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(Background: Nurrl and FGFR1 are integrative nuclear factors participating in postmitotic dopaminergic neuron
Results: Both nuclear receptors show a functional interaction in co-immunoprecipitation, FRAP, ChIP, and luciferase gene

Conclusion: Cooperation of nuclear FGFR1 and Nurrl offers a new mechanism in transcriptional regulation and integration.
Significance: This mechanism may channel diverse stimuli in developing and mature dopaminergic neurons, providing a
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Experiments in mice deficient for Nurrl or expressing the
dominant-negative FGF receptor (FGFR) identified orphan
nuclear receptor Nurrl and FGFR1 as essential factors in devel-
opment of mesencephalic dopaminergic (mDA) neurons.
FGFR1 affects brain cell development by two distinct mecha-
nisms. Activation of cell surface FGFR1 by secreted FGFs stim-
ulates proliferation of neural progenitor cells, whereas direct
integrative nuclear FGFR1 signaling (INFS) is associated with an
exit from the cell cycle and neuronal differentiation. Both Nurr1
and INFS activate expression of neuronal genes, such as tyrosine
hydroxylase (TH), which is the rate-limiting enzyme in dop-
amine synthesis. Here, we show that nuclear FGFR1 and Nurrl
are expressed in the nuclei of developing TH-positive cells in the
embryonic ventral midbrain. Both nuclear receptors were effec-
tively co-immunoprecipitated from the ventral midbrain of
FGF-2-deficient embryonic mice, which previously showed an
increase of mDA neurons and enhanced nuclear FGFR1 accu-
mulation. Immunoprecipitation and co-localization experi-
ments showed the presence of Nurrl and FGFR1 in common
nuclear protein complexes. Fluorescence recovery after photo-
bleaching and chromatin immunoprecipitation experiments
demonstrated the Nurrl-mediated shift of nuclear FGFR1-
EGFP mobility toward a transcriptionally active population and
that both Nurrl and FGFR1 bind to a common region in the TH
gene promoter. Furthermore, nuclear FGFR1 or its 23-kDa
FGEF-2 ligand (FGF-2?3) enhances Nurrl-dependent activation
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of the TH gene promoter. Transcriptional cooperation of
FGFR1 with Nurrl was confirmed on isolated Nurrl-binding
elements. The proposed INFS/Nurrl nuclear partnership pro-
vides a novel mechanism for TH gene regulation in mDA neu-
rons and a potential therapeutic target in neurodevelopmental
and neurodegenerative disorders.

Ventral mesencephalic dopaminergic (mDA)® neurons develop
from self-renewing progenitors, which exit the cell cycle (mouse
embryonic days (E) 11-15), leave the ventricular zone, and migrate
toward the mantle zone close to the pial surface while progres-
sively committing to the mDA fate (1). The differentiating mDA
neurons start to build rostrally directed projections to their fore-
brain targets as soon as they begin to express tyrosine hydroxylase
(TH) (2), the rate-limiting enzyme in dopamine synthesis. Two
nuclear factors, Nurrl and FGFR1, control terminal differentia-
tion, maturation, and maintenance of mDA neurons (3, 4). Nurrl
(NR4A2) belongs to the subfamily of orphan nuclear receptors,
which lack ligand binding capacity, typically present in other
nuclear receptors (5). Nevertheless, Nurrl transcriptional activity
can be induced by hormones and growth factors (6, 7), by currently
largely unknown mechanisms. In mDA neurons, Nurrl acts as an
essential transcription factor for expression of various genes,
including TH, involved in dopamine synthesis and function (6, 8).

® The abbreviations used are: mDA, mesencephalic dopaminergic neuron;
CBP, CREB-binding protein; CREB, cAMP-responsive element-binding pro-
tein; FGFR, FGF receptor; FRAP, fluorescence recovery after photobleach-
ing; INFS, integrative nuclear FGFR1 signaling; ko, knock out; FGF-2, fibro-
blast growth factor deficient; NBRE, Nerve Growth Factor Inducible
Factor-B (NGFI-B) response element; NLS, nuclear localization sequence;
NurRE, Nur-responsive element; SV40i-VM-NPC, SV40-immortalized ven-
tral mesencephalic neuronal progenitor cell; TH, tyrosine hydroxylase; En,
embryonic day n; DIV, day(s) in vitro; ICQ, intensity correlation quotient;
PDM, product of the differences from the mean; EGFP, enhanced GFP;
ANOVA, analysis of variance; IP, immunoprecipitation; NBS, Nur-binding
site; VM, ventral midbrain.
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Disruption of the Nurrl gene in mice impairs development of TH-
expressing mDA neurons and results in prenatal death (9).

FGFs mediate biological responses as extracellular proteins
by activation of cell surface FGFRs (10). Additionally, newly
synthesized FGFR1 translocates to the nucleus by B-importin,
utilizing the nuclear localization signal (NLS) of its high molec-
ular FGF-2 ligand (FGF-2%°) or other FGFR1-binding proteins
(11). The nuclear translocation of FGFR1 is triggered by diverse
developmental signals and regulates gene activities via integra-
tive nuclear FGFR1 signaling (INFS) (12, 13). Mechanistically,
nuclear FGFRI1 releases CREB-binding protein (CBP), a com-
mon transcriptional co-activator, and RSK from an inactive
complex (14), enabling their gene activating and chromatin
remodeling functions. A direct interaction of intranuclear CBP
with FGFR1 converts quickly diffusing nucleoplasmic FGFR1
into a more slowly moving chromatin-associated protein (15),
which stimulates TH gene expression (16). Furthermore, disrup-
tion of FGFR1 signaling in developing postmitotic mDA neurons
impairs their maturation and function (3), indicating a direct role
of nuclear FGFR1 in postmitotic mDA neuronal development.
Interestingly, FGF-2-deficient mice display an increase of mDA
neurons expressing nuclear FGFR1 in the substantia nigra during
terminal differentiation (60). The specific role of nuclear FGFR1
remains to be further elucidated in this system.

The present study shows that FGFR1 and Nurrl (i) are both
co-expressed in the nuclei of developing TH-expressing cells in
the ventral midbrain of mouse embryos, (ii) associate in the
same nuclear protein complexes, and (iii) cooperate in chroma-
tin binding and transcriptional activation. These results inte-
grate the INFS and Nurrl into a common gene-activating
mechanism important in dopaminergic cell development.

EXPERIMENTAL PROCEDURES

Plasmids—FLAG-tagged FGF-2** and FGF-2'® isoforms
were constructed by cloning FGF-2** and FGF-2'® ¢DNA into
the EcoRI/HindIII sites of p3XFLAG-CMV-14 (Sigma), result-
ing in clone pFGF-2?*-3XFLAG and pFGF-2'®-3XFLAG (18).
Plasmid pcDNA3.1-FGFR1 expressing the IIIC form of FGFR1
was described previously (19). FGFR1 mutants FGFR1(TK—)-
deleted tyrosine kinase domain and FGFR1(SP—/NLS) signal
peptide replaced with the NLS from the SV40 large T antigen
were described previously (16, 20). Nurr1 expressing pPCAGGS-
Nurrl-FLAG plasmid was generated from pCAGGS-empty
provided by Dr. Hitoshi Niwa (RIKEN Center for Developmen-
tal Biology, Kobe, Japan) (21), which comprised the chicken
B-actin promoter with CMV enhancer (CAG) promoter com-
posed of CMV immediate early enhancer and chicken B-actin
promoter. The generation of pCAGGS-3XFLAG plasmid was
described previously (22). The full-length murine Nurrl coding
sequence was PCR-amplified from embryonic mouse brain
c¢DNA; thereby an Mfel site followed by an Kozak sequence was
introduced in front of the start codon. The stop codon was
replaced by an Xbal site. The Mfel/Xbal Nurrl coding
sequence was inserted into the EcoRI/Xbal sites of pCAGGS-
3XFLAG plasmid, resulting in pCAGGS-Nurrl-3XFLAG
(R467) plasmid. The reporter plasmid TH-Luc containing
—425/+25 bp fragment of bovine TH promoter was previously
described (23). The reference reporter plasmid (pGL4.70
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[hRluc] promoterless) was purchased from Promega. Plasmids
NurRE3-Luc containing three Nur response elements and
NBRE3-Luc containing three nerve growth factor (NGF)-bind-
ing response elements in minimal Pro-opiomelanocortin
(POMC) gene promoter (—34/+63), were gifts from Dr.
Jacques Drouin (Institut de Recherches Cliniques de Montréal)
(24, 25).

Tissue Processing—The FGF-2-deficient mouse strain (FGE-
2tm12lIr) was maintained on C57BL/6 background (26). Wild-
type (WT, FGF-2"'") and knockout (KO, FGF-2"/") litter-
mates were obtained by cross-breeding of heterozygous FGF-2
mice and genotyped by PCR as described previously (27). Dis-
sected embryonic brains (E14.5) were fixed in 4% paraformal-
dehyde in PBS overnight at 4 °C, cryoprotected overnight in
30% (w/w) sucrose, and embedded in Tissue Tec OTC com-
pound (Sakura). Serial coronal cryosections of 20- um thickness
were sampled on slides. All of the experimental protocols fol-
lowed German law on animal care and were approved by
Bezirksregierung (Hannover, Germany; #08/1487).

Cell Culture and Transfections—The SK-N-BE(2) human
neuroblastoma cell line was cultured in DMEM high glucose
with 10% (v/v) FCS, 1 mMm sodium pyruvate, 0.1 mg/ml penicil-
lin/streptomycin. Transfection of cells for immunoprecipita-
tion was performed at confluence of 60% in 75-cm? culture
flasks. 10 ug of plasmid-DNA encoding Nurr-1-FLAG and
FGFR], respectively, was delivered using Metafectene Pro rea-
gent in antibiotic-free medium. After an overnight incubation
with DNA-lipid complexes, the cells were differentiated for fur-
ther 24 h after supplementation with 1 uMm retinoic acid (28).
Transfections in SK-N-BE(2) cells for luciferase assays were
performed by Lipofectamine 2000 (Invitrogen) with cells of
nearly 60% confluence in 24-well dishes. The cells were grown
in DMEM/Ham’s F-12 with 10% (v/v) fetal bovine serum. The
cells were harvested 36 h after transfection. Each sample/well
for transfection contained a total of 1 ug of DNA, including 0.3
pg of reporter plasmid, 0.3 pg of reference reporter plasmid
(pGLA4.70 [hRluc] without promoter), 0.3 ug of FGF-2 isoforms
plasmid or FGFR1 mutants, 10—-100 ng of pCAGGS-Nurrl
expression vector, and pCAGGS vector to make up the total
amount.

The primary cells of ventral mesencephalon were dissected
from E12.5 rat embryos and cultured as described previously (29).
The cells were cultured for 2 days in proliferation medium and for
either 1 or 4 days in vitro (DIV) in differentiation medium.

The SV40-immortalized rat ventral mesencephalic neuronal
progenitor cells (SV40i-VM-NPCs) were described previously
(30). The clone C2 was seeded in N2 medium (DMEM/Ham’s
F-12, 1% N2 supplement (100X), 0.25% BSA, 2 mm glutamine, 1
mm sodium pyruvate, 0.1 mg/ml penicillin/streptomycin) contain-
ing 3% FCS and afterward cultivated in serum-free N2 medium.

Fluorescence Immunocytochemistry—For fluorescence im-
munocytochemistry, brain slices or cells fixed in 4% parafor-
maldehyde were blocked in 5% (v/v) normal goat serum (NGS),
1% (w/v) BSA, 0.3% (w/v) Triton X-100 in PBS for 1 h at room
temperature, followed by primary antibody incubation over-
night at 4 °C: mouse anti-TH (1:1000, Sigma, T1299), rabbit
anti-Nurrl (1:1000, Santa Cruz, sc-990), and rabbit anti-Lmx1a
(1:6000, Millipore, AB10533) in 1% NGS, 1% BSA, 0.3% Triton
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X-100 in PBS. For mouse anti-FGFR1 (1:1000, Abcam, M19B2)
and rabbit anti-FGFR1 (1:1000, Santa Cruz, sc-121) Soerensen’s
sodium phosphate buffer containing 10% (v/v) NGS and 0.3%
(w/v) Triton X-100 was used. Secondary antibodies anti-mouse
IgG, Alexa 568 (1:200, Invitrogen, A11034), anti-mouse IgG
Alexa 488 (1:2000, Molecular Probes), and anti-rabbit IgG
Alexa 488 (1:500, Invitrogen, A11008) were applied for 1 h at
room temperature. The nuclei were visualized by DAPI (Sigma-
Aldrich, 1:1000 in PBS) staining. Images were taken with Olym-
pus BX60 epifluorescence microscope equipped with Color-
View 3 camera (Olympus) and CellP software (Olympus) or
Leica TCS SP2 confocal microscope supplied with oil immer-
sion objectives HCX PL APO BL (63X, numerical aperture 1.4).
Co-localization Analysis—Co-localization analysis was per-
formed on single plane images of randomly selected cells (n =
17) using Image] software (National Institutes of Health) with
intensity correlation analysis plug-in, as described previously
(31, 32). Mander’s overlap coefficient (R) represents the ratio of
intersecting volume to total object volume (total pixels with
intensity > 0). It ranges from one to zero, with one representing
high co-localization. The number of objects in both channels
was equal, with a red:green pixel ratio of 1.00 = 0.3. Mander’s
coefficients (M1, FGFR1;and M2, Nurrl) represent the fraction
of the pixels in which one signal overlaps the other. M1 and M2
range from one to zero with one for complete co-localization.
M1 and M2 are not influenced by differences in absolute signal
intensity in both channels, because they are normalized against
total pixel intensity. The intensity correlation quotient (ICQ)
represents the synchrony in which the pixel intensities of the
two respective channels vary from the mean image intensities
of both channels together. This is demonstrated by the product
of the differences from the mean (PDM). Positive PDM (blue)
represents the co-localized pixels, where both channels vary
synchronically from the mean pixel intensity. Negative PDM
represents the not co-localized pixels, where both channels
vary asynchronously from the mean pixel intensity. The ICQ is
based on the nonparametric sign test analysis of the PDM val-
ues and is equal to the ratio of the number of positive PDM
(99,690.00 *+ 35,588.46) values to the total number of pixels
(202,647.00 * 101,861.64). ICQ values are distributed between
—0.5 and +0.5 where random staining gives an ICQ of ~O0,
segregated asynchronous staining 0 > ICQ > —0.5 and
dependent synchronous staining 0 < ICQ < +0.5 (31).
Immunoprecipitation and Western Blot Assay—The nuclear
and cytoplasmic fractions were isolated as described previously
(12, 14). Briefly, the cells were washed in ice-cold PBS and har-
vested in homogenization buffer (10 mm HEPES, 10 mm KCI,
0.1 mm EDTA, 0.1 mm EGTA, 2 mMm DTT, 25 mm NaF, 1 mm
NaVOg3;, PhosStop (Roche Applied Science), Complete protease
inhibitor mixture (Roche Applied Science)). After incubation
on ice for 15 min, the cells were lysed by the addition of 0.6%
(v/v) Igepal CA-630 and vigorous vortexing. After centrifuga-
tion, the supernatant representing the cytoplasmic fraction was
saved. The nuclear pellet was washed twice in homogenization
buffer containing 0.6% (v/v) Igepal and dissolved by sonication
in 1% (v/v) Triton X-100 buffer containing 50 mm HEPES, 150
mM NaCl, 5 mm EDTA, 1 mm DTT, and Complete protease
inhibitor mixture. For immunoprecipitation, the nuclear

JUNE 8, 2012+VOLUME 287 +NUMBER 24

FGFR1 and Nurr1 Cooperation in mDA Development

extracts were adjusted to an overall protein concentration of
1-2 pg/plin nuclear extraction buffer containing 150 mm NaCl
and finally diluted 1:2 with radioimmune precipitation assay
buffer (137 mm NaCl, 20 mMm Tris-HCI, pH 7.5, 25 mm sodium
glycerophosphate, 2 mm EDTA, 1 mum sodium orthovanadate,
1% (v/v) Triton X-100, 1% (w/v) sodium desoxycholate, Com-
plete protease inhibitor mixture). Equal amounts of protein
extracts (0.5-1 mg) were incubated with 2 ug of appropriate
antibody overnight at 4 °C: rabbit anti-Nurrl (Santa Cruz,
$¢-990), rabbit anti-FGFR1 (Flg C15, SantaCruz, sc-121), or
rabbit IgG antibodies (DAKO, M737). The immunocomplexes
were precipitated with protein A-fused Dynabeads (Invitro-
gen), washed, and analyzed with SDS-PAGE and Western blots.
The following primary antibodies were used: rabbit anti-Nurrl
(1:1000, Santa Cruz, sc-990), rabbit anti-FGFR1 (Flg C15)
(1:500, SantaCruz, sc-121), mouse anti-FGFR1 (1:400, mAb6),
or mouse anti-FLAG (1:3000, Sigma, F1804).

In Vitro Protein-Protein Interaction—The in vitro protein
interaction assay was performed in reticulocyte lysates using
the TNT T7 quick coupled transcription/translation system
(Promega) according to the manufacturer’s instructions. Lin-
earized plasmids containing Nurrl in pGEM-T (Notl, T7 RNA
polymerase) and IIIC form of FGFR1 in pcDNA3.1 (BamHI, T7
RNA polymerase) were used for expression. Recombinant
FGF-2 was used as a positive control, and experiments were
carried out under conditions previously described (33).

Fluorescence Recovery after Photobleaching (FRAP)—FRAP
analysis in SK-N-BE(2) cells on u-Dishes (Ibidi) was performed
using an Olympus Fluoview FV1000 microscope equipped with
an oil immersion objective (60X, 1.35 NA), a 6-fold zoom mag-
nification, laserlines 405 and 491 nm, a dichroic mirror
DM405/488/559/635, and an incubation chamber (37 °C and
5% CO,). For bleaching of EGFP-fused proteins, the laser out-
put was set to 93% (405 nm). The size of the region for bleaching
was the same for each cell covering the nucleus and the cyto-
plasm. Before bleaching, three images were acquired. After
bleaching, images were taken every 0.5 s for 1.5 min, then every
1.5 s for 2 min, and finally every 3 s for 5 min. MacMaster
Biophotonics Facility (MBF) Image] (1.43m) and Prism 4
(GraphPad Software, San Diego, CA) were used for data analy-
sis. Normalized relative fluorescence intensities were deter-
mined using “FRAP profiler” (Image]), quantified by fitting one-
and two-phase exponential association, and finally plotted
using Prism 4. The two-phase exponential association was fit-
ted using the equation,

F= Fslow“ - exp(_kslowx)) + ":fas'f(‘I - exp(_kfastx))

(Egq. 1)
with F,, representing the coefficient of a slow mobile pop-
ulation, whereas Fg,, represents the coefficient of a fast mobile
population. k., and kg, are the population-specific values,
which provide information about the recovery half-times (t.,).
The effects of Nurr-1 among populations of mobile and immo-
bile FGFR1-EGFP, and recovery half-times (¢1;) were analyzed
by using ANOVA, Bartlett, and t-tests. The parameters are
shown as arithmetic means = S.E.
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FIGURE 1. Nurr1 and FGFR1 expression in the ventral midbrain of E14.5 embryos. A-H, Nurr1 is expressed in postmitotic dopaminergic precursors of
subventricular (svz) and TH-expressing dopaminergic neurons of the mantle zone (mz) in wild-type (wt, A and B; scale bar, 200 um) and FGF-2-deficient (ko, E
and F: scale bar, 200 um) animals, but not in the proliferative progenitors in the ventricular zone (vz). Higher magnification epifluorescence images of Nurr1/TH
co-labeling (C, D, G, and H; scale bar, 10 um) in the region outlined in F show Nurr1 (B) expression in the DAPI stained nucleus. /-P, FGFR1 was abundantly
expressed in the VM of WT (/-L; scale bar, 200 um) and knockout (ko, M—P; scale bar, 200 um) embryos including the TH-positive mDA domain (J and N). Higher
magnification confocal images of FGFR1/TH co-labeling in the regions outlined in Jand N show FGFR1 expression in the nucleus (DAPI, blue) of the TH-positive
cells located in the mantle zone in WT (K and L; scale bar, 5 um) and knockout (ko, O and P; scale bar, 5 um).

TH Promoter Activation—Luciferase assays were performed
with the dual luciferase (firefly and Renilla) reporter assay sys-
tem (Promega Corp., Madison, WI). All of the reagents were
prepared as described by the manufacturer. The 5X passive
lysis buffer was supplied by the manufacturer and used for cell
lysis. After washing twice, the NB-1 cells were removed directly
from culture and transferred to 100 ul of 1 X passive lysis buffer.
After allowing lysis for 15—20 min, a 20-ul aliquot was used for
luminescence measurements with a BioTek Plate Reader. The
following steps were used for luminescence measurements: 100
wl of the firefly luciferase reagent (LARII) was added to the test
sample; after equilibration for 10 s, measurement of lumines-
cence was performed with a integration time of 2 s; followed by
the addition of 100 ul of the Renilla luciferase reagent and fire-
fly quenching (Stop & Glo) with the same equilibration time
and measurement of luminescence. The data are represented as
the means * S.E. of the ratio of firefly to Renilla luciferase
activity for two to four experiments, each performed in quad-
ruplicate. The antibodies used were: anti-Nurrl (Santa Cruz,
sc-991) and anti-FGFR1 (C-term, Abcam, ab10646).

Chromatin Immunoprecipitation—The rats were sacrificed
by CO, asphyxiation followed by decapitation. The brains were
quickly removed and dissected on ice into: brain cortex, cere-
bellum, olfactory bulbs, and ventral midbrain (substantia nigra
region). The tissues were minced and incubated in cross-link-
ing solution: cold phosphate-buffered saline with 1% (w/v)
formaldehyde (Sigma) at room temperature for 15 min, rinsed
twice with cold phosphate-buffered saline, and sonicated in
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phosphate-buffered saline with protease inhibitors. The lysates
were centrifuged at 14,000 X g for 10 min at 4 °C. ChIP was
performed in samples containing equal amount of genomic
DNA using polyclonal antibodies: rabbit FGFR1 (ab10646,
Abcam), Nurrl (sc-5568, Santa Cruz), or control rabbit IgG
provided by the MAGnify chromatin immunoprecipitation sys-
tem. DNA was purified according manufacturer’s instructions
(Invitrogen). Sample PCR was then performed on the immuno-
precipitated genomic DNA with primers for the response ele-
ment containing regions of the TH genes. The primer
sequences were as follows: rat TH NBS 1 forward, 5'-AGCT-
CATAAGAGCTTTCAGATTATC; rat TH NBS 1 reverse,
5'-CTGAGACAGGGTGGATCCCAG; rat TH NBS 2 forward,
5'-AGGTTATAGTTCTAACATGAG; and rat TH NBS 2
reverse, 5'-GCCTCCGTCCCATTAGATCTAATTG.

Quantitative PCR was used to determine relative amount of
specific loci in IP, input, and IgG (preimmune) samples com-
bined from two rats. Quantitative PCR was performed using iQ
SYBR Green Supermix (Bio-Rad) on a Bio-Rad iCycler. Five ul
of ChIP DNA and a 1:10 dilution of input DNA were used in
duplicate reactions. The data are expressed as IP/input as
follows.

AAC, = (C

tinput DNA

(CthAb - CﬂPlgG) - - CthlgG) (Eq.2)

The PCR assays were performed at least three times, and the
results are combined and shown as the relative change means =
S.E.
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TH/FGFR1/DAPI
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FIGURE 2. Nuclear accumulation of FGFR1 during differentiation of VM cells. A, confocal microscope images showing subcellular localization of FGFR1 in
cells of the mDA field in VM of E14.5 mouse embryos. In the subventricular zone (panel a’), where undifferentiated cells are located, FGFR1 (green) showed a
nearly uniform distribution in the cytoplasm and nucleus (blue, dotted line). In the mantle zone (panel a”), FGFR1 (green) shows a prominent accumulation in the
nuclear (blue, dotted line) proportion of the differentiated neurons expressing TH (red). Scale bar, 5 um. B, epifluorescence microscope images showing the
accumulation of FGFR1 during differentiation of primary neuronal cultures of rat ventral mesencephalic progenitor cells. During proliferation (panel b") FGFR1
(red) was localized in the cytoplasm and nucleus (DAPI, blue) of Lmx1a-positive (green) progenitor cells. After differentiation for 1 DIV (panel b"), FGFR1 showed
a mainly nuclear distribution in Lmx1a-positive cells. After 4 DIV in differentiation medium (b”"), FGFR1 was accumulated in the nucleus and also present in the

neurites of the neuron like-shaped cells expressing Lmx1a. Scale bar, 10 um.

RESULTS

FGFR1 and Nurrl Localize to Nuclei of Developing DA
Neurons—Nurrl is a key transcription factor essential for sig-
naling integration during terminal differentiation of mDA neu-
rons (4). A similar function has been described for INFS activa-
tion and the nuclear translocation of FGFR1 during neuronal
differentiation (11, 13). Both Nurrl and nuclear FGFR1 stimu-
late TH gene expression, suggesting a potential partnership
during mDA development.

To test this hypothesis, we first analyzed the expression pat-
terns of both factors in the ventral midbrain of E14.5 wild-type
and FGF-2-deficient mouse embryos, which display increased
nuclear FGFR1 accumulation and supernumerary mDA neu-
rons.® Nurrl-positive cells were similarly distributed in wild-
type (wt; Fig. 1, A and B) and FGF-2-deficient (ko; Fig. 1, E and
F) embryos within the ventral midbrain at E14.5. Because Nurrl
expression is initiated in postmitotic mDA precursors (6), the
Nurrl-positive cells were found in the subventricular zone (svz)
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and mantle zone (mz; Fig. 1A) but were absent in the ventricular
zone (vz; Fig. 1A4), the origin of proliferating, self-renewing neu-
ral stem cells. At E14.5, the majority of Nurrl-immunoreactive
cells in the mantle zone began to express TH (Fig. 1, C, D, G, and
H). Similarly, as in the whole brain (34 —38), FGFR1 was abun-
dantly expressed in the developing ventral midbrain including
the TH-positive area in consecutive sections from wild-type
(Fig. 1, I and L) and knockout (Fig. 1, M—P) embryos. By confo-
cal microscopy, FGFR1 was detected in the nucleus of TH-pos-
itive mDA neurons of the mantle zone (Fig. 1, K, L, O, and P).
To further analyze the subcellular distribution of FGFR1 in
vivo, we used midbrain sections of wild-type mouse embryos at
E14.5 (Fig. 2A). Immunohistochemistry combined with confo-
cal microscopy showed uniform expression of FGFR1 in the
cytoplasm and nucleus of ventral mesencephalic precursor cells
in the subventricular zone of the mDA area (Fig. 24, panel a’).
In the differentiated TH-positive neurons of the mantle zone, a
predominantly nuclear localization of FGFR1 was observed
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(Fig. 2A, panel a"), which further emphasizes the role of nuclear
function of FGFR1 in terminal differentiation and maturation
of mDA neurons.

Nuclear Accumulation of FGFRI in Differentiating Primary
Ventral Midbrain Progenitor Cells—Consistent with these in
vivo observations, in vitro experiments using a standard differ-
entiation protocol for primary rat E12.5 ventral mesencephalic
progenitor cells (29) showed a differential subcellular distribu-
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already after 1 DIV (Fig. 2B, panel b"). After 4 DIV, FGFR1
remained enriched in the nucleus of Lmxla-positive neurons
(Fig. 2B, b"). These results demonstrate the importance of
nuclear FGFR1 for mesencephalic progenitor differentiation.

Interaction of Nuclear FGFRI and Nurrl—We used a SV40
immortalized ventral mesencephalic neuronal progenitor cell
line (SV40i-VM-NPC) that expresses genes associated with
mDA development and provides ample material for immuno-
precipitation (30). The SV40i-VM-NPC cell line was previously
established in our laboratory by stable transfection of the sim-
ian virus 40 (SV40) large T-antigen into primary neuronal ven-
tral mesencephalic progenitor cells, derived from E12.5 rat
embryos (30). In this cell line, Nurrl and FGFR1 are endoge-
nously expressed, and nuclear co-localization of both proteins
was analyzed by immunocytochemistry and confocal micros-
copy (Fig. 3, A-D). Both FGFR1 and Nurrl showed granular
distribution within the nucleus. The overlay of the correspond-
ing Nurrl and FGFRI1 confocal planes revealed co-localization
of both proteins within the same nuclear speckle-like domains
(Fig. 3D). We performed a detailed quantitative co-localization
analysis using an intensity correlation algorithm (30, 31).
FGFR1 and Nurrl showed a mutual dependent localization
(Fig. 3, E and F). The overlap of FGFR1 and Nurrl1 staining is
reflected in high Mander’s overlap coefficient (r = 0.72 = 0.01),
indicating strong co-localization, high co-localization coeffi-
cients and a positive ICQ (Fig. 3F). This is demonstrated in a
false color image (PDM image; Fig. 3E). Here, blue color repre-
sents dependent localization of both factors, whereas green
shows segregated localization.

To verify that nuclear FGFR1 and Nurrl may exist in a com-
mon protein complex, we examined whether both endogenous
proteins can be co-immunoprecipitated with FGFR1 or Nurrl
antibodies. The nuclear presence of FGFR1 was verified by
Western blot analysis of nuclear and cytoplasmic fractions
using polyclonal anti-FGFR1 (Fig. 3G, lanes I and 2). In the
nuclear fraction, one prominent signal of FGFR1 was detected.
The cytoplasmic fraction showed two bands at ~85 and ~95
kDa (Fig. 3G, lane 1), shown to represent different glycosylation
forms (40, 41). The full-length Nurrl was present in the
nuclear, but absent in the cytoplasmic fraction as determined
by Western blot (Fig. 3H). As a negative control for co-immu-
noprecipitation, lysates were incubated with rabbit IgGs (Fig. 3,
G, lanes 3 and 6, and I). As a positive control, precipitation of
the endogenous ~95-kDa FGFR1 protein with a polyclonal
anti-FGFR1 antibody was confirmed (Fig. 3G, lane 7). Indeed,
FGFRI1 was co-precipitated by anti-Nurrl in the nuclear frac-

FGFR1 and Nurr1 Cooperation in mDA Development

tion (Fig. 3G, lane 8). This result was confirmed in a reverse
experiment, in which anti-FGFR1 antibody effectively pre-
cipitated Nurrl (Fig. 3I). Thus, the immunoprecipitation
experiments are consistent with the co-localization analysis
and confirm that endogenous Nurrl and FGFR1 belong to a
common nuclear protein complex in ventral mesencephalic
progenitors.

We further confirmed this interaction in vivo by co-immuno-
precipitation of FGFR1 and Nurrl in nuclear extracts of ventral
mesencephalic tissue pooled from 8-11 E14.5 mouse embryos.
No clear co-precipitation signal could be observed in extracts of
wild-type embryos (Fig. 3/, NE wt). However, anti-FGFR1 antibody
precipitated Nurrl along with FGFR1 (Fig. 3K) from the nuclear
protein lysates of the FGF-2-deficient embryos (Fig. 3K, NE ko),
which display increased nuclear FGFR1 protein levels as shown
previously.® Thus, endogenous nuclear FGFR1 and Nurrl interact
in cultured immortalized ventral mesencephalic progenitors, as
well as in the developing midbrain.

The interaction of FGFR1 and Nurrl was further substanti-
ated by co-immunoprecipitations of overexpressed proteins in
the human neuroblastoma cell line SK-N-BE(2). These cells
were used previously to study neuronal differentiation (28,
42-44), which occurs spontaneously or can be induced by treat-
ment with retinoic acid. Therefore, neuroblastoma cells were tran-
siently transfected with plasmids encoding FGFR1 and FLAG-
tagged Nurrl and subsequently treated with 1 um retinoic acid,
and nuclear extracts were harvested. The proteins were immuno-
precipitated with anti-Nurrl, polyclonal anti-FGFR1 recognizing
the FGFR1 C terminus, anti-FLAG for Nurr1, or control IgG. Con-
sistent with co-precipitation of endogenous proteins (Fig. 3), co-
precipitation of Nurrl by anti-FGFR1 was detected with anti-
Nurrl as well as anti-FLAG (detecting Nurrl-FLAG) (Fig. 4, Band
C). Furthermore, immunoprecipitation of Nurrl with anti-Nurrl
antibody pulled down the ~85-kDa form of FGFR1 (41) detected
with monoclonal mcAb6 antibody, which recognized the N termi-
nus of FGFR1 (Fig. 4D).

To analyze whether Nurrl and FGFR1 interact directly or
within a complex, we performed cell-free in vitro transcrip-
tion/translation of the binding partners in reticulocyte
lysates combined with FGFR1 pull-down (Fig. 4E). As a pos-
itive control for a direct interaction with FGFR1, recombi-
nant FGF-2 was employed. These two proteins displayed a
direct interaction as expected (Fig. 4F). However, a direct
interaction could not be detected for FGFR1 and Nurrl (Fig.
4G). In conclusion, co-immunopreciptation experiments of
endogenous and overexpressed proteins in different cellular

FIGURE 3. Presence of FGFR1 and Nurr1 in the same nuclear protein complexes of ventral midbrain NPCs. A-F, co-localization analysis of SV40-VM-NPCs
cultivated for 24 h in serum-free N2 medium. Confocal images showed granular distribution of FGFR1 (A, red) and Nurr1 (B, green) in the DAPI-stained nucleus
(C, blue) of MDA progenitors. FGFR1 and Nurr1 showed co-localization in the nucleus as demonstrated in overlap (D) and PDM images (E, lut; blue, positive PDM
and green negative PDM). F, co-localization analysis values with R, Mander's overlap coefficient (red:green pixel ratio = 1.00 =+ 0.03); M1, Mander’s co-localiza-
tion coefficient for FGFR1; M2, Mander’s co-localization coefficient for Nurr1; and ICQ. Scale bar, 5 um. G-K, the IP with IgGs represented the negative control
for co-precipitation. The input represented the loading control of 100 ug of pure denaturized nuclear protein extract free of denaturized IgG heavy chains (IgG
(H)), which are present in IP lanes. Distinct nuclear (NE) ~90-kDa and cytoplasmic (CE) ~85- and ~95-kDa bands of FGFR1 represented different glucosylation
forms of the receptor and demonstrated the lack of cross-contamination between fractions (G, lane 1; *, truncated form of FGFR1). The precipitation with
anti-Nurr1 resulted in co-precipitation of FGFR1 in the nuclear fraction (G, lane 8). Precipitation of nuclear FGFR1 with anti-FGFR1 is shown as a positive control
(G, lane 7). The ~90-kDa Nurr1 band may result because of post-transcriptional sumoylation of Nurr1 (59) and was present in the nuclear fraction but absent in
the cytoplasmic fraction as determined by Western blot assay (H; *, antibody may recognize an additional splice isoform of Nurr1 (17)). Therefore precipitation
was performed only in the nuclear fraction, which resulted in co-precipitation of Nurr1 with FGFR1 antibody (/). Precipitation of nuclear FGFR1 in lysates of VM
from E14.5 FGF-2 knock out embryos resulted in co-precipitation of Nurr1 (K), whereas in IPs of VM lysates from E14.5 wild-type embryos, the signal was not
clearly detectible (J; * and **, unmodified and/or splice forms of Nurr1). The amount of used material was limited by the availability of fresh tissue.
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FIGURE 5. FRAP of nuclear and cytoplasmic FGFR1-EGFP in neuroblastoma cells after co-transfection with Nurr1. A, one (gray line) and two exponential
(gray dotted line) regression curves for data from one exemplary FRAP measurement in the nucleus of neuroblastoma cells transfected with FGFR1-EGFP. The
regression analysis of recovery kinetics showed the best fit with a two exponential function. B, example of a single cell before and after photobleaching. Scale
bar, 10 um. C, after fitting two-exponential curves to FGFR1-EGFP, the recovery kinetics were significantly changed in the nucleus of neuroblastoma cells
co-transfected with Nurr1-3XFLAG (n = 10). D, a significant shift of FGFR1-EGFP mobility was represented by a significant) decrease of the fast and a significant
increase of the slow population in the nucleus of cells co-expressing Nurr1-3XFLAG compared with control cells co-expressing 3 XFLAG. ***, p < 0.001.
Recovery half-time (t1/,) values were not significantly altered (n.s., nonsignificant).

systems reveal an indirect interaction between Nurrl and in the nucleus compared with transfection of the control FLAG
FGFR1 within the nucleus. tag vector (Fig. 5, C and D). In previous studies, the slow FGFR1
Nuclear Mobility of FGFR1 Is Regulated by Nurrl—To ana-  population was shown to represent the chromatin-bound tran-
lyze the FGFR1-Nurrl interaction in live cells we used FRAP. scriptionally active population (15). The increase of hypoki-
Previous studies show that the fusion protein, FGFR1-EGFP,is  netic FGFR1 was accompanied by a decrease in the fast FGFR1
expressed at similar levels and has a similar nuclear/cytoplas-  population. However, the immobile population did not change,
mic distribution as endogenous FGFR1 (15). Additionally, indicating that Nurrl did not mobilize stored FGFR1 from the
FGFR1-EGFP showed cAMP- or FGF-2** isoform-specific nuclear matrix but increased engagement of free diffusing
induced nuclear accumulation and gene activating functionsas FGFRI1.
observed with the nonfused FGFR1. Previous FRAP measure- Cooperative TH Promoter Activation by Nurrl and FGFRI—
ments of transiently transfected FGFR1-EGFP demonstrated The expansion of the slow nuclear FGFR1 population by Nurrl
that the nuclear population of FGFR1 consists of the quickly suggested that the Nurrl-FGFR1 complexes may co-engage in
diffusing (hyperkinetic) nucleoplasmic receptors, slowly diffus-  chromatin binding and gene transcription (Fig. 6). This was inves-
ing (hypokinetic) chromatin-bound FGFR1, and an immobile tigated further by measuring FGFR1 and Nurr1 interactions with
nuclear matrix-bound fraction (15). To determine whether the TH gene in vivo by ChIP.
Nurrl affects the mobility of FGFR1 in the nucleus, FRAP Nurrl binds to DNA target sites either as a monomer to the
experiments were performed after co-transfection of FGFR1- canonical NBRE (45) or as homo-/heterodimer with other
EGFP with Nurrl-FLAG or a control plasmid expressing the orphan nuclear receptors to the Nur response element (NurRE)
FLAG tag. In both conditions, the cells displayed similar inten-  (25). The TH gene promoter contains several (NBRE)-like bind-
sity of FGFR1-EGFP fluorescence. Co-transfection of Nurrl- ing sites with sequences similar to the canonical NBRE (46).
FLAG significantly increased the slow fraction of FGFR1-EGFP  One NBRE-like site upstream of the TATA-box (Fig. 6A) was

FIGURE 4. Nuclear FGFR1 and Nurr1 interaction after overexpression in human neuroblastoma cells. The human neuroblastoma cells were transfected
with plasmids encoding for full-length FGFR1 protein, as well as Nurr1-protein fused to a 3 XFLAG tag. 24 h after transfection, the cells were supplemented with
1 uM retinoic acid for a further 24 h. A-D, the nuclear extracts were immunoprecipitated with polyclonal anti-Nurr1, anti-FGFR1, and rabbit IgGs as negative
control. Input represents 25 g (A and C) and 100 ug (B and C), respectively, protein of the not precipitated nuclear extract. The additional band in C (compare
Fig. 3K) may represent the closely related Nur77, which shows only a faint expression in VM (47). Precipitation with polyclonal Nurr1 and FGFR1 antibodies
functioned properly as shown by detection of precipitated Nurr1 with the anti-FLAG antibody (A) and of precipitated FGFR1 with monoclonal anti-FGFR1
(mAb6) antibody (D), respectively. The FGFR1-IP resulted in co-precipitation of Nurr1 as recognized by anti-FLAG-tag antibody (B), as well as with anti-Nurr1
antibody (C, represents one blot). Correspondingly, the ~85-kDa form of FGFR1 was able to co-precipitate with Nurr1, as detected by monoclonal anti-FGFR1
(mAb6) antibody (D, represents one blot). The negative controls, precipitated with rabbit IgGs, were missing the specific bands, confirming a specificity of the
Nurr1 and FGFR1 immunoprecipitations. E, in vitro coupled transcription/translation of FGFR1 resulted in positive product at ~120 kDa (input), which was
missing in the control translation reaction without DNA template. The subsequent pull-down of FGFR1 with anti-FGFR1 antibody resulted in positive precip-
itates at ~120 and ~250 kDa, which would correspond to FGFR1 dimers. *, unspecific cross-reaction only observed in reticulocyte extracts. F, the positive
interaction of FGF-2 was confirmed by subsequent pull-down along with FGFR1. G, the interaction of Nurr1 and FGFR1 seems to be indirect, because the
subsequent pull-downs of Nurr1 and FGFR1 were negative.
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FIGURE 6. Nurr1 and FGFR1 bind to and cooperatively activate transcription from TH promoter. A, schematic of the TH gene promoter region. Binding
sites for other factors are labeled accordingly. Arrows with numbers indicate positions of primers for ChIP. B and C, ChIP was performed with a panel of
antibodies against FGFR1, Nurr1, and control IgG with subsequent quantitative PCR analyses of selected potential NBS on TH. IgG was used as a negative
control. Graphs show AAC, means = S.E. of triplicate samples. CX, cortex; CB, cerebellum; VM, ventral midbrain (containing substantia nigra region); OB,
olfactory bulb. D, co-transfection of human neuroblastoma cells with Nurr1-3XFLAG showed a dose-dependent increase of TH promoter-dependent lucifer-
ase reporter gene expression. The Nurr1-mediated TH promoter activity was significantly diminished by co-transfection of the dominant-negative form of
FGFR1 lacking the tyrosine kinase activity [FGFR1(TK—)] starting at 30 ng of Nurr1-FLAG (inset). Co-transfection of FGFRT(NLS), FGFR1(TK—), as well as FGF-2%3
with Nurr1-FLAG, resulted in significant interaction altering Nurr1-dependent TH promoter activation. The noninteracting isoform FGF-2'® did not influence TH
promoter activity mediated by Nurr1. Two-way ANOVA on interaction with Nurr1: x, p < 0.05; xx, p < 0.01; xxx, p < 0.001. E, co-transfection of FGFRT(NLS) in
neuroblastoma cells enhances Nurr1-NurRE and -NBRE-dependent luciferase transcription. The dose-dependent effects of NurRE activation by 10 and 100 ng
of co-transfected Nurr1-FLAG are significantly potentiated by FGFR1(NLS), whereas the co-transfection of FGFR1(TK—) significantly inhibits 100 ng of Nurr1-
NuRE activation. Co-transfection of FGFR1(NLS) also enhances Nurr1-dependent transcription from NBRE motive. One-way ANOVA significance to 3-galacto-
sidase (B-gal) is expressed as * and to Nurr1 as +. Two-way ANOVA displays Nurr1 interactions as x. Significance levels: *, p < 0.05; **, p < 0.01; ***, p < 0.001.

shown to bind FGFR1 (61). Previous reports also suggest that
first intron of the TH gene is critical for differential gene regu-
lation among species (48) and can bind Nurr1 (49). In our study,
we analyzed Nurrl and FGFR1 binding to NBRE-like sequence
in the TH gene intron-1 (NBS 1; Fig. 6A), as well as the TH
promoter region, which contains a sequence homologous to
one core element of NurRE (NBS 2; Fig. 6A).

FGFR1 and Nurrl binding to TH gene in vivo was investi-
gated by ChIP on tissues from the ventral midbrain (VM)

19836 JOURNAL OF BIOLOGICAL CHEMISTRY

region (containing TH-expressing substantia nigra), cere-
bellum, and cortex, which do not express TH, and in olfac-
tory bulb containing TH-expressing cells. Little or no FGFR1
or Nurrl binding was detected at the TH intron 1 region
(NBS 1) in any of the tissues examined (Fig. 6, B and C). Both
FGFR1 and Nurrl showed binding to the NBS 2-containing
TH promoter region (Fig. 6, B and C). The strongest binding
occurred in the ventral midbrain tissue, which contains TH-
expressing mDA neurons.
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Given specific FGFR1/Nurrl binding to the TH promoter in
the ventral midbrain, we examined whether these proteins can
affect TH promoter activity using a luciferase reporter tran-
scriptional assay (Fig. 6D). We analyzed the effect of Nurrl on
TH promoter activity and whether the Nurrl-independent
or -dependent promoter function is affected by nuclear
FGFR1(SP—/NLS) or dominant-negative FGFR1(TK—). In
addition, we analyzed the effects of the high molecular weight
FGF-2** isoform, which binds and activates endogenous
nuclear FGFR1 (15, 50).

Transfection of Nurrl in neuroblastoma cells resulted in
dose-dependent transcriptional activation of the luciferase
gene initiated from the bovine TH promoter sequence (Fig. 6D).
The Nurrl-dependent TH promoter activity was diminished by
co-transfection of dominant-negative FGFR(TK—) mutant,
which attained statistical significance at higher doses of trans-
fected Nurrl-FLAG plasmid starting with 30 ng (Fig. 6D, inset).
Co-transfection of FGFR1(SP-/NLS), as well as FGF-2%3, a
potent activator of nuclear FGFR1 (15, 50), with Nurrl-FLAG
resulted in enhancement of TH promoter-driven luciferase
gene expression (Fig. 6D) shown by significant interaction
between Nurrl and FGFR1(SP-/NLS) or FGF-2%* in two-way
ANOVA. In contrast, co-transfection of Nurrl with low molec-
ular weight FGF-2'%, which neither interacts nor activates the
nuclear FGFR1 (15, 50), had no effect on Nurrl-dependent
or -independent TH promoter activity.

To determine whether FGFR1 and Nurrl can act coopera-
tively at the isolated NurRE or NBRE motifs, we examined
transactivation of a minimal promoter construct containing
either NurRE or NBRE upstream of the TATA box fused to the
luciferase reporter gene. In each experiment, the promoter
activity was normalized to the Nurrl condition, as the Nurrl-
dependent initialization of transcription was investigated (Fig.
6E). Transfection with FGFR1(SP—/NLS) or its dominant-neg-
ative FGFR1(SP—/NLS/TK—) mutant lacking the tyrosine
kinase domain did not affect the luciferase reporter gene
expression compared with the control transfection with -ga-
lactosidase. Transfection of 10 or 100 ng of Nurrl-FLAG plas-
mid significantly increased (p < 0.001) luciferase expression
compared with control transfection with $-galactosidase in a
dose-dependent fashion. Co-transfection of FGFR1(SP-/NLS)
with Nurrl-FLAG significantly potentiated the NurRE driven
expression of the luciferase gene compared with the single
transfection of Nurrl (two-way ANOVA; p < 0.001). The
FGFRI1(SP-/NLS) potentiating effect was more pronounced
with the low (10 ng) dose of Nurrl DNA (4-fold potentiation)
than with the 100 ng of Nurrl DNA (2-fold potentiation). The
co-transfection of dominant-negative FGFR1(TK-) with 100
ng of Nurrl-FLAG significantly diminished the Nurrl stimula-
tion of the NuRE as shown by significant (p < 0.001) interaction
of FGFR1(TK-) and Nurrl-FLAG in two-way ANOVA. How-
ever, the FGFR1(TK—) inhibition of the NurRE by a lower dose
of Nurrl was less effective. The transcriptional activity of Nurrl
on the isolated NBRE target motif was also significantly
enhanced upon the addition of FGFR1(SP-/NLS). In conclu-
sion, we have shown cooperative activity of Nurrl and FGFR1
in activation of the TH gene promoter as well as at typical
Nurrl-binding sites.

JUNE 8, 2012+VOLUME 287 +NUMBER 24

FGFR1 and Nurr1 Cooperation in mDA Development

DISCUSSION

Nurrl and FGFR1 are central nuclear integrators of diverse
developmental signals (4, 11, 13). Both proteins have been
implicated in postmitotic development, including the matura-
tion and maintenance of mDA neurons (3, 51, 52). Although
FGFR1 is ubiquitously expressed within the developing and the
adult CNS (13, 36), Nurrl expression is restricted to specific
areas. During development, the mDA neurons are the only dop-
aminergic subtype expressing Nurrl within the CNS (53). In
the present study, we showed an overlapping expression pat-
tern of both proteins in postmitotic precursors and maturating
TH-expressing neurons of the mDA area at embryonic day
14.5.

The nuclear localization of FGFR1 in postmitotic ventral
midbrain neurons observed in this study is consistent with pre-
vious observations in postnatal rats showing that in dopamine
neurons of the substantia nigra, nuclear FGFR1 co-localizes
with its transcriptional partner CBP (14). Furthermore, we
observed the in vivo cytoplasmic localization of FGFR1 in the
subventricular zone and iz vitro in the expanding primary ven-
tral mesencephalic progenitor cells. These observations are
consistent with previous reports in which the cytoplasmic pres-
ence of FGFR1 is obvious in proliferating neuronal progenitors,
and nuclear FGFR1 accumulation drives neuronal differentia-
tion (13, 40). Thus, our present observations support the diver-
gentrole of FGFR1 in mDA development: canonical transmem-
brane FGFR1 signaling is relevant for mitogenically active
ventral mesencephalic progenitors, whereas the nuclear form is
associated with mDA differentiation. Further, we demonstrate
here for the first time that both receptors, Nurrl and FGFR1,
co-localize to the nuclei of neuronal cells from ventral mesen-
cephalon. The presence of FGFR1 and Nurrl in the same
nuclear protein complexes was demonstrated by co-immuno-
precipitation from the nuclei of immortalized rat mDA progen-
itors and from the mouse ventral midbrain nuclei.

We have verified the Nurrl-FGFR1 nuclear interactions
using transfected recombinant proteins in human neuroblas-
toma cells and showed that in live cells, the mobility of nuclear
FGFR1-EGFP is reduced by Nurrl. Our earlier studies demon-
strated that the slow, hypokinetic, nuclear FGFR1-EGFP popu-
lation represents chromatin-bound FGFR1, which is expanded
during FGFR1-dependent transcription activation and elimi-
nated by transcription inhibitors (15). In contrast, the fast,
hyperkinetic FGFRI1 represents freely diffusing FGFR1 and its
stochastic nonproductive collisions (15). In the present study,
the Nurrl-induced conversion of the fast FGFR1 population to
a slow hypokinetic pool suggests that the FGFR1 and Nurrl are
co-engaged in chromatin binding and gene regulation.

Both FGFR1 and Nurr1 are thought to control cell develop-
ment and function through transcriptional activation and gene
programming. An exemplary gene is TH, activated both by
Nurrl (6) and by nuclear FGFR1 in cooperation with CBP (14,
20). Nurrl was shown to bind to the NBRE in the proximal TH
promoter and activate transcription (46, 54). FGFR1 was shown
to transactivate the adjacent CREB/CBP-binding CRE site (16).
Our ChIP experiment showed an in vivo interaction of Nurrl
and FGFR1 further upstream on the TH promoter, which con-
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tains a potential Nurrl-binding site homologous to a core
sequence related to the NurRE. Furthermore, luciferase
reporter assays displayed a cooperative function of Nurrl and
nuclear FGFR1 on TH promoter-dependent transcriptional
activation. Enhancement of Nurrl-mediated TH promoter
activation is also observed after co-transfection of FGF-2%3,
which, in contrast to FGF-2'8, activates the endogenous nuclear
FGFR1 (20). The role of endogenous FGFR1 was further indi-
cated by the dose-dependent inhibition of Nurr1 activity with a
dominant-negative FGFR1(TK—), lacking the tyrosine kinase
domain. The inhibitory function of FGFR1(TK—) mainly relies
on competitive binding of the mutant to the CBP/RSK complex,
preventing the release of CBP from this inactive complex.
Although this mechanism seems to be independent of tyrosine
kinase activity, it requires the presence of the tyrosine kinase
domain to disrupt RSK/CBP binding (14). Furthermore,
although the TH gene promoter contains a number of potential
FGFR1-responsive elements in addition to NBRE- and NurRE-
related sites, we were able to demonstrate the cooperative
action of Nurrl and nuclear FGFR1 on isolated canonical
Nurrl-binding motifs. This finding indicates that nuclear
FGFR1 enhances both Nurrl monomer (NBRE)- and dimer
(NurRE)-dependent transcription.

The nuclear role of FGFR1 in postmitotic development of
mDA neurons is consistent with our recent observation of in-
creased FGFR1 nuclear accumulation in ventral midbrain of
FGF-2 deficient embryos, which was correlated with increased
generation of TH-positive neurons (55).° The binding of Nurr1l
to nuclear FGFR1 in FGF-2-deficient mice observed in the pres-
ent study, suggests that an excessive Nurrl-INFS co-signaling
may lead to neuronal hyperplasia and an excessive TH-positive
neuron production. In addition to the previously described dif-
ferential abilities of the FGF-2 isoforms to bind to the FGFR1
and to induce its activation (15), they transactivate differently
Nurrl-dependent gene transcription, as shown in the present
study.

The Nurrl-FGFR1 interaction appears to be indirect, as indi-
cated by in vitro transcription/translational assay, and may be
mediated by other bridging proteins. One protein that binds
FGFR1 and may engage Nurrl is CBP, because cAMP is an
effective inducer of mDA differentiation (14, 56—-58). Smidt
and Burbach (4) have hypothesized that Nurrl may integrate
multiple cellular events via presumed multifaceted interactions
with several nuclear partners. The interaction with FGFR1, a
central factor in the integrative cellular signaling (INES), offers
an alternative or additional mechanism for the broad develop-
mental functions of Nurrl. In support of this mechanism, the
INFS was recently shown to participate in retinoid and Nur
mediated developmental gene programming of embryonic
stem cells (61).

In conclusion, the newly discovered FGFR1-Nurrl partner-
ship in developing postmitotic and mature mDA provides a
novel integrative mechanism for Nurrl-dependent transcrip-
tional regulation and provides one plausible mechanism for
growth factor-dependent induction of the orphan nuclear
receptor, despite its missing ligand binding capacity. Further
comprehensive elucidation of the signal integration and
transcriptional regulation by the FGFR1-Nurrl complex and
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their roles in neuronal differentiation may offer new thera-
pies for abnormal dopaminergic neuronal development or
degeneration.
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