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Abstract

Apomorphine (APQO), a potent D1/D2 dopamine receptor
agonist, is used as an anti-parkinsonian drug. It stimulates the
synthesis and release of multiple trophic factors in mesence-
phalic and striatal neurons, preventing the loss of dopami-
nergic neurons in vitro. Furthermore, APO enhances the
biosynthesis and release of FGF-2 by activating dopamine
receptors in striatal astrocytes, where cAMP/PKA and PKC/
MAPK signalling cascades mediate this process. We investi-
gate the effects of APO on the fibroblast growth factor-2 (FGF-
2) promoter and its regulation in astrocytes and identify the
transcription factor and cis element underlying these effects.
In screening for cis-acting elements over the entire region of
the FGF-2 promoter stimulated by APO in the astrocytes, a

Parkinson’s disease (PD) is a degenerative disorder of the
CNS that often impairs motor skills and speech as well as
other functions (Jankovic 2008). The symptoms of PD result
from the loss of pigmented dopamine-secreting (dopaminer-
gic) cells in the pars compacta region of the substantia nigra
(literally ‘black substance’) (Vila et al. 2001). These neurons
project to the striatum, and their loss leads to alterations in
the activity of the neural circuits within the basal ganglia that
regulate movement, where this, essentially, results in inhibi-
tion of the direct pathway and excitation of the indirect
pathway (Obeso et al. 2008).

There is presently no cure for PD, but medications or
surgery can provide relief from the symptoms. The most
widely used forms of treatment are L-dopa, dopamine
receptor agonists, monoamine oxidase-B and surgery
employing deep brain stimulation (Obeso et al. 2008).
Apomorphine (APO) is a type of dopaminergic agonist. It
is a morphine derivative, but does not actually contain
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sequence located in the —785/-745 region was found to serve
as the cis element. This element was recognized by the hu-
man myeloid zinc finger protein 1 (MZF-1) transcription factor.
Introducing human MZF-1 plasmid and human MZF-1-specific
siRNA has different effects on the FGF-2 promoter. Further-
more, it increases FGF-2 protein expression in HelLa cells and
primary astrocytes, indicating that APO stimulates the FGF-2
promoter via the MZF-1 transcription factor. These data sug-
gest that APO can enhance the biosynthesis and release of
FGF-2 through the activation of the MZF-1 transcription factor
in striatal astrocytes.

Keywords: apomorphine, astrocyte, FGF-2 promoter, gene
regulation, MZF-1.
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morphine or bind to opioid receptors (Tien ef al. 2003;
Li et al. 2006). APO is a relatively non-selective dopa-
mine receptor agonist (Grasby et al. 1993) and provides
symptomatic relief by direct stimulation of post-synaptic
striatal DA receptors (Li et al. 2006). One drawback,
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however, is that it causes gastrointestinal side effects
(Kyriazis 2003).

Fibroblast growth factor-2 (FGF-2 or bFGF) acts as a
critical polypeptide growth factor in neuronal survival
(Timmer et al. 2007). Alternative translation initiations at
three CUG and one AUG start codons leads to the synthesis
of four isoforms of FGF-2 (18, 24, 22.5 and 22 kDa)
(Meisinger and Grothe 1997). The administration of FGF-2
has been proposed as a promising therapeutic strategy for
preventing and treating age-related diseases such as PD (Vila
et al. 2001). In our previous report (Li et al. 2006), we
showed that APO-induced activation of dopamine receptors
modulates FGF-2 biosynthesis and release of FGF-2 via
cyclic adenosine monophosphate (cAMP)/protein kinase A
(PKA) and MEK/mitogen-activated protein kinase (MAPK)
signalling cascades in rat striatal astrocytes, therefore
promoting the survival of dopaminergic neurons. This
provides insight into the pluripotent neuroprotective effect
of APO, which can easily cross the blood—brain barrier, with
higher concentrations being achieved in the brain than in
blood. Furthermore, APO has also been found to increase
expression of neurotrophic factors in neurons and astroglia,
including brain-derived neurotrophic factor, glial cell line-
derived neurotrophic factor and nerve growth factor (NGF)
(Ohta et al. 2000).

Astrocytes are star-shaped glial cells that are present in the
brain and spinal cord. They perform many functions,
including biochemical support of the endothelial cells that
form the blood—brain barrier (Felts and Smith 1996; Abbott
et al. 2006), secretion or absorption of neural transmitters
(Santello and Volterra 2008), the provision of nutrients to the
nervous tissue, and playing a principal role in the repair and
scarring processes in the brain (Holley ef al. 2003). They
comprise the largest cell population in the CNS and play
multiple roles in maintaining homeostasis in the neural
extracellular environment. It has previously been thought that
the neuronal network was the only important component and
astrocytes were viewed as gap fillers. Recently, however,
they have been shown to play a number of active roles in the
brain.

A number of studies have demonstrated distinct signalling
pathways that account for the biological activities of FGF-2.
DNA sequences of various responsive elements located in
the promoter that contribute to the FGF-2 transcriptional
regulation have recently been determined. Moffett er al.
(Moffett et al. 1998) defined a unique —555/-513 bp growth
factor-responsive element and a separate region (—624/
—556 bp) that are essential for high basal promoter activity
and PKC or cAMP stimulation, respectively. Hypoxia-
induced factor-1a (HIF-101) may up-regulate FGF-2 promoter
activity through binding to hypoxia response element within
the proximal 103 bp of the FGF-2 promoter (Black et al.
2008). Conversely, homocysteine (Hcy) inhibits FGF-2 by
transcriptional repression of the gene promoter (—100/
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—34 bp) encompassed in a CpG dinucleotide-rich island
(Chang ef al. 2008). Even the polymorphisms within the
promoter region of FGF-2 could interfere with transcription
factor binding sites or create new ones, eventually affecting
gene expression. A cross-sectional case-controlled study
demonstrated the association between genetic polymor-
phisms (=553T/A, —-834T/A, —921C/G) in the FGF-2
promoter and type 2 diabetes (Petrovic ef al. 2008). The
—553T/A region lies within the NK2 transcription factor-
related locus 5 (NKX25) binding site and —553A produces
new binding sites for transcription factors GATA binding
protein 1 (GATA1) and LMO2COM (Nakazawa et al. 2000).
Higher concentrations of FGF-2 in serum was detected in
diabetics with the AT genotype compared with the TT
genotype (Petrovic et al. 2008). The substitution of —834T/A
generates binding sites for SRY and SOXS5, and —921C/G has
no effect on any of the known transcription factors (Beranek
et al. 2003). The downstream responsive elements involved
in FGF-2 transcriptional regulations, however, have not been
clearly identified.

Given the activation of dopamine receptors on FGF-2
modulation in astrocytes, the process between the activated
signalling cascades by APO and FGF-2 gene regulation is
not well known. The aim of this study was to investigate
which of the transcriptional DNA elements are responsible
for APO-modulated FGF-2 biosynthesis. To understand the
regulatory mechanisms involved, we focus on the charac-
terization of the proximal promoters of the FGF-2 promoter
and on the transcription factors bound to these control
elements in rat primary striatal astrocyte cultures. We
attempt to identify the boundary of the minimal promoter of
FGF-2 and cis-acting elements involved in the regulation of
FGF-2 expression. Promoter binding of the transcription
factor prediction showed that myeloid zinc finger protein-1
(MZEF-1), a transcription factor belonging to the Kruppel
family of zinc finger proteins, could bind to FGF-2
promoter. We next investigated whether FGF-2 biosynthesis
is controlled by MZF-1 and whether APO plays a
fundamental role in transcriptional regulation in striatal
astrocytes.

Materials and methods

Chemicals

R(-)-apomorphine (referred to here as ‘APO’), forskolin, and the
dopamine receptor agonist quinpirole, the dopamine receptor
antagonists haloperidol and SCH-23390, MAP kinase inhibitor
PD98059 and PKA inhibitor KT5720 were purchased from Sigma,
St Louis, MO, USA. The antibodies used included an anti-GFP
antibody, an anti-FGF-2 antibody and an anti-actin antibody. These
antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Rabbit anti-D2 antibody was from Chemicon (Cat.
No. AB5084P, Temecula, CA, USA). The anti-MZF-1 antibody was
a kind gift of Dr D. Tuan.
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Cell cultures
Astrocytes were prepared from the brains of 1-2-day-old neonatal
Sprague-Dawley rat pups as previously described (Menet ef al.
2001). Briefly, the striata were trypsinized, dissociated by gentle
triturating, and plated at a density of 5 x 107 cells per 75-cm? flask
(Corning, Corning, CT, USA) in Dulbecco’s modified Eagle’s
medium (DMEM)/Ham’s F12 (1 : 1 v/v; Life Technologies, Grand
Island, NY, USA) containing 10% heat-inactivated foetal bovine
serum (FBS). Cells were maintained in complete culture medium for
5-7 days. Between the sixth and eighth days, cultures were shaken to
remove the top layer of cells sitting over the astroglial monolayer to
yield primarily type-1 astrocytes with a flat morphology. Astrocyte
cultures were then used for transfection experiments. To investigate
the effects of APO and other compounds on FGF-2 transcription,
astrocytes were maintained in serum-free DMEM/F12 and treated
with various drug concentrations for the indicated incubation time.
HeLa cell lines were plated at a density of 5 x 107 cells per 10-
cm? plate (Corning) in DMEM/F12 containing 10% heat-inactivated
FBS.

siRNA-based inhibition

HeLa cell lines were transfected using the Nucleofector™ (Amaxa,
Cologne, Germany) with 100 nM siMZF1 or siControl (Santa Cruz
Biotechnology) according to the manufacturer’s instructions. After
culturing the cells in antibiotic-free medium for 48 h, total RNA was
extracted and analysed by RT-PCR and western blot analysis.

Plasmid construction

The rat FGF-2 promoter —1058/+54 was a gift of Peter A. Cattini
(Jimenez et al. 2004). The fragments —922/+54, —785/+54, —651/
+54, =555/+454, —=151/+54, =765/+54, =745/+54, —=725/+54, =705/
+54, —685/+54 and —665/+54 were inserted at the Xho I/Hind 111
and followed by a luciferase gene in pGL3-Basic (Promega,
Madison, WI, USA). The —783(-783/+54) and —785m (=785
mutant) fragments (Fig. 3b) were inserted at the Xo I/Hind 11 and
followed by a luciferase gene in pGL3-Basic.

Human MZF-1 (GenBank accession number BC007777) expres-
sion plasmids were purchased from Fenlene Gene Ltd. (Guangzhou,
China). Human MZF-1 full-length cDNA was followed by a GFP
tag in the CMV promoter vector.

FGF-2 promoter luciferase assay

Cells were washed with culture medium containing 10% FBS and
resuspended in the nucleofector solution V at a concentration of
2 x 10° cells/sample. The cells were transfected with 5 pg of each
test construct by AMAXA nucleofector. When the MZF-1 plasmid
was expressed, cells were co-transfected with 5 pg of the reporter
plasmid and 5-20 pg of the hMZF-1 plasmid. A plasmid carrying
the Renilla luciferase gene under the control of the human CMV
promoter was introduced to normalize transfection and cell lysis
efficiency. After transfection for 24 h, the cultures were maintained
in serum-free DMEM/F12 medium for another 24 h and treated with
APO (2 pm) for 10 min. Cells were then harvested and washed with
phosphate-buffered saline (pH 7.4). Cell lysis and determination of
luciferase activity were conducted using a Dual-Luciferase Assay
Kit (Promega) according to the manufacturer’s instructions. Lumi-
nescence was measured with a Luminometer (Berthold, Postfach,
Germany).
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Nuclear extract preparation

Primary astrocyte cells or HeLa cells were washed with ice-cold
phosphate-buffered saline and resuspended in ice-cold buffer A
(10 mM HEPES (pH 7.9), 10 mM KCI, 0.1 mM EDTA, 1 mM
dithiothreitol (DTT), 1% sodium deoxycholate and protease
inhibitor cocktail). The cells were incubated on ice for 10 min and
0.5% Nonidet P-40 (Sangon, Shanghai, China) for an additional
15 min. After centrifuging at 6000 g for 1 min, the pellet was
resuspended in extract buffer (20 mM HEPES (pH 7.9), 400 mM
KCl, 4.5 mM MgCl,, 0.2 mM EDTA, 1 mM DTT, 1% sodium
deoxycholate and protease inhibitor cocktail) and incubated on ice
for 1 h. The lysate was centrifuged at 10 000 g for 10 min. After the
addition of 15% glycerol, the supernatant was stored at —80°C until
use (Le Mee et al. 2005).

EMSA

Double-stranded DNA was prepared for a probe by annealing
synthetic oligonucleotides (Supporting information Table S2)
(Invitrogen, Shanghai, China). Three non-labelled (minimal probe,
mutant A and mutant B), double-stranded oligonucleotides were
similarly prepared to use as competitors. Their nucleotide sequences
are detailed in Supporting information Table S2.

Three micrograms of nuclear extract and 0.1 pmol of DNA
radiolabelled probe were incubated at 25°C with 1-25 pmol of
competitors in an electrophoretic mobility shift assay (EMSA)
binding buffer (Beyotime, Shanghai, China). After 20 min of
incubation, the mixtures were analysed by electrophoresis in a 4%
polyacrylamide gel at 120 V for 2-3 h in 0.5x TBE buffer (45 mM
Tris, 45 mM boric acid and | mM EDTA). The radiosignals were
recorded by STORM 860 (Amersham Pharmacia Biotech, NJ, USA).

DNA pull-down assay

A DNA pull-down assay was performed as described previously
(Hu et al. 2008). Oligonucleotide duplexes corresponding to the
sequence of the minimal probe, mutant A and mutant B (Supporting
information Table S2) in the FGF-2 promoter, were covalently linked
to a biotin moiety at their 5" ends. Streptavidin Dynabeads (Dynal A.S.
Lake Success, NY, USA) were washed three times in buffer A (5 mM
Tris (pH 8.0), 0.5 mM EDTA, 1 M NacCl). Annealed oligonucleotides
were incubated with 200 pmol/mg of beads for 15 min at 25°C in
buffer A. Beads were then washed twice with 500 pL of buffer A and
three times with 500 pL of buffer C (20 mM Tris (pH 8.0), 1 mM
EDTA, 10% glycerol, | mM DTT, 50 mM NaCl). A total of 600 g of
nuclear extract from the primary striatal astrocyte cultures in buffer C
were incubated with 1 mg of streptavidin Dynabeads bound to the
appropriate oligonucleotides. After 15 min of incubation at 25°C,
beads were washed three times with buffer C and were added to a 2x
loading buffer. Finally, the samples were analysed by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis followed by a western blot
with the anti-MZF-1 antibody.

Experimental treatments

R(—)-APO (referred to here as ‘APO”), forskolin and the dopamine
receptor agonist quinpirole were added to cultures starting the day
after plating out the culture (day 0). The dopamine receptor
antagonists haloperidol and SCH-23390, MAP kinase inhibitor
PD98059 and PKA inhibitor KT5720 were applied to cultures at
least 2 h before APO was added.
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Western blot assay

Briefly, total proteins were collected in ristocetin-induced platelet
agglutination buffer (RIPA, 20 mM Tris-HCL (pH 7.4), 0.1%
SDS, 1% NP-40, 1% sodium deoxycholate and protease inhibitor
cocktail) from cell samples. Immunoblots probed with peroxidase-
linked secondary antibodies were visualized by the SuperSignal
West Pico Chemilluminescent substrate (Pierce, Rockford, IL,
USA).

RT-PCR analysis

Total RNA was isolated from the primary striatal cultures or brain
tissues. PCR of the cDNA was performed for 25 cycles to amplify a
140-bp MZF-1 fragment using rTaq (Takara, Tokyo, Japan). B-actin
was used as an internal control gene. Primers for MZF-1 are as
follows: forward, 5'-AGCTTGATGGACCTCGGA-3’, reverse: 5'-
CTGAAGCTTGACTTGAGGTCT-3"; B-actin: forward, 5’-TTGC-
GTTACACCCTTTCTTGACA-3’, reverse, 5'-TCACCTTCACCG-
TTCCAGTTTT-3". The sequences for primer sets used in the
amplification of dopamine D1-D5 receptor cDNA fragments are
shown in Supporting information Table S1.

(if)

bp

500

D4 D5

Fig. 1 Expression of dopamine receptor subtypes D1-D5 in primary
cultured striatal astrocytes. (a) The primary astrocyte cultures from
postnatal striatum were immunostained using GFAP antibody followed
by Hoechst staining. Scale bar, 10 um. (b) RT-PCR analysis of
dopamine D1-D5 receptor mRNA in primary cultured astrocytes from
the striatum. (b-i) D1 receptor mRNA expression. (b-ii) D2 receptor
mRNA expression. Bands (indicated with arrows) representing a D2
mRNA fragment are detected in the cultured striatal astrocytes of wild-
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Statistical analysis

Results are expressed as mean + SEM. All analyses were performed
using PRISM v4.0 (GraphPad Software, Inc). A one-way or two-
way ANova was employed followed by a Student-Newman—Keul’s
test. A Student’s r-test was also used. A p-value < 0.05 was
considered significant.

Results

Characterization of dopamine receptor subtypes D1-D5 in
primary cultured striatal astrocytes

We first examined the purity of astrocyte cultures derived
from the striatum of postnatal rodents. Immunocytochemistry
in combination with Hoechest staining revealed that all cells
in the cultures were Glial Fibrillary Acidic Protein (GFAP)-
positive (Fig. 1a) without detectable contamination of other
cell types in cultures. RT-PCR analysis showed that in the
cultured astrocytes, the expression of all dopamine receptor

Hoechst

(iii)
&
bp
D2 446
(c) S &
Q,eq:b \@Q’\\
kpa & W
72 _ B

55 | - —

type mice (lane 1), but not in D2 receptor-null mice (lane 2) (Kelly et al.
1997). (b-iii and b-iv) Detection of D3 (b-iii), D4 and D5 (b-iv) receptor
mRNA in the striatal astrocyte cultures. The striatal (b-i—iii), olfactory
bulb (OB in b-iii) and hippocampal tissues serve as positive controls.
HoO serves as a negative control. (c) Western blot analysis shows that
D2 receptor is expressed in the cultured striatal astrocytes and
dopaminergic cell lines Mes23.5 cells.
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mRNA (D1-D5) was detected (Fig. 1b). Moreover, in
western blot analysis, striatal astrocytes showed protein
expression of dopamine D2 receptor (Fig. 1c). These results
are highly consistent with previous reports (Bal et al. 1994,
Zanassi et al. 1999; Miyazaki et al. 2004), demonstrating
that dopamine D1-D5 receptors are not only expressed in
neurons but also in astrocytes from the striatum.

Identification of transcription factors binding to the
minimal FGF-2 promoter in the primary astrocyte culture
following APO stimulation

To define the minimal promoter of FGF-2, the six-flanking
region (—1058/+54, —922/+54, —785/+54, —651/+54, =555/
+54, —151/+54) was cloned into the firefly luciferase vector
pGL3basic. Each resulting recombinant plasmid was then
transiently transfected into the primary astrocyte cultures
24 h after the initial transfection. The cultures were main-
tained in serum-free DMEM/F12 medium for another 24 h
and then treated with APO (2 pm) for 10 min. The activity of
luciferase was then recorded. The in vitro —1058/+54 region
was found to be sufficient to drive the expression of FGF-2
and respond to APO stimulation (Fig. 2a). In mutants, the
activity of luciferase in the —785/+54 construct was compa-
rable with those of the —1058/+54 construct. Further deletion
to —651/+54 strongly reduced the activity of luciferase under
the tested conditions. These results show that the —785/-651
sequence contains the core promoter (cis element) for the
FGF-2 gene that is stimulated by APO in primary astrocyte
cultures.

The other six-flanking regions (—765/+54, —745/+54,
—725/+54, —=705/+54, —685/+54, —665/+54) were then
cloned into the firefly luciferase vector pGL3basic. Each
resulting recombinant plasmid was then transiently trans-
fected into the primary astrocyte culture 24 h after
transfection. The cultures were maintained in serum-free
DMEM/F12 medium for another 24 h and treated with
APO (2 um) for 10 min. The activity of luciferase was
then recorded (Fig. 2b). Results indicated that the activity
of luciferase in vitro in the —785/+54 construct was
comparable with those of the—1058/+54 construct. Further
deletion to —765/+54 strongly reduced the activity of
luciferase under the tested conditions. These results dem-
onstrated that the —785/-765 sequence contains the core
promoter (cis element) for the FGF-2 gene that is
stimulated by APO.

Identification of transcription factors binding to the cis
element of the FGF-2 promoter in the primary astrocyte
culture following APO stimulation

To define the cis element in the —785/=765 sequence, the
—785/+54 sequence was analysed. Based on our data, we
were able to predict the cis element (Fig. 3a). We found that
the sequence contains two MZF-1-binding motif-like
sequences (the consensus MZF-1-binding motif is

© 2009 The Authors
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Fig. 2 Identification of the minimal promoter of the FGF-2 gene re-
sponded to APO stimulation. (a) Identification of the minimal promoter
of the FGF-2 gene was in the —785 to —651 construct. The primary
astrocyte cultures were co-transfected with a series of 5’-deletion
mutants of FGF-2 promoter linked to luciferase and pCMV-renilla
vector. Subsequent to 24 h post-transfection, the cultures were
maintained in serum-free DMEM/F12 medium for another 24 h and
treated with APO (2 uM) for 10 min. Cells were harvested and washed
with PBS (pH 7.4). Cell lysis and determination of the luciferase
activity were conducted. *p < 0.0001, one-way anova followed by the
Student-Newman—Keul’s test. (b) Identification of the minimal pro-
moter of FGF-2 gene was in the —785 to —651 region. The cultures
were treated as above. Luciferase activity was normalized to level of
renilla. *p < 0.0001, one-way AanovA followed by a Student-Newman—
Keul’s test. Values represent mean + SEM (n = 3).

5-NGNGGGGA-3’, -785-GAGGGGGA- 778 and —750-
GAGGGGGA- —743 were similar to the consensus motif).
To validate the prediction, two mutant reporter plasmids were
constructed by substituting three nucleotides (=785 m) or by
deleting two nucleotides (—783) in this region followed by
the luciferase gene (Fig. 3b). Each resulting recombinant
plasmid was then transiently transfected into the primary
astrocyte cultures 24 h after the initial transfection. The
cultures were maintained in serum-free DMEM/F12 medium
for another 24 h and treated with APO (2 pm) for 10 min
and the activity of luciferase was recorded (Fig. 3c). We
found that the two mutants (=785 m and —783) eliminated the
activity of luciferase under the tested conditions in vitro.

Identification of the binding factor

Using EMSA, we next analysed the factor binding to the
region. The primary astrocyte culture was maintained in
serum-free DMEM/F12 medium for another 24 h and treated
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(b)
=785 GAGGGGGAAGGAAAGGAGGGAGGGAAGGAGGGAGAGAGGGGGAGG

b

—785 m GAGGGGGAAGGAAAGGAGGGAGGGAAGGAGGGAGAAAGAGAGAGG

-783 GGGGGAAGGAAAGGAGGGAGGGAAGGAGGGAGAGAGGGGGAGG
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Fig. 3 Prediction of the cis elements and validation. (a) For prediction
of the cis elements the sequences were compared to the MZF-1
consensus. (b) Sequences of two mutants derived from the wild-type
sequence are shown. (c) —785 and two mutants were transfected into
the primary culture, and the medium was replaced with DMEM/F-12
without serum after 24 h. After another 24 h, the medium was re-
placed with DMEM/F-12 additive 2 uM APO for 10 min. Cell lysis and
determination of the luciferase activities were conducted. *p < 0.0001,
one-way ANoVA followed by a Student-Newman-Keul's test. Values
represent mean + SEM (n = 3).

with 2 pm APO for 10 min. A nuclear extract prepared from
that culture was added to a dsSDNA probe including these two
elements (Supporting information Table S2, the minimal
probe). This subsequently caused the appearance of one
shifted band (lane 2 in Fig. 4a). The band denoted by an
arrow in Fig. 4a disappeared with the addition of a self-
competitor in a dose-dependent manner (lanes 3-5). This
observation demonstrates the sequence-specific binding
between the probe DNA and the nuclear protein. Further-
more, the competitive effect was significantly reduced when
a mutant-type competitor (i.e. mutants A and B, Supporting
information Table S2), with two deleted bases or three
substituted bases in the MZF-1-binding motif-like sequence,
was used (lanes 6-11). This indicates that the nuclear protein
specifically recognized the MZF-1-binding motif-like ele-
ments.

We then analysed the factor binding to the region by
EMSA in the HeLa cell lines. The addition of the nuclear
extract prepared from the HeLa cell lines to a dSDNA probe
including these two elements (i.e. the minimal probe) caused
the appearance of one shifted band (lane 2 in Fig. 4b), while
it was not affected by the addition of a non-specific
competitor (lane 12). Furthermore, the competitive effect
was significantly reduced when a mutant-type competitor
(mutants A and B, Supporting information Table S2),
with two deleted bases or three substituted bases in the
MZF-1-binding motif-like sequence, was used (lanes 6—11),
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indicating that the nuclear protein specifically recognized the
MZF-1-binding motif-like elements.

Using DNA pull-down assay, we next analysed the factor
binding to the region in the primary astrocyte culture, which
had been maintained in serum-free DMEM/F12 medium for
another 24 h and treated with or without 2 ym APO for
10 min. Oligonucleotide duplexes corresponding to the
sequence of the minimal probe mutant A or mutant B
(Supporting information Table S2) were then covalently
linked to a biotin moiety at their 5’-ends. These oligonucle-
otides and their nuclear-binding proteins were recovered
using magnetic streptavidin Dynabeads. Nuclear-binding
proteins were prepared from the primary astrocyte cultures
before and after APO treatment. Beads were collected and
washed and the bound proteins were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and
analysed by western blot. As shown in Fig. 5 (lanes 3 and
4), MZF-1 binds to the MZF-1 site in the FGF-2 promoter,
regardless of APO treatment. When treated with APO, the
MZF-1 enriched by the FGF-2 promoter was left untreated
(Fig. 5, lanes 3 and 4). Moreover, binding was sequence-
specific, as the presence of a 2-bp deletion (mutant A) or
3-bp mutation (mutant B) in the MZF-1 site removed the
recognition of MZF-1 (Fig. 5, lanes 5 and 6).

It can therefore be stated that the minimal probe can bind
to both the primary astrocyte cultures and the HeLa cell lines,
and that the mutant probes do not alter this binding. The
MZF-1 protein can also bind to the minimal probe (which
includes two MZF-1 binding sites) as well as the protein
enriched by the probe when treated with APO. This binding
is inhibited by the mutation in the MZF-1-binding site. The
results suggest that the in vitro minimal probe has cis
elements, that the mutation of the MZF-1-binding sites in this
probe does not alter this binding and that the MZF-1 protein
can bind to the minimal probe.

Over-expression or knockdown of MZF-1 changes FGF-2
expression

We next examined whether the binding factor recognizing
the element was indeed MZF-1 and whether MZF-1
stimulated FGF-2 gene expression. For this purpose, human
MZF-1 expression plasmid was introduced into the primary
astrocyte cultures with reporter plasmids (=785, —783 and
—785 m). The over-expression of MZF-1 increased the
activity of luciferase in the —785 construct, but it had no
effect on the luciferase activity in the —783 and —785 m
constructs (Fig. 6a). Furthermore, human MZF-1 plasmid
and MZF-1-specific siRNA were introduced into HeLa cells
to quantify the protein for the FGF-2 via western blot
analysis (Fig. 6¢). First, we used RT-PCR to determine the
efficiency of knockdown (Fig. 6b). We then used western
blot analysis to determine the over-expression of human
MZF-1 (Fig. 6¢) and determined the protein FGF-2 level.
The over-expression of MZF-1 increased the amount of FGF-
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Fig. 5 MZF-1 mediates the regulation of FGF-2. MZF-1 binds directly
to the MZF-1 site in the FGF-2 promoter as measured by DNA pull-
down assay and Western blot. Nuclear extracts were obtained from
primary cultured striatal astrocytes with or without APO treatment. A
total of 600 ug of nuclear extract was incubated with 1 mg of Dyna-
beads Streptavidin-bound to the appropriate oligonucleotides. After
15 min of incubation, beads were washed three times. Eluted proteins
were then analysed by SDS-PAGE followed by western blot with anti-
MZF-1 antibodies. Arrows indicate MZF-1 proteins.
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labelled oligonucleotide (the minimal probe
in Supporting information Table S2) was
prepared as a probe for EMSA. Nuclear
extract from primary astrocyte cultures (a)
or the Hela cells (b) was added to the
probe. (a) A competitive binding assay was
performed with 1x, 5x, and 25x of unla-
belled oligonucleotides (self, mutant A and
mutant B). (b) A competitive binding assay
was performed with 5%, 25x, and 125x of
unlabelled oligonucleotides (self, mutant A,

12 mutant B, and non-specific).

2 protein by 32%, and co-transfection with MZF-1 and its
RNAI eliminated this increase (91% of control values). The
transfection of MZF-1-specific siRNA, however, reduced the
amount of FGF-2 protein by 65%. These results led us to the
conclusion that MZF-1 stimulates FGF-2 gene expression via
a cis-element in the FGF-2 promoter.

Activation of the dopamine receptor is responsible for
APO-modulated FGF-2 biosynthesis and modulation via
cAMP and PKC

We next wanted to determine whether dopamine receptor
activity was required for the APO-mediated induction of the
FGF-2 promoter. Pre-incubation with the DI receptor
antagonist SCH23390 (10 uM) and the D2 receptor antag-
onist haloperidol (1 pM) significantly blocked the APO-
stimulated luciferase activity in the —785 construct (Fig. 7).
To determine the mechanism underlying the dopamine
receptor-mediated FGF-2 induction, we blocked key com-
ponents of several signal transduction pathways while
stimulating receptors with both D1- and D2-selective agon-
ists. Three intracellular signalling pathways, i.e. the cCAMP/
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Fig. 6 Over-expression or knockdown of MZF-1 changes FGF-2
expression. (a) GFP-MZF-1 co-transfected with -785, -783 or
—785 m in the primary astrocyte cultures and treated as in Figure 1.
*p < 0.05 compared to the others (p = 0.0003,, =785 column compare
to —783; p = 0.0002, one-way Anova followed by the Student-New-
man-Keul's test,, —785 column compare to —-785 m. (b) RT-PCR
analysis showed the knockdown of MZF-1 mRNA expression using
siRNA. (c) The changing of the MZF-1 protein levels altered the levels
of FGF-2 protein expression. The plasmid or the MZF-1-specific siR-
NA were transfected into HelLa cells and then the protein levels of
MZF-1 and FGF-2 were evaluated by western blot. (d) Quantification
of data shown in (c). p=0.0005, one-way anova followed by a
Student-Newman—Keul's test. *p=0.0367, the HelLa cell line
transfected with pEGFP-MZF-1 compared with the primary astrocyte
transfected with empty vector; *p=0.3990, one-way ANOVA
followed by the Student-Newman—Keul’s test, the primary astrocyte
co-transfected with pEGFP-MZF1 and MZF1 RNAi compared with the
primary astrocyte cultures transfected with empty vector;
**p = 0.0009, the primary astrocyte transfected with MZF-1 RNAi
compared with the primary astrocyte transfected with empty vector.

cAMP-dependent PKA, protein kinase C (PKC) and MAPK
pathways, have been reported to mediate D1 and D2 receptor
downstream cell signalling. We therefore examined whether
the activation of these pathways is associated with APO-
stimulated FGF-2 expression. Pre-incubation with either the
PKA antagonist KT5720 (50 uM) or the MAPK antagonist
PD98059 (50 uM) significantly blocked the APO-stimulated
luciferase activity of the —785 construct (Fig. 7). Exposure of
astrocytic cultures to the D2 receptor agonist quinpirole
(50 uM) resulted in a 9.9-fold increase in —785 luciferase
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Fig. 7 Activation of the dopamine receptor is responsible for APO-
modulated FGF-2 biosynthesis and the modulation via cAMP and
PKC. The primary astrocyte cultures (transfected with —785 or —783)
were plated into 24-well plates and the medium was switched to
DMEM/F-12 without serum 24 h after plating h. After another 24 h the
cultures were exposed to the D1 receptor antagonist SCH23390
(10 uM), D2 receptor antagonist haloperidol (1 uM), PKA antagonist
KT5720 (50 uM) and the MAPK antagonist PD98059 (50 uM) for 2 h
and followed by APO for 10 min. Striatal astrocytes were treated with
only forskolin (5 uM, cAMP activator) and quinpirole (50 uM, D2
receptor agonist) for 2 h followed by APO for 10 min. The activity of
luciferase was recorded and evaluated. The —785 column was com-
pared with the =783 column (*p < 0.0001, Student’s t-test, comparing
the primary astrocyte transfected with 1.67 ug —785 plasmid/well to
the primary cultured astrocytes transfected with 1.67 ug —783 plasmid/
well; **p = 0.0011, Student’s t-test, comparing the primary cultured
astrocyte transfected with 1.67 pg —785 plasmid/well to those trans-
fected with 1.67 pg —783 plasmid/well. ***p < 0.0001, Student’s t-test,
comparing the primary astrocyte transfected with 1.67 pg —785 plas-
mid/well to the cells transfected with 1.67 pg —783 plasmid/well. Val-
ues represent mean + SEM (n = 3).

activity (Fig. 7). Furthermore, exposure of astrocytic cultures
to the cAMP agonist forskolin (5 pM) resulted in an 8.9-fold
increase in —785 luciferase activity (Fig. 7). Neither of these
two agonists, however, increased the luciferase activity of the
—783 construct. These results show that the activation of the
dopamine receptor is responsible for APO-stimulated FGF-2
biosynthesis, that the modulation occurs via cAMP and
MAPK and not the PI3K pathway and that the modulation
requires the MZF-1-binding site.

Discussion

In the present study, we demonstrate that APO increases the
expression of FGF-2 via the transcription factor human
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MZF-1 (ZFP98) in primary striatal astrocyte cultures. First,
we identified the minimal FGF-2 promoter in the primary
astrocyte culture and validated the minimal FGF-2 promoter
by EMSA and DNA pull-down assays. We next altered the
level of MZF-1 protein expression in HeLa cell lines and
found that over-expression of MZF-1 can up-regulate the
FGF-2 protein level while knockdown of MZF-1 can down-
regulate its expression. Furthermore, we found that APO-
stimulated modulation of FGF-2 luciferase activity involves
the activation of the dopamine D1 and D2 receptors, leading
to the activation of cAMP/PKA and PKC/MAPK signalling
pathways, respectively. We also found that blocking these
two pathways could block luciferase activity, and that the
mutation in MZF-1-binding site can also inhibit this activity.

APO induces the FGF-2 promoter by MZF-1 via two MZF-1
cis elements

A major finding of the present study is that APO induces
the FGF-2 promoter by the transcription factor MZF-1 via
two MZF-1 cis elements (—785/—745). The promoter had a
74-bp domain between nucleotides —793 and —720 and was
more than 97% A/G-rich. It has been shown that the
activity of the promoter increased approximately three-fold
in the presence of the AGGG-repeat sequences of this
domain (r) (Detillieux et al. 1998). This effect was neither
tissue- nor species-specific, since promoter activity had
been increased in this domain approximately 11-fold in
both rat and human glial tumour cells. Here, we found two
cis elements in this domain: —785 to —777 and —752 to
—742. In the previous study, this domain had an AGGG-
repeat sequence, and the sequences showed some similarity
to those in a previously reported phenylephrine-responsive
element (5-gGGGAGGG-3") in the rat atrial natriuretic
factor promoter. We found that this domain has two
sequences — —785 -GAGGGGGA- —777 and -752 -GA-
GAGGGGGA- —742— and that these two sequences show
some similarity to the previously reported MZF-1-binding
motif (NGNGGGGGA). We used a combination mutation
of the motif and changed the level of MZF-1 protein
expression to validate both of these motifs and the
transcription factor.

PKA and MAPK pathways can regulate MZF-1

We also found that APO stimulation modulates FGF-2
luciferase activity and involves the activation of the
dopamine D1 and D2 receptors, leading to an activation
of the cAMP/PKA and PKC/MAPK signalling pathways,
respectively. Blocking these two pathways resulted in the
blockade of luciferase activity, and the mutations in the
MZF-1-binding site can also inhibit this activity. This
suggests that MZF-1 was located downstream of these two
pathways, and that MZF-1 is also downstream of PI3K, the
other pathway that is downstream of D2 receptor. In our
previous study, APO stimulated cAMP/PKA and PKC/
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MAPK, but not the PI3K pathway (Li et al. 2006). It is
therefore possible to block the promoter using PKA and
MAPK agonists.

APO stimulation modulates FGF-2 biosynthesis that is not
dependent on FGF-2 feedback

It has been shown that FGF-2 can stimulate its own expression
in ovine pulmonary-arterial smooth muscle cells via the
NADPH oxidase-mediated activation of reactive oxygen
species (ROS)-sensitive transcription factors, including HIF-
la (i.e. its sensitive region within the proximal 103 bp of the
FGF-2 promoter) (Black et al. 2008). We over-expressed
either the high molecular weight forms of FGF-2 (22.5/22 and
24 kDa) or the low molecular weight form of FGF-2 (18 kDa),
both of which are capable of activating the FGF-2 promoter. Its
sensitive region was not, however, found in the —785 to —742
sequence.

In summary, APO stimulation modulates FGF-2 luciferase
activity, as APO involves the activation of the dopamine D1
and D2 receptors. This leads to the activation of the cAMP/
PKA and PKC/MAPK pathways, but not the PI3K signalling
pathway. Furthermore, the transcription factor was down-
stream of these two pathways. We also found that FGF-2 has
feedback, but that this feedback is not dependent on the
MZF-1 transcription factor.
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