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Glial cell line-derived neurotrophic factor (Gdnf) promotes
neurite outgrowth and survival of neuronal cells, but its tran-
scriptional regulation is poorly understood. Here, we sought to
investigate the mechanism underlying fibroblast growth fac-
tor-2 (FGF2) induction of Gdnf expression in astrocytes. We
found that FGF2 stimulation of rat astrocytes induced expres-
sion of Egr-1 at a high level. Sequence analysis of the rat Gdnf
gene identified three overlapping Egr-1-binding sites between
positions —185 and —163 of the rat Gduf promoter. Transfec-
tion studies using a series of deleted Gdnf promoters re-
vealed that these Egr-1-binding sites are required for maximal
activation of the Gdnf promoter by FGF2. Chromatin immuno-
precipitation analysis indicated that Egr-1 binds to the Gdnf
promoter. Furthermore, the induction of Gdnf expression by
FGF2 is strongly attenuated both in C6 glioma cells stably
expressing Egr-1-specific small interfering RNA and in primary
cultured astrocytes from the Egr-1 knock-out mouse. Addition-
ally, we found that stimulation of the ERK and JNK pathways by
FGF2 is functionally linked to Gdnf expression through the
induction of Egr-1. These data demonstrate that FGF2-induced
Gdnf expression is mediated by the induction of Egr-1 through
activation of the ERK and JNK/EIk-1 signaling pathways.

Astrocytes play important roles in the regulation of neuro-
genesis and synaptogenesis of the central nervous system, as
well as in the regulation of its ionic and neurotransmitter envi-
ronments (1). By releasing various growth factors, such as
fibroblast growth factor-2 (FGF2),” glial cell line-derived neu-
rotrophic factor (Gdnf), nerve growth factor, and ciliary neuro-
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trophic factor, astrocytes also provide neuroprotection against
various types of neuronal damage (2).

Gdnf is a neurotrophic factor that promotes neurite out-
growth and the survival and differentiation of distinct popula-
tions of neuronal cells, as well as astrocyte proliferation (3, 4).
Targeted disruption of the mouse Gdnf gene causes various
defects in sensory and enteric neuron subpopulations, renal
abnormalities, and a failure of spermatogenesis (5-8). Gdnf
gene expression is elevated during embryogenesis and contin-
ues at a low level in adults (9). Gdnf is rapidly up-regulated in
response to brain injury (10) and specific pharmacological
treatments. However, the details of the mechanism underlying
the transcriptional regulation of Gdnfexpression are not clearly
understood.

Egr-1 (also known as nerve growth factor-induced-A (NGFI-
A), zinc-finger clone 28 (zif268), Kriippel box 24 (krox24), and
TPA-induced sequence 8 (Tis8)) is a transcription factor
encoded by an immediate-early response gene. Egr-1 is present
at high concentrations in neurons of the cerebral cortex, hip-
pocampus, thalamus, amygdaloid nuclei, and striatum (11, 12)
and is maintained by synaptic plasticity occurring in response
to physiological stimuli (13), suggesting that Egr-1 may play a
role in the nervous system.

The regulatory regions of the murine and human Gdnfgenes
contain putative consensus sequences for Egr-1 binding.
Because Egr-1 (14) and Gdnf (15) can be induced by FGF2, we
investigated whether Egr-1 is involved in Gdnf expression.
Here, we show that Egr-1 directly binds to the Gdnf promoter
and promotes transcriptional activation of the Gdnfgene. FGF2
induces Egr-1 expression through the ERK or JNK pathways.
Inhibition of either of these pathways abrogates FGF2-induced
expression of Egr-1 and Gdnf. An important role for Egr-1 in
Gdnf expression is supported by the demonstration that FGF2-
induced GDNF expression is attenuated both in C6 glioma cells
stably expressing Egr-1-specific small interfering RNA (siRNA)
and in primary cultured astrocytes derived from the Egr-1
knock-out mouse. These findings suggest a novel role for Egr-1
in the regulation of Gdnftranscription by FGF2 in astrocytes.

hairpin RNA; ChIP, chromatin immunoprecipitation; MAPK, mitogen-acti-
vated protein kinase; CA, cornu ammonis; CRE, CAMP-response element;
CREB, cAMP response element-binding protein.
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EXPERIMENTAL PROCEDURES

Materials—Egr-1 knock-out mice developed on a C57BL6
background were from Dr. Jeffrey Milbrandt (Washington Uni-
versity, St. Louis, MO) and have been described elsewhere (16).
Mouse recombinant FGF2 was purchased from Calbiochem
(San Diego, CA). The firefly and Renilla Dual-Glo™ Luciferase
Assay System was purchased from Promega (Madison, WTI).

Plasmids—The plasmid pRL-null, which encodes Renilla
luciferase, was purchased from Promega. Plasmid pFA2-EIk1,
which encodes a fusion protein consisting of the yeast Gal4
DNA-binding domain (amino acids 1-147) and the activation
domain of Elk-1 (amino acids 307—-427), and plasmid pFR-Luc,
which contains five Gal4-binding element repeats upstream of
the luciferase gene, were purchased from Stratagene (La Jolla,
CA). Plasmids expressing dominant negative (DN)-MEK1
(pPCGN1/MEK DN), DN-ERK2 (pHA-ERK2 K52R), DN-JNK1
(pSRa/HA-JNK T183A/Y185F), and kinase-dead p38 kinase
(pPCDNA3/FLAG-p38 T180A/Y182F) were kindly provided by
Dr. D. S. Min (Department of Molecular Biology, College of
Natural Science, Pusan National University, Korea). The
pCDNA3.1/Egr-1(I1293F) plasmid, which expresses dominant-
active (DA)-Egr-1, was generated as previously described (17).

Cell Culture—The rat glioma cell line C6 was obtained from
the American Type Culture Collection (Manassas, VA). C6
cells were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum (HyClone, Logan,
UT). Primary rat astrocytes and astrocytes from Egr-1 knock-
out (Egr-1"'7) and heterozygous (Egr-1*/~) mice were pre-
pared from cerebral cortices of newborn pup littermates as pre-
viously described (18) and cultured in modified Eagle’s medium
supplemented with 10% fetal bovine serum (HyClone). The
Egr-1 genotype was determined by PCR amplification from
genomic DNA using the forward primer 5'-aaccggcccagcaaga-
cacc-3’ and the reverse primer 5'-ctcgtgctttacggtatcge-3'.
Astrocyte purity was determined by immunostaining with anti-
glial fibrillary acidic protein antibody (1:500, Dako Corp.,
Carpinteria, CA).

Quantitative Real Time PCR and Reverse Transcription-PCR
(RT-PCR)—Total RNA was extracted using a TRIzol RNA
extraction kit (Invitrogen) from cells stimulated with FGF2 (10
ng/ml) for various lengths of time. The first-strand cDNA was
synthesized from 500 ng of total RNA by using an iScript cDNA
synthesis kit (Bio-Rad). Quantitative real time PCR was per-
formed an icycler iQ™ system (Bio-Rad), using the TagMan-
iQ™ supermix kit (Bio-Rad) according to the manufacturer’s
recommendation. The TagMan™ fluogenic probes and PCR
primers for rat Gdnfand glyceraldehyde-3-phosphate dehydro-
genase (gapdh) were designed by Metabion Int. (Martinsreid,
Deutschland). The sequences of primers were 5'-CTGCCCG-
CCGGTAAGAGG-3’ (forward for Gdnf) and 5'-CGTCATCA-
AACTGGTCAGGATAATC-3' (reverse for Gdnf), 5'-GTGA-
TGCTGGTGCTGAGTATGTC-3" (forward for gapdh), and
5'-GCGGAAGGGGCGGAGATG-3' (reverse for gapdh). The
TagMan fluorogenic probes used were 5'-FAM-CGCCCGCC-
GAAGACCACTCCCTC-BHQ-3' (for Gdnf) and 5'-Yakima
Yellow TM-ACCCTTCAGGTGAGCCCCAGCCTT-BHQ-
1-3" (for gapdh). Threshold cycle, C, which correlates
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inversely with the target mRNA levels, was measured as the
cycle number at which the reporter fluorescent emission
increases above a threshold level. The relative changes in Gdnf
mRNA levels were normalized for gapdh mRNA in the same
samples.

For RT-PCR analysis, gene-specific primers for murine Gdnf
(forward, 5'-GGTCTACGGAGAGACCGATCCGAGGTGC-
3’; reverse, 5'-TCTCTGGAGCCAGGGTCAGATACATC-3')
and actin (forward, 5'-TGGAATCCTGTGGCATCCATGA-
AAC-3’; reverse, 5'-TAAAACGCAGCTCAGTAACAGT-
CCG-3’) were used. The PCR conditions for all primers were as
follows: hold for 5 min at 94 °C, followed by 30 cycles consisting
of denaturation at 94 °C (30 s), annealing at 55 °C (30 s), and
elongation at 72 °C (1 min). The amplified products were sub-
jected to electrophoresis on a 1% agarose gel.

Construction of Full-length and Deletion Mutant Mouse Gdnf
Promoter-Reporter Constructs—A Gdnf promoter fragment
spanning nucleotides —983 to +3 was synthesized from rat
genomic DNA (Promega) by PCR using primers 5'-ccg-
gtaccTCCATCAAAGTCCAACTTGGCAAATA-3' (forward)
and 5'-gaagatct TCTCAGCTCTTAGGTCTCCTCTGCC-3’
(reverse). (Kpnl and BgllI restriction sites are indicated by low-
ercase letters.) The amplified PCR product was ligated into the
Kpnl-BglII site of the pGL3-basic vector (Promega) to yield
pGDNEF-Luc(—983/+3).

A series of deletion constructs of rat Gdnf promoter frag-
ments were synthesized by PCR using the pGDNF-Luc(—983/
+3) plasmid as a template. The forward and reverse primers
used in the PCR to generate deletion mutant promoters con-
tained Kpnl and BgllI restriction enzyme sites, respectively, to
facilitate subsequent ligation into the KpnI-BglII site of pGL3-
basic. The forward primer sequences were 5’'-ccggtaccCGCC-
CTCATGTCTTCAAGGG-3' (—493 to +3) ccggtaccGAGGA-
GGTGCAGAGTGAGGC (—374 to +3) and 5’-ccggtaccCCG-
GTACCTGGATTGCGTGCTCTTGCTC-3" (—114 to +3).
One reverse primer (5'-gaagatctTCTCAGCTCTTAGGTCT-
CCTCTGCC-3') was used to generate all deletion mutant pro-
moters (lowercase letters in the forward and reverse primers
indicate Kpnl and BgllI restriction sites, respectively). The PCR
products were digested with Kpnl and BglII and then ligated
into the pGL3-basic vector.

An internal deletion construct lacking Egr-1-binding motifs
(—185 to —163) in pGDNF-Luc(—493/+3) was generated
using two-step PCR yielding pGDNF-Luc(—493/+3AEgrl).
The primers used for the first step were 5'-ccggtaccCGCCCT-
CATGTCTTCAAGGG-3' (forward) and 5'-tctcgagAGGAG-
GGCGAAGGC-3' (—493 to —185; reverse); 5'-actcgagACAC-
GGTGGCCGC-3' (forward) and 5'-gaagatct TCTCAGCTCT-
TAGGTCTCCTCTGCC-3' (—163 to +3; reverse). (Lowercase
letters indicate Xhol restriction sites.) The PCR products were
digested with Xhol and ligated. In the second step, the primers
were 5'-ccggtaccCGCCCTCATGTCTTCAAGGG-3'  (for-
ward) and 5'-gaagatctTCTCAGCTCTTAGGTCTCCTCT-
GCC-3' (reverse). All constructs were verified by DNA
sequencing and restriction analysis.

Luciferase Reporter Assay—C6 cells or primary cultured
astrocytes were seeded into 12-well plates and transfected with
0.5 ug of promoter-reporter construct using Lipofectamine™
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FIGURE 1. FGF2 activates transcription of Gdnf expression in rat astrocytes. A and B, primary cultured rat
astrocytes (A) or C6 rat glioma cells (B) were treated with 0 or 10 ng/ml of FGF2 for 12 h. Total RNA was extracted
and then subjected to RT-PCR to quantify Gdnf expression. Actin expression was used as an internal control. *¥,
p < 0.01 compared with basal luciferase activity. C,immunodetection of Gdnf. Primary rat astrocytes cultured
on coverslips were treated with 0 or 10 ng/ml of FGF2 for 18 h. After incubation with anti-Gdnf (1:100) and
anti-S100 (1:200) antibodies, the cells were observed under a confocal fluorescence microscope; green, S-100;
red, Gdnf. Arrows indicate immunoreactive cells for Gdnf. D and E, Gdnf promoter constructs (0.2 ug each) were
transiently co-transfected with the pRL-null vector (50 ng) into primary rat astrocytes (D) or C6 glioma cells (E).
At 24-h post-transfection, cells were treated with 0 or 10 ng/ml of FGF2 for 8 h, and luciferase activity was
measured. The firefly luciferase activity was normalized to Renilla luciferase activity. The data represent the
mean = S.D. (error bars) of three independent experiments, each performed in triplicate. *, p < 0.05 compared
with basal luciferase activity (Student’s t test).

Egr-1in Gdnf Transcription

2000 (Invitrogen) according to the
manufacturer’s instructions. For
Elk-1 trams-acting activity, cells
were co-transfected with 50 ng of
trans-activator  plasmid  (pFA2-
Elk1) and 0.5 ug of reporter plasmid
(pFR-Luc). To monitor transfection
efficiency, 50 ng of the pRL-null
plasmid encoding Renilla luciferase
was included in all samples. Where
indicated, 0.2 ug of mammalian
expression vector was also included.
At 24-h post-transfection, the levels
of firefly and Renilla luciferase
activity were measured sequentially
from a single sample using the Dual-
Glo Luciferase assay system (Pro-
mega) with a luminometer (Centro
LB960; Berthold Tech, Bad Wild-
bad, Germany). Firefly luciferase
activity was normalized to Renilla
luciferase activity, and the relative
amount of luciferase activity in the
untreated cells was designated as 1.

Western Blot Analysis—Cells
were lysed in 20 mm HEPES (pH 7.2)
containing 1% Triton X-100, 10%
glycerol, 150 mm NaCl, 10 ug/ml
leupeptin, and 1 mm phenylmethyl-
sulfonyl fluoride. The protein sam-
ples (20 pg/lane) were then sepa-
rated by 10% SDS-PAGE and
transferred onto nitrocellulose fil-
ters. Western blotting was per-
formed according to standard pro-
cedures using antibodies specific for
Egr-1 (1:1000 dilution), ERK2
(1:5000), or GAPDH (1:2000) (all
from Santa Cruz Biotechnology,
Santa Cruz, CA) or for phospho-
Rafl (1:1000), phospho-(Thr?°?/
Tyr***)-ERK1/2  (1:1000), phos-
pho-(Thr'®%/Tyr'®%)-p38  (1:1000),
or  phospho-(Thr'®/Tyr'®%)-JNK
(1:1000) (all from Cell Signaling
Technology, Danvers, MA). The
signals were developed using an
enhanced chemiluminescence de-
tection system (Amersham Bio-
sciences Inc.).

Expression of Egr-1 siRNA—The
small hairpin RNA (shRNA) plas-
mid targeting mouse Egr-1 mRNA
(pSilencer/siEgrl) and the genera-
tion of C6 cells expressing Egr-1
siRNA (C6/SiEgr-1) or control
siRNA (C6/Scramble) have been
described previously (19).
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Confocal Microscopy—C6 cells or primary cultured astro-
cytes plated on coverslips were treated with 0 or 10 ng/ml of
FGEF?2 for 24 h, fixed with 4% paraformaldehyde, and permeabi-
lized in 0.1% Triton X-100 and 2% bovine serum albumin as
described previously (20). The coverslips were co-stained with
rabbit anti-Gdnf (1:100) and mouse anti-S100 (1:200)
antibodies for the mouse astrocyte marker, for 90 min at room
temperature and then incubated for 30 min with Alexa Fluor
488-conjugated anti-mouse and Alexa Fluor 555-conjugated
anti-rabbit secondary antibodies, yielding green and red sig-
nals, respectively. The labeled cells were examined under an
Olympus FV-1000 Spectral confocal laser-scanning micro-
scope with excitation at 488 nm and emission at 550 nm.

Chromatin Immunoprecipitation (ChIP) Assay—Primary
cultured astrocytes treated with FGF2 (10 ng/ml) were treated
with 1% formaldehyde to cross-link the DNA, lysed, and chro-
matin immunoprecipitated using rabbit anti-Egr-1 antibody
(Santa Cruz Biotechnology) or normal rabbit IgG as described
previously (21). The precipitated DNA was analyzed by stand-
ard RT-PCR methods.

Immunohistochemistry—All procedures were carried out
with the approval of the Konkuk University Institutional Ani-
mal Care and Use Committee. For preparation of samples,
mice were anesthetized with a mixture of Zoletil (22.5
mg/kg; Virbac, Carros, France) and Xylazine (7.5 mg/kg;
Bayer, KS) and perfused transcardially with a fixative solu-
tion containing 4% paraformaldehyde in 0.1 M phosphate-
buffered saline (pH 7.4). Brains were post-fixed for 24 h in
the same fixative solution and bisected sagitally at the mid-
line. The samples were embedded in paraffin, cut into serial
sections 4-um thick, and stained with hematoxylin and
eosin. Immunohistochemical analysis was carried out using
a Vectastain Elite ABC kit (Vector Labs, Burlingame, CA).
The paraffin sections were deparaffinized, hydrated, heated
in 0.01 M sodium citrate for 10 min in a microwave to retrieve
the antigen, and treated with 3% hydrogen peroxide in meth-
anol. They were then incubated with blocking solution con-
taining 1.5% anti-horse serum and 5% bovine serum albu-
min. The sections were incubated with anti-Gdnf antibody
(1:50; Santa Cruz Biotechnology) overnight at 4 °C. After
washing in phosphate-buffered saline, the sections were
incubated with biotinylated secondary antibody for 60 min
and then with a avidin-biotin peroxidase complex for 30 min
at room temperature. Sections were treated with peroxidase
substrate kits (Vector Labs) to visualize immunoreactivity,
counterstained with hematoxylin, and dehydrated in etha-
nol. After clearing in xylene, sections were coverslipped and
examined under a Olympus BX51 microscope (Olympus
Optical, Tokyo, Japan). Immunoreactive cells were quantita-
tively analyzed by a computerized image analyzer Meta-
Morph 7.5 (Molecular Devices, Downington, PA). The
immunopositive cells in three nonconsecutive sections per
mouse were counted by two blinded independent investiga-
tors using the image analyzer at a magnification of X200.
Results are expressed as the mean number of cells per
mm? * S.D. Statistical significance was evaluated by one-
way analysis of variance using SPSS for Windows (version
14.0, SPSS Inc., Chicago, IL).
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FIGURE 2. Functional role of Egr-1 and Egr-1-binding sequences in Gdnf
promoter activation. A, sequence of the promoter region in the rat Gdnf
gene (—185 to —163). The three putative Egr-1-binding sites are boxed,
B, primary rat astrocytes were co-transfected with pGDNF-Luc(—493/+3) (0.2
ng), various concentrations of the DA-Egr-1 expression plasmid
pCDNA3.1/Egr1(1293F), and the pRL-null vector (50 ng). At 24 h post-transfec-
tion, cells were collected, and luciferase activity was measured. *, p < 0.05
compared with basal luciferase activity (Student’s t test). C, primary rat astro-
cytes were co-transfected with the DA-Egr-1 expression plasmid
pCDNA3.1/Egr1(1293F) and 0.2 ug of a Gdnf promoter construct (pGDNF-
Luc(—493/+3), pGDNF-Luc(—493/+3AEgr1), or pGDNF-Luc(—114/+3)). At
24 h post-transfection, cells were collected, and luciferase activity was meas-
ured. **, p < 0.01 compared with empty vector-transfected basal luciferase
activity; ns, not significant (Student'’s t test). D, primary rat astrocytes were
transfected as in C. At 24 h post-transfection, they were treated with 0 or 10
ng/ml of FGF2 for 8 h, and luciferase activity was measured. The firefly lucif-
erase activity was normalized to the Renilla luciferase activity. The data shown
represent the mean = S.D. (error bars) of three independent experiments,
each performed in triplicate. **, p < 0.01 compared with empty vector-trans-
fected basal luciferase activity; ns, not significant (Student’s t test).

GDNF Enzyme-linked Immunosorbent Assay—For the assay
of Gdnfrelease, Egr-1"/~ or Egr-1~/" astrocytes were cultured
with or without 10 ng/ml of FGF2 at a density of 13 X 10*/cm?
on a 12-well plate. After 48 h treatment, conditioned medium
was collected and stored at —80 °C until assayed. GDNF protein
levels in cell-conditioned media were determined using a Gdnf
enzyme-linked immunosorbent assay according to the manu-
facturer’s instructions (Promega).
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S cyte culture (Fig. 1C). These data
clearly demonstrate that FGF2
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FIGURE 3. Induction of Egr-1 expression by FGF2. A and B, primary rat astrocytes (A) or C6 cells (B) were
cultured in the presence of 0.5% serum for 24 h and then treated with 10 ng/ml of FGF2 for various lengths of
time (15-240 min). The amount of Egr-1 in whole cell lysates was measured by Western blotting (15 ug of
protein/lane) with rabbit anti-Egr-1 antibody. In the lower panel, the blot was re-probed with anti-GAPDH
antibody as a loading control. C and D, primary rat astrocytes (C) or C6 cells (D) cells grown in 12-well plates
were co-transfected with 0.5 ug of the Egr-1 promoter construct pEgr1-Luc(—780/+ 1) and 50 ng of pRL-null
vector. Twenty-four hours after transfection, the cells were treated with varying concentrations of FGF2 (0-20
ng/ml) for 8 h. The firefly luciferase activity was normalized to the Renilla luciferase activity. The data shown
represent the mean = S.D. (error bars) of three independent experiments performed in triplicate. E, in ChIP
experiments, rat primary astrocytes were treated with 0 or 10 ng/ml of FGF2 for 1 h, cross-linked, lysed, and
immunoprecipitated with rabbit anti-Egr-1 antibody or with normal rabbit IgG (negative control). The precip-
itated DNA was subjected to PCR with primers specific to the Gdnf promoter. An aliquot of input DNA was used
as a positive control. The schematic representation at the right shows the locations of the Egr-1-binding sites

tory element responsive to FGF2.
Egr-1-binding  Sequences  Are
Required for FGF2-mediated Acti-
vation of the Gdnf Promoter—An
analysis of the Gdnf promoter
sequences spanning —374 to —114
performed using the program Mat-
Inspector revealed the presence of
three putative binding motifs for
Egr-1 proximal to the transcription

and PCR primers in the Gdnf promoter.

RESULTS

FGF2 Induces Gdnf Expression at the Transcriptional Level in
Rat Astrocytes—To investigate the molecular mechanism of
FGF?2 regulation of Gdnf expression, we first determined the
ability of FGF2 to induce the expression of Gdnfby quantitative
real time-PCR using the TaqgMan fluogenic probes in rat astro-
cytes. After 12 and 24 h of exposure to FGF2, Gdnf mRNA was
increased 9.7- and 9.2-fold, respectively, as compared with con-
trol cells in a dissociated culture of rat astrocytes (Fig. 14), and
increased 4.4- and 5.6-fold, respectively, as compared with con-
trol cells in C6 glioma cells (Fig. 1B). All of the dissociated
cultures of rat astrocytes were shown to express S-100, an astro-
cyte marker, by confocal microscopy. Notably, FGF2 treatment
enhanced Gdnf immunoreactivity in the dissociated rat astro-
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start site at positions —185 to —163

(Fig. 2A). Egr-1 is a Cys*/His-type
zinc finger transcription factor that regulates cell growth, dif-
ferentiation, and development (22). To assess whether Egr-1
activates the Gdnf promoter, we co-transfected the —493/+3
Gdnf promoter construct and the expression plasmid for DA-
Egr-1, pcDNA3.1/Egr1(1293F), into rat primary cultured astro-
cytes. In the absence of FGF2 treatment, the forced expression
of DA-Egr-1 caused basal reporter activity to increase as the
amount of transfected DNA increased (Fig. 2B).

To characterize whether the Egr-1-binding motifs were
responsible for stimulation of the GDNF gene promoter by
Egr-1, we generated an internal deletion construct lacking all
three Egr-1-binding motifs (—493/+3AEgr1). As shown in Fig.
2C, transfection of DA-Egr-1 into rat primary astrocytes had no
appreciable effect on the reporter activity of the —493/
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+3AEgrl or —114/+3 constructs,
which lack apparent Egr-1-binding
sequences. To assess the contribu-
tion of the Egr-1-binding sequences
to the activation of the GDNF pro-
moter by FGF2, the transcriptional
activity of these deletion con-
structs in response to FGF2 was
evaluated in rat primary astrocytes.
As shown in Fig. 2D, FGF2 approxi-
mately doubled the reporter activity
in the —493/+3 construct, but not
in the —493/+3AEgrl or —114/+3
constructs. Similar results were
obtained in C6 glioma cells (data not
shown). These observations indi-
cate that the Egr-1-binding motifs
are cis-acting elements necessary
for maximal activation of the GDNF
promoter by FGF2.

Egr-1 Is Induced by FGF2—Egr-1
expression is induced by FGF2 in
several cell lines (23-25). Consist-
ent with previous findings, Egr-1
expression was clearly up-regulated
by FGF2 as a function of time in pri-
mary rat astrocytes (Fig. 34) or in
C6 glioma cells (Fig. 3B). In addi-
tion, FGF2 increased Egr-1 pro-
moter activity in a concentration-
dependent manner in primary rat
astrocytes (Fig. 3C) and C6 cells
(Fig. 3D).

Egr-1 Is Associated with the Gdnf
Promoter—To determine whether
Egr-1 protein binds to the Egr-1-
binding sequences in vivo, we per-
formed a ChIP assay. Cross-linked
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FIGURE 5. Role of ERK and JNK in FGF2 activation of the Gdnf promoter. Primary rat astrocytes were co-transfected with 50 ng of Elk-1 trans-activator plasmid
(pFA2/Gal4-Elk-1), 50 ng of pRL-null vector, and 0.5 g of the reporter plasmid pFR-Luc (A), the Egr-1 promoter-reporter plasmid pEgr1-Luc(—780/+1) (B), or the Gdnf
promoter-reporter plasmid pGDNF Luc(—493/+3) (C), together with or without 0.2 g of a plasmid expressing DN-MEK1 (pCGN1/MEK DN), DN-ERK2 (pHA-ERK2
K52R), or DN-JNK1 (pSRa/HA-JNK T183A/Y185F), as indicated. Twenty-four hours after transfection, the cells were treated with 0 or 10 ng/ml of FGF2 for 8 h. The
resulting firefly luciferase activity was normalized to the Renilla luciferase activity. The data represent the mean = S.D. (error bars) of three independent experiments
performed in triplicate. ¥, p < 0.05; **, p < 0.01, compared with FGF2-treated control cells transfected with empty vector (Student’s t test).
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siEgr1) siRNA. After 48 h, cells were either untreated or treated with 10 ng/ml of FGF2 for 2 h, and the Egr-1
expression level was determined by Western blot analysis. The same blot was re-probed with anti-GAPDH
antibody as a loading control. Each blot is representative of at least three separate experiments. B, primary rat
astrocytes were transiently co-transfected with a Gdnf promoter-reporter plasmid (pGDNF-Luc(—493/+3))
and an shRNA plasmid expressing scrambled siRNA (pSilencer/scrambled) or Egr-1 siRNA (pSilencer/siEgr1), or
with both shRNA plasmids, as indicated. After 48 h, cells were treated with 10 ng/ml of FGF2 for 8 h, and
luciferase activity was measured. The firefly luciferase activity was normalized to the Renilla luciferase activity.
The data represent the mean = S.D. (error bars) of three independent experiments performed in triplicate. *,
p < 0.05; **, p < 0.01 (Student’s t test). C, primary rat astrocytes were transiently transfected with a scrambled
siRNA (pSilencer/scrambled) or Egr-1 siRNA (pSilencer/siEgr1). After 48 h, cells were treated with 10 ng/ml of
FGF2 for 12 h. Total RNA was extracted and assessed for Gdnf mRNA expression by RT-PCR. Similar results were
obtained from three independent experiments. D, serum-starved C6 transfectants stably expressing scram-
bled siRNA (C6/cont) or Egr-1 siRNA (C6/siEgr1) were treated with 10 ng/ml of FGF2 for various lengths of time.
At theindicated time points, the cells were collected and analyzed for Egr-1 expression using Western blotting.
The same blot was re-probed with anti-GAPDH antibody as a loading control. Each blot shown is representative
of at least three separate experiments. £, C6/cont and C6/siEgr1 cells were transiently transfected with a Gdnf
promoter-reporter plasmid (pGDNF-Luc(—493/+3)). After 48 h, cells were treated with 10 ng/ml of FGF2 for
8 h, and luciferase activity was measured. The firefly luciferase activity was normalized to the Renilla luciferase
activity. The data represent the mean = S.D. (error bars) of three independent experiments performed in
triplicate. **, p < 0.01 (Student’s t test). F, C6/cont or C6/siEgr1 cells were treated with FGF2 for 12 or 24 h. Total
RNA was extracted and assessed for Gdnf mRNA expression by RT-PCR. Similar results were obtained from three
independent experiments.

rat primary astrocytes were immunoprecipitated with rabbit
anti-Egr-1 antibody or normal rabbit IgG. The resulting immu-
noprecipitates were analyzed by PCR assays using primers
flanking the Egr-1-binding sequences (—324 to —88) of the
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Gdnfpromoter. As shown in Fig. 3E,
anoticeable increase in the intensity
of the DNA band was observed for
rabbit anti-Egr-1 antibody but not
for the normal rabbit IgG. The off-
target region (from —443 to —243)
was not amplified, although positive
results were obtained from input
DNA. This result indicates that a
physical interaction between Egr-1
and the Gdnf promoter occurs in
vivo upon FGF2 treatment.

ERK and JNK Mitogen-activated
Protein Kinases (MAPKs) Are In-
volved in FGF2-induced Egr-1 Ex-
pression—In many cell systems, acti-
vation of MAPKSs, including the ERK,
JNK, and p38 MAPKSs, induces Egr-1
promoter activity (26 -31). To iden-
tify the signal transduction path-
way that mediates FGF2-induced
expression of Egr-1 in primary rat
astrocytes, we examined the ability
of FGF2 to stimulate MAPK phos-
phorylation (Fig. 4A). After serum-
starved rat astrocytes were treated
with FGF2 for various lengths of
time, the activation status of
MAPKs was assessed using phos-
pho-specific antibodies. The levels
of phosphorylated Raf, p38 kinase,
JNK1/2, and ERK1/2 increased in a
time-dependent manner upon
FGF?2 treatment. These increases in
the phosphorylated levels were evi-
dent within 15 min after FGF2 treat-
ment. Similar results were observed
in C6 cells (Fig. 4B).

To determine whether activation
of these MAPKs was associated with
FGF2-induced Egr-1 expression,
the effects of chemical inhibitors
were assessed. Pretreatment of pri-
mary rat astrocytes with the MEK
inhibitor U0126 or the JNK inhibi-
tor SP600125 completely inhibited
FGF2-stimulated Egr-1 expression,
whereas neither the phosphatidyli-
nositol 3-kinase inhibitor L'Y294002
nor the p38 MAPK inhibitor
SB203580 had any effect (Fig. 4C).
Similar results were obtained in C6
cells (Fig. 4D).

ERK and JNK MAPKs Are In-

volved in FGF2 Activation of the Gdnf Promoter—As a ternary
complex factor, Elk-1 forms a complex with serum response
factor on the serum response element (32). Elk-1 is activated by
ERK, and JNK (33), and its transactivation plays a crucial role in
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extracellular signaling-induced transcription of Egr-1 (34, 35).
To determine whether the ERK and JNK pathways induce Egr-1
expression via Elk-1 transactivation upon FGF2 stimulation in
primary astrocytes, Elk-1 trans-acting activity was examined
using a reporter assay system. Primary rat astrocytes were co-
transfected with the trans-acting plasmid Gal4-Elk-1 and the
pFR-Luc reporter plasmid containing Gal4-binding sequences.
Treatment with FGF2 tripled the trans-acting activity of Gal4-
Elk-1 (Fig. 5A). However, this activity was strongly inhibited in
the presence of DN-MEK1, DN-ERK2, or DN-JNK1. Similarly,
FGF2-induced Egr-1 promoter activity (Fig. 5B) and Gdnf pro-
moter activity (Fig. 5C) were strongly attenuated by the
expression of DN-MEK, DN-ERK2, or DN-JNK1. These data
demonstrate that both ERK and JNK pathways are involved in
FGF2-induced expression of Egr-1 and Gdnf.

Silencing of Egr-1 Reduces FGF2-induced Gdnf Expression—
To determine whether Egr-1 plays a functional role in FGF2
regulation of Gdnf transcription, we used RNA interference.
First, the knockdown of Egr-1 expression in primary rat astro-
cytes by transient transfection of ShARNA plasmids generating
Egr-1-specific siRNA (pSilencer/siEgrl) was verified (Fig. 6A).
Then, FGF2-induced Gdnf expression was measured under
these conditions using Western blotting. The transient expres-
sion of Egr-1 siRNA clearly attenuated activation of the Gdnf
promoter (Fig. 6B) and accumulation of Gdnf mRNAs (Fig. 6C)
by FGF2.

To further evaluate the importance of Egr-1 expression in
FGF2-mediated transcriptional activation of the Gdnf gene, we
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astrocytes. A and B, Egr-
17/~ astrocytes were treated with 10 ng/ml of FGF2 for various lengths of time, and total RNA was extracted.
Egr-1 (A) or Gdnf (B) mRNA expressions were determined by RT-PCR. Similar results were obtained from three
or Egr-17/~ astrocytes cultured on coverslips were treated with 10
ng/ml of FGF2 for 18 h. After incubation with anti-Gdnf (1:100) and anti-S100 (1:200) antibodies, the cells were
examined under a confocal fluorescence microscope; red, Gdnf; green, $100. D, Egr-1"/~ or Egr-1~/" astrocytes
cultured in 24-well plates were incubated with or without 10 ng/ml of FGF2. After 48 h, the Gdnf concentration
in the conditioned medium was measured using an enzyme-linked immunosorbent assay. The data represent
the mean = S.D. (error bars) of three independent experiments performed in triplicate. *, p < 0.05 compared
with Egr-17/~ conditioned medium in the absence of FGF2; **, p < 0.01 (Student’s t test).

is important for Gdnf gene activa-
tion by FGF2.

To confirm the functional role of
Egr-1 in Gdnf expression, we pre-
pared primary astrocytes from
Egr-1 heterozygous (+/—) and
knock-out (—/—) mice. In astro-
cytes from Egr-1"/" mice, no FGF2-
induced expression of specific Egr-1
transcripts was detectable by
RT-PCR (Fig. 7A). When we exam-
ined Gdnf mRNA levels in Egr-1~/~
astrocytes treated or not treated
with FGF2, we found that both the
basal and FGF2-induced levels of
Gdnf mRNA were substantially
lower than in the Egr-1"/~ astro-
cytes (Fig. 7B). However, Gdnf
mRNA was still detectable in the
Egr-17/~ astrocytes, suggesting that other regulatory factors
are also involved in FGF2-induced Gdnf expression. Double
immunofluorescence staining was performed to assess the
expression of the Gdnf protein in primary cultured astrocytes.
Confocal microscopy revealed that after FGF2 treatment, the
amount of immunoreactivity to anti-Gdnf antibody was far
lower in Egr-1~/" astrocytes than in Egr-1*/~ astrocytes (Fig.
7C). To further ensure the role of Egr-1 in the production of
Gdnf proteins, enzyme-linked immunosorbent assay was used
to detect proteins present in the conditioned medium. The
amount of secreted Gdnf protein was significantly decreased
after FGF2 treatment in the Egr-1~/" astrocytes as compared
with Egr-1*/" astrocytes (Fig. 7D). Thus, it is likely that Egr-1 is
important for basal expression of Gdnfand is necessary, but not
sufficient, for FGF2-induced activation of Gdnftranscription in
astrocytes.

Gdnf Expression Is Impaired in the FEgr-1~~ Mouse Brain—
To investigate whether a lack of Egr-1 expression causes a
defect in Gdnf expression in vivo, brain sections were prepared
from Egr-1*/~ and Egr-1~/~ mice. Gdnf expression in Cornu
Ammonis 1 (CA1), CA3, and dentate gyrus regions in the hip-
pocampus was detected using immunohistochemistry (Fig.
8A). The number of Gdnf-immunopositive cells in the hip-
pocampal regions of the Egr-1~/~ mouse was significantly
lower than in the Egr-1*/~ mouse (Fig. 8B). These data further
support the hypothesis that Egr-1 is required for Gdnf expres-
sion in vivo.
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FIGURE 8. Impairment of GdnF expression in the Egr-1~/~ mouse brain. A, brain sections were prepared, stained with hematoxylin and eosin (upper panel),
and immunostained with anti-Gdnf antibody (lower panels). Gdnf immunoreactive cells in the CA1, CA3, and dentate gyrus (DG) regions of the hippocampus
(boxes in upper panel) are shown in the lower panels. Arrows indicate immunopositive cells. Scale bar, 500 wm. B, quantification of Gdnf-immunoreactive cells in

the CA1, CA3, and dentate gyrus (DG) regions of an 8-month-old mouse brain. Values represent the mean = S.D. (error bars). *, p < 0.05 (n = 6) for Egr-
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versus Egr-1 mice (one-way analysis of variance analysis).

DISCUSSION

Astrocyte-derived Gdnf acts as a synaptogenic and neurotro-
phic factor (4, 36). The neurotrophic activity of Gdnf may
therefore have therapeutic implications for neurodegenerative
disorders such as Parkinson disease (3). Therefore, an under-
standing of the molecular mechanism of Gdnf gene expression
regulation might aid the development of effective neuroprotec-
tive agents.

Egr-1, a transcription factor encoded by an immediate-early
response gene, has emerged as a major neuroregulatory factor. It
is essential for stabilizing synaptic plasticity in the hippocampus
and establishing late long-term potentiation and long-term mem-
ories (13, 37, 38). In the present study, we demonstrated the

AV N

OCTOBER 30, 2009+ VOLUME 284 NUMBER 44

1%/~

important role of Egr-1 in FGF2-induced Gdnf expression and
identified the signaling pathway leading to Egr-1 expression.

To functionally analyze the molecular pathways mediating
the induction of Gdnf gene expression by FGF2, we used 5’-de-
letion analysis of the rat Gdnf promoter to identify the
participating cis-acting response elements. We found that the
promoter region spanning positions —493 to —114 is indispen-
sable for FGF2-triggered Gdnf promoter activity. This pro-
moter region contains the three putative Egr-1-binding sites
overlapped in the region from —185 to —163. The Egr-1-bind-
ing sequence, 5'-GCGGCGGC-3/, is highly conserved in the
human and murine Gdnfpromoters (39), which may reflect its
importance as a regulatory element.
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In previous studies, Gdnf expression was shown to be
enhanced by diverse biological factors and pharmacological
agents, including FGF2 (15), inflammatory cytokines (40),
sphingosine 1-phosphate (41), endothelin-1 (42), adenosine
(43), serotonin (44), and antidepressants (44 —46). FGF2 (47)
and antidepressants (46) induce Egr-1 expression in primary
astrocytes and C6 glioma cells. However, no information
was available about the involvement of Egr-1 in Gdnf expres-
sion, although whether Egr-1 participates in Gdnf production
by astrocytes is an issue of considerable interest.

To test the role of Egr-1 in Gdnf expression, we generated
internal deletion mutants of the Gdnf promoter lacking Egr-1-
binding sequences. Deletion of the overlapping Egr-1-binding
elements in the —185/—163 region completely abrogated
FGF2-induced Gdnfpromoter-reporter activity in both rat pri-
mary astrocytes and C6 cells. Using ChIP experiments, we
found that Egr-1 binding to the Gdnf promoter was markedly
increased in response to FGF2. We also found that the forced
expression of DA-Egr-1 by itself enhanced Gdnf promoter
activity, and the introduction of Egr-1-specific siRNA into rat
primary astrocytes or C6 cells strongly attenuated FGF2-in-
duced Gdnf promoter activity. More importantly, compared
with Egr-1"/" astrocytes, Egr-1~/" astrocytes were drastically
impaired in their ability to express Gdnf mRNA and protein in
response to FGF2. These results provide strong evidence that
Egr-1 contributes to activation of the Gdnf gene promoter, at
least upon FGF2 stimulation.

Although these results have greatly increased our under-
standing of Egr-1 action in Gdnf expression, some issues
remain to be elucidated. For example, we saw that even Egr-
17/~ astrocytes were susceptible to FGF2 stimulation, although
their response to FGF2 was markedly reduced compared with
that of Egr-1"/~ astrocytes. The ability of Egr-1~/~ astrocytes
to respond to FGF2 might reflect the participation of other
factors in Gdnf induction by FGF2. The cAMP response ele-
ment (CRE)-binding protein (CREB) might be one such factor.
CREB is required for long-term memory and for the develop-
ment and plasticity of the nervous system (48). Previous studies
have demonstrated that CREB is activated by FGF2 in astro-
cytes (49) and that CREB phosphorylation is associated with
Gdnf expression (50—-52). Thus, we cannot rule out the possi-
bility that CREB might play a role in the modulation of Gdnf
expression in response to various signals. The CRE of the
mouse Gdnf gene is located at +43/+50 in exon I (53). Alter-
natively, other members of the Egr family, such as Egr-2, Egr-3,
and Egr-4, might functionally compensate for the absence of
Egr-1 in vivo; they recognize the same DNA binding site as
Egr-1, and their DNA-binding domains are highly homologous
to that of Egr-1 (13). Nonetheless, our results clearly implicate
Egr-1 as the regulator of Gdnftranscription in FGF2-stimulated
astrocytes, regardless of other possible contributions to Gdnf
promoter activation in the absence of Egr-1.

We also investigated the intracellular signaling pathways that
mediate FGF2-induced expression of Egr-1 and Gdnf. In many
cell types, activation of ERK, JNK, or p38 MAPK leads to an
increase in Elk-1 transactivation (32). Elk-1, a member of the
Ets family of transcription factors (32), plays a crucial role in
growth factor-induced Egr-1 transcription by forming a com-
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plex with the serum response factor on the serum response
element of the Egr-1 promoter (35). Elk-1 is phosphorylated
and trans-activated by the ERK, JNK, and p38 MAPKs (33).
Therefore, we also examined whether these MAPKSs contribute
to FGF2-induced Egr-1 and Gdnf expression. We found that
FGF2 increased the level of phosphorylation of all three major
MAPKSs in both C6 and primary rat astrocytes. Moreover, inhi-
bition of ERK or JNK, but not p38 kinase, suppressed FGF2-
induced Elk-1 trams-acting activity, Egr-1 promoter activity,
and Gdnf promoter activity. A previous report (54) demon-
strated a similar involvement of Elk-1, which is activated by
ERK1/2 but not by JNK or p38, in the stimulation of Gdnf
expression in C6 glioma cells by the antidepressant amitripty-
line. In addition, serotonin (5-hydroxytryptamine) induces
Gdnf mRNA expression in C6 cells via ERK phosphorylation
mediated by transactivation of the FGF receptor (44). Taking
these observations into consideration, we propose that differ-
ent MAPK pathways might converge on Egr-1 expression via
Elk-1 transactivation, which in turn may lead to Gdnfpromoter
activation in astrocytes.

In summary, our data provide evidence that Egr-1 mediates
FGF2-inducible expression of the Gdnf gene in murine astro-
cytes. The importance of Egr-1 in Gdnf gene expression is con-
firmed by several pieces of supporting data: (i) Egr-1 is rapidly
induced by FGF2, (ii) the Egr-1-binding motif in the proximal
region of the Gdnfpromoter is necessary for maximal promoter
activation by FGF2, (iii) exogenous Egr-1 transactivates the
Gdnf promoter, and (iv) Egr-1 deficiency suppresses FGF2-in-
ducible Gdnfexpression. Our study therefore supports the view
that Egr-1 is an important transcription factor with diverse
neuronal functions.
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