and PC5B (Seidah et al.,
1996a,b; Lee et al., 2001). Thus, our results suggest that not only
secretion of GDNF but also processing of GDNF is partially dif-
ferent from these of BDNF and NGF. To produce uncleavable
pro-GDNEF, we expressed pro-GDNF proteins with mutations in
the KRLKR site and showed that these mutations are not suffi-
cient to prevent the cleavage of pro-GDNF. Instead, additional
mutations in the mature GDNF domain are needed.

Although the pre-()pro-GDNEF splice variant mRNA was
characterized >10 years ago, the protein encoded by it has not
really been studied. This is most likely because (1) the mature
GDNEF proteins, encoded by pre-(a)pro-GDNF and pre-(f3)pro-
GDNEF, are very likely identical and (2) the pro-GDNFs were
considered predominantly inactive. However, one study charac-
terizing some cell biological aspects of GDNF encoded by pre-
(B)pro-GDNF has recently been published (Wang et al., 2008).
This study demonstrates a dramatically decreased constitutive
and regulated secretion for GDNF encoded by pre-(f)pro-
GDNF compared with GDNF encoded by pre-(a)pro-GDNF.
The authors claim that this secretion deficit results from the ac-
cumulation of GDNF encoded by pre-(B)pro-GDNF in the
Golgi. In addition, they observed that both pre-(a)pro-GDNF
and pre-(B)pro-GDNF were secreted as mature GDNF forms.
Our experiments give quite the opposite results. The main differ-
ence between these studies is that we have used the wild-type
GDNF c¢DNAs without any tags, whereas Wang et al. have used
c¢DNAs encoding C-terminally hemagglutinin (HA)-tagged
GDNF. The C terminus of the mature GDNF protein is known to
be critically important for its binding to GFRa1 receptor and RET
activation, and it is highly possible that this modification also affects
the trafficking and sorting of GDNF (Eketjall et al., 1999; Parkash et
al., 2008). Moreover, Wang et al. have used anti-HA antibodies to
detect GDNF and pro-GDNFs, whereas we have produced an anti-
body recognizing the GDNF pro-region and were able for the first
time to characterize specifically the pro-GDNFs.

Long-term in vivo expression of pre-(a)pro-GDNF by recom-
binant lentiviral vector delivery in the intact nigrostriatal dopa-
mine system causes selective downregulation of tyrosine
hydroxylase (TH) protein, a key enzyme in dopamine synthesis
(Georgievska et al., 2004; Sajadi et al., 2005). Moreover, contin-
uous in vivo expression of pre-(oa)pro-GDNF by recombinant
lentiviral vector delivery to the striatum of 6-hydroxydopamine
lesioned Parkinsonian rats induces downregulation of TH in the
preserved striatal dopamine terminals (Georgievska et al., 2002).
This is most likely attributable to a compensatory mechanism, in
which dopamine neurons under continuous GDNF stimulation
are able to compensate for increased dopamine synthesis and
release by decreasing TH enzyme activity. Recent experiments on
nonhuman primates also indicate that high concentrations of
GDNF can induce cerebellar toxicity (Lang et al., 2006). There-
fore, future therapies should avoid high concentrations of GDNF
and prefer systems in which the level of GDNF can be physiolog-
ically regulated. Our in vitro results showing that the secretion of
GDNF encoded by pre-()pro-GDNF can be regulated by bio-
logical stimuli make pre-(8)pro-GDNF ¢cDNA a more efficient
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therapeutic tool for gene therapy treatment of PD than pre-
(a)pro-GDNF cDNA that has been used until now.
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