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In bovine adrenal medullary cells synergistically acting type 1 and type 2 angiotensin II (AII)
receptors activate the fibroblast growth factor-2 (FGF-2) gene through a unique AII-responsive
promoter element. Both the type 1 and type 2 AII receptors and the downstream cyclic adenosine
19,39-monophosphate- and protein kinase C-dependent signaling pathways activate the FGF-2
promoter through a novel signal-transducing mechanism. This mechanism, which we have named
integrative nuclear FGF receptor-1 signaling, involves the nuclear translocation of FGF receptor-1
and its subsequent transactivation of the AII-responsive element in the FGF-2 promoter.

INTRODUCTION

Stimuli that increase cellular growth or proliferation activate
the fibroblast growth factor-2 (FGF-2) and FGF receptor-1
(FGRF1) genes and induce an accumulation of FGF-2 and
FGFR1 proteins directly in the cell nucleus (Stachowiak et al.,
1994, 1996a,b, 1997a,b; Moffett et al., 1996, 1998; Joy et al.,
1997). Overexpressed, recombinant FGF-2 and FGFR1 accu-
mulate in the cell nucleus and stimulate both the transition
from G0/G1 to the S phase of the cell cycle and cellular
growth in a manner that is independent of cell surface
FGFR1 (Stachowiak et al., 1996a, 1997b). In this study we

describe the mechanistic basis of this intracrine-nuclear FGF-
2/FGFR1 signaling pathway.

Angiotensin II (AII) is a potent growth factor that stimu-
lates gene expression and growth or proliferation in cells of
neural, endocrine, cardiovascular, and renal tissues (Huckle
and Earp, 1994). AII receptors are divided into AT1 and AT2
subtypes that can act through Gq and Gi proteins, respec-
tively (Jagadesh, 1998). Stimulation of AT1 increases the
intracellular concentrations of calcium, stimulates phospho-
inositide hydrolysis, and activates protein kinase C (PKC),
Src-related kinases, and the JAK-signal transducer activator
of transcription and Ras-Raf-mitogen–activated protein ki-
nase signaling pathways. In bovine adrenal medullary chro-
maffin cells (BAMCs), AII also increases the levels of cyclic
adenosine 19,39-monophosphate (cAMP) (Boarder et al.,
1988).

The activation of these pathways collectively contributes
to the ability of AT1 to activate c-fos and related genes. The
“AII response element” of c-fos maps to the serum response
element (SRE), which interacts with the SRE-binding factor
and mitogen-activated protein kinase–targeted p62TCF (Sa-
doshima and Izumo, 1993; Bhat et al., 1994). A separate,
PKC-independent AT1 signal activates the c-fos gene pro-
moter through a STAT3-containing SIFA complex that inter-
acts with a separate, cis-inducible element in the promoter
(Bhat et al., 1994).

Because all of the known physiological effects of AII are
thought to be mediated by AT1, the function of AT2 recep-
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tors remains largely unknown. The AT2 subtype is ex-
pressed in the brain and other tissues during development.
However, the level of its expression declines with age, and
in the adult nervous system, AT2 is expressed only in dis-
crete areas (Grady et al., 1991). AT2 expression also promotes
differentiation of cultured neuronal cell lines (Reagan et al.,
1990). In some systems, stimulation of AT2 evokes an inhib-
itory effect in contrast to the stimulatory effect of AT1 acti-
vation (Huang et al., 1996)

Evidence is accumulating that AII (Itoh et al., 1993; Fischer
et al., 1997; Guo-Hong, 1998) as well as other growth factors
(Ali et al., 1993; Moffett et al., 1998) and PKC (Safdar et al.,
1994) exerts its growth factor-like effects by up-regulating
the endogenous growth modulator FGF-2. In an effort to
determine whether FGF-2 could mediate the actions of AII,
we found that AII or agents that directly activate its intra-
cellular signaling pathways induce FGF-2 expression (Sta-
chowiak et al., 1994, 1997b). Induction of FGF-2, which lacks
a signal peptide, does not lead to its presence in the extra-
cellular medium. Instead, FGF-2 accumulates in the cell
nucleus (Stachowiak et al., 1994, 1997b; Moffett et al., 1996;
Joy et al., 1997). Induction of nuclear FGF-2 accumulation by
AII was observed in neural crest-derived BAMCs, in human
astrocytes, and in cultured smooth muscle cells, indicating
that it may constitute a common response to AII in a variety
of cells (Stachowiak et al., 1994, 1997b). The nuclear accumu-
lation of FGF-2 is a two-stage process. The first stage in-
volves the rapid translocation of FGF-2 from the cytoplasm
to the nucleus, and the second stage is driven by new FGF-2
synthesis and is accompanied by an up-regulation of FGF-2
gene activity (Stachowiak et al., 1994, 1996b; Moffett et al.,
1998). In this study, we show that the induction of FGF-2
expression by AII in BAMCs results from the synergistic
AT1- and AT2-dependent activation of the FGF-2 gene pro-
moter and is mediated by a novel signal transduction mech-
anism.

MATERIALS AND METHODS

Plasmids
(21800/1314)FGF-2Luc (numbers depict nucleotides relative to the
transcriptional start site) and its deletion mutants were described in
Stachowiak et al. (1994), Moffett et al. (1996, 1998), and Joy et al.
(1997). pcDNA3.1FGFR1 expressing full-length FGFR1 was de-
scribed in Stachowiak et al. (1997a). The FGFR1(TK2) mutant,
which lacks the tyrosine kinase domain, was generated by deleting
the FGFR1 sequence 21 bp downstream from the transmembrane
domain. In pcDNA3.1FGFR1(TM2) the amino acids of the trans-
membrane region (370–400) were deleted. pcDNA3.1FGFR1(SP2)
was constructed by deleting the portion of FGFR1 that forms the
signal peptide (amino acids 3–19). In FGFR1(SP2/NLS), the signal
peptide sequence was replaced with the nuclear localization signal
(NLS) from the simian virus 40 large T antigen (PKKKRKV [Ding-
wall and Laskey, 1991]). All mutations were verified by DNA se-
quencing.

Cells
Nonproliferating BAMCs were purified and maintained in DMEM/
F12 supplemented with 0.25% bovine serum albumin as described
in Stachowiak et al. (1990, 1994, 1996a). The TE671 cells were cul-
tured in 5% serum containing DMEM and transfected by using
calcium phosphate or lipofectin as described in Kim et al. (1998).
Drugs were added 48 h after the transfection. Luciferase activity

was expressed in number of light units per microgram of total
cellular protein and per picogram of transfected intracellular lucif-
erase DNA (dot-blot hybridization to luciferase cDNA) (Stachowiak
et al., 1994; Moffett et al., 1996; Kim et al., 1998). The results obtained
with and without DNA normalization were essentially the same. In
all experiments (including BAMC time course analyses), all cells
were harvested and processed at the same time.

Figure 1 (cont. on facing page).
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Immunocytochemistry
Cells were fixed and stained by using an FGFR1 polyclonal C-term
antibody (Ab) (Hanneken et al., 1995) and Cy3-goat anti-rabbit IgG
as described previously (Stachowiak et al., 1996a,b, 1997a). Digitized
images of 0.5-mm confocal sections of the immunostained cells were

acquired by using a Bio-Rad MRC 1024 confocal microscope with a
15-mW krypton/argon laser. The average nuclear diameter was 3–5
mm. The pinhole diameter was set to prevent the out-of-focus flow
of light to the in-focus image. Immunostaining for FGF-2 was done
by using monoclonal FGF-2 antibody (Transduction Laboratories,

Figure 1. Induction of FGF-2 in BAMCs and identification of the AII-responsive element in FGF-2 gene promoter. (A) Western blot analysis
with FGF-2 McAb (lane 1), 5 ng of recombinant 18-kDa FGF-2. Cells were incubated 24 h with sar1-AII (lanes: 2, 0 nM; 3, 1 nM; 4, 10 nM; 5,
100 nM). One hundred micrograms of total cellular proteins was assayed for FGF-2 as described in Stachowiak et al. (1994). (B) BAMCs were
incubated24 h in control medium (II), 100 nM sar1-AII (III); 10 mM saralasin (IV); and salaralasin and sar1-AII (V). Cells were immunostained
with FGF-2 McAb and horseradish peroxidase-conjugated secondary anti-mouse IgG as in Stachowiak et al. (1994). In I, cells were treated
with sar1-AII and FGF-2 McAb was omitted. (C) Deletion analysis of FGF-2 promoter. (Inset) Time-dependent activation of (21800/
1314)FGF-2Luc in BAMC by sar1-AII (0.2 mM). Analysis of variance showed an overall statistically significant effect of sar1-AII (p , 0.0001).
Luciferase activity was greater than in the control (0 h) at 6, 24, 30 h (p , 0.05), and at 8 h (p 5 0.05) (post hoc test). Constructs, numbers
indicate sequences of the FGF-2 gene fused to the luciferase reporter. In (2650/2453)(2103/1314)FGF-2Luc, (2555/2453)(2103/1314)FGF-
2Luc, and (2512/2453)(2103/1314)FGF-2Luc, the upstream promoter fragments were ligated directly to the minimal 2103/1314 FGF-2
promoter sequence. Forty-eight hours after transfection, BAMCs were incubated for 6 h with 0.2 mM sar1-AII or in control, serum-free
medium. The ratio of luciferase activity to transfected DNA was determined, and the values given are expressed as fold increase over the
activity in unstimulated cells. Sar1-AII had a statistically significant effect on the expression of (2(1800/1314)FGF-2/Luc (p , 0.01),
(2650/1314)FGF-2Luc (p , 0.05), (2555/1314)FGF-2Luc (p , 0.0005), (2650/2453)(2103/1314)FGF-2Luc, and (2555/2453)(2103/
1314)FGF-2Luc (p , 0.005) (Tukey’s post hoc tests). Bars show mean 6 SEM. Results are combined from three to four independent
experiments. The expression of luciferase activity by promoterless pGL2Basic was at the background levels and was not affected by sar1-AII
(not shown). Sequence of the 2555/2512-bp element essential for sar1-AII stimulation: CTGCGTCGTCTAATTCAAGTTAGGTCAG-
TAAAGGAA AC CTTTT. (D) Effects of AT2 antagonist on activation of (2650/1314)FGF-2Luc by sar1-AII. BAMCs were incubated with 1
mM PD-123319, 30 min before and during a 6-h treatment with 0.2 mM sar1-AII. PD-123319 had no significant effect on basal promoter activity
in nonstimulated cells (Table 2).
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Lexington, KY) as described previously (Stachowiak et al., 1994).
The specificity of FGFR1 staining was demonstrated in Stachowiak
et al. (1996a,b, 1997a) and of FGF-2 staining in Stachowiak et al.
(1994) and Joy et al. (1997).

AII Receptor Binding
Binding of 125I-AII to cell membranes was measured by using 200–
300 mg of resuspended membrane protein and 2.4 nM 125I-AII (2200
Ci/mmol) in the presence or absence of unlabeled competing li-
gands (Reagan et al., 1990); losartan (specific for AT1) (Mizuno et al.,
1995; Huang et al.,1996; Laredo et al., 1997; Oauli et al., 1997) and
PD-123319 (specific for AT2) (Sasaki et al., 1991; Israel et al., 1995;
Jung et al., 1998; Tanabe et al., 1998). Nonspecific radioligand bind-
ing was determined in the presence of 1 mM [Sar1, Ile8]-AII.

Western Analyses
Nuclei and the extranuclear (cytoplasmic) fraction were isolated
and characterized as described in Stachowiak et al. (1996a,b, 1997a).
The nitrocellulose membranes were probed with anti-FGFR1
McAb6 (Hanneken et al., 1995), protein A-purified polyclonal anti-
FGF-2 (Gonzalez et al., 1990), FGF-2 monoclonal Ab, or anti-phos-
photyrosine PY-20 Ab (Transduction Laboratories) (Stachowiak et
al., 1994, 1996a,b). Immune complexes were visualized by using
chemiluminescence (Figures 3–5) or 125I-protein A and autoradiog-
raphy (Figure 1A).

Electrophoretic Mobility Shift Assay (EMSA),
DNase I Footprinting, and Southwestern Blotting of
FGF-2 Promoter Binding Proteins
Nuclear proteins were extracted with buffer D (50 mM HEPES pH
7.9, 3 mM MgCl2, 0.3 M KCl, 0.1 mM EDTA, 0.3 mM EGTA, 6%
sucrose, 13% glycerol, 0.25 mM spermidine, 0.05 mM spermine, 0.6
mM dithiothreitol, 0.06 mM phenylmethylsulfonyl fluoride, leupep-
tin, aprotinin, and pepstatin A) and EMSA was performed as in
Moffett et al. (1996, 1998). In some DNA–protein binding reactions,
double-stranded competitor oligonucleotides were included during
the entire incubation. Consensus oligonucleotides AP1, AP2, cAMP
responsive element, SP1, TFIID, and nuclear factor-kB (NF-kB) were
purchased from Promega (Madison, WI). STAT consensus sequenc-
es: 59-GATCCA TTT(CTGG)AAATG-39 (STAT1/2), and 59-GATC-
CATTT (CCCGT)AAATC-39 (STAT3/4), with different length spac-
ing sequence (N) and STAT-binding specificity, were taken from
Seidel et al. (1995). In other experiments, control antibodies or anti-
bodies against FGFR1 or STAT(1–5) were added and the incubation
continued for an additional 8 h at 4°C. Extended incubation with
control antibodies had no effect on the formation of protein–DNA
complexes. DNase I footprinting of the 2650- to 2453-bp fragment
of the FGF-2 promoter 32P-labeled on the coding strand was per-
formed as described in Kim et al. (1998) and Moffett et al. (1998).
Southwestern blotting was performed as described previously
(Moffett et al., 1998). In some experiments, 400 mg of nuclear proteins
was incubated with 5 mg of anti-phosphotyrosine PY-20, FGFR1
C-term Ab (Santa Cruz Biotechnology, Santa Cruz, CA), C-term
FGFR1 Ab (Hanneken et al., 1995), or control IgG overnight at 4°C
and then with Sepharose protein G for 1 h on ice. The immunopre-
cipitates were isolated and washed two times by centrifugation at
4000 3 g for 4 min and were electrophoresed along with 50 mg of
total nuclear extract, blotted onto nitrocellulose, and probed with
FGF-2 promoter DNA.

Scans and micrographs were processed by using Bio-Rad Molec-
ular Analyst and Adobe Photoshop. Confocal images were obtained
by using Confocal Assistant.

RESULTS

BAMCs were tested for AII receptor expression by using a
quantitative radioligand binding assay on prepared cell

membranes. In addition to determining the total level of AII
binding, subtype-selective ligands were used to measure the
contribution of the two known receptor subtypes, AT1 and
AT2, to the total amount of AII binding. The level of AT1
binding was determined by measuring 125I-AII binding in
the presence of 1 mM PD-123319, an AT2-selective antagonist
with no affinity for the bovine AT1 at that concentration
(Sasaki et al., 1991; Jung et al., 1998; Tanabe et al., 1998);
conversely, the level of AT2 binding was determined in the
presence of 10 mM losartan, an AT1-selective antagonist with
no demonstrable affinity for the bovine AT2 at that concen-
tration (Mizuno et al., 1995; Laredo et al., 1997; Oauli et al.,
1997). BAMC membrane preparations showed an average of
41.0 6 16.0 fmol/mg protein of AII binding activity (Table
1). The use of subtype-selective antagonists revealed that
AT1 makes the largest contribution (84.7 6 5.7%), whereas
AT2 makes a comparatively smaller contribution (17.9 6
3.8%) to the overall total amount of AII binding in the
BAMCs.

Incubation of BAMCs with the stable AII analog sar1-AII
induced the expression of high-molecular weight (HMW,
21/22 and 24 kDa) FGF-2 and a 1.5- to 3-fold increase in the
total cellular content of 18-kDa FGF-2 in a concentration-
dependent manner (Figure 1A). These effects were observed
with 1 nM sar1-AII, indicating that they were mediated by
high-affinity AII receptors. Consistent with the nuclear lo-
calization of high-molecular weight FGF-2 in BAMCs (Sta-
chowiak et al., 1994) and in other cells (Florkiewicz et al.,
1991), FGF-2 immunoreactivity accumulated predominantly
in the nuclei of all sar1-AII-treated BAMCs (Figure 1B).
Saralasin, an inactive AII analog and an AII receptor antag-
onist, had no effect on basal FGF-2 immunoreactivity but it
prevented the sar1-AII–induced increase in nuclear FGF-2
staining.

We used transfection of a (21800/1314 bp) FGF-2 pro-
moter-luciferase reporter construct to examine whether the
induction of FGF-2 by AII results from the transcriptional
activation of the FGF-2 gene and is mediated by regulatory
sequences upstream from the FGF-2 coding region. In tran-
siently transfected BAMCs, sar1-AII increased luciferase ac-

Table 1. Binding of 2.4 nM 125I-AII to BAMC membranes in the
presence or absence of antagonists

% of Total binding activitya

Total specific binding 100.0b

1 mM PD 123319 (AT1 binding) 84.7 6 4.9b

10 mM losartan (AT2 binding) 18.0 6 3.3b

PD-123319 1 losartan 4.6 6 2.0b

Binding was performed as described in MATERIALS AND METH-
ODS.
a The specific 125I-AII binding in the presence of competing ligands
in each experiment was expressed as a percentage of the total
specific binding measured (100%). The percentages of total specific
binding activity presented are the means 6 SEM from four inde-
pendent experiments (mean total specific binding of 125I-AII was
41.0 6 16.0 fmol/mg protein).
b Differences in 125I-AII binding between the four conditions were
determined to be statistically significant by using the Tukey com-
promise post hoc test (p , 0.05).
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tivity in a time-dependent manner (Figure 1C, inset). A
2-fold stimulation was observed by 0.5 h, was maximal (5- to
8-fold) after 6 h, and remained elevated for at least 30 h.

A (2650/1314)FGF-2Luc plasmid displayed a similar
level of sar1-AII stimulation as the (21800/1314)FGF-2
plasmid (Figure 1C). The (2650/1314)FGF-2Luc construct
lacks an AP-1–like sequence (TTACTCA, 2937/2944 bp;
Stachowiak et al., 1994), indicating that this sequence does
not participate in sar1-AII stimulation of the FGF-2 gene
promoter in transfected BAMCs. Earlier studies indicated
that the core FGF-2 promoter (220/150 bp) was sufficient to
support basal expression of the chloramphenicol acetyl-
transferase reporter gene and its regulation by p53 and Egr1
(Biesiada et al., 1996). In the present study, however, a short
FGF-2 promoter fragment (2103/1314 bp) did not respond
to sar1-AII stimulation (Figure 1C). In contrast, AII stimula-
tion was restored to levels similar to that seen with (2650/
1314)FGF-2Luc when an upstream promoter region (2650/
2453 bp or 555/2453 bp but not 2512/2453 bp) was
ligated directly to the inactive 2103/1314-bp minimal pro-
moter (Figure 1C). Further deletions of the 59 end of the
wild-type FGF-2 promoter revealed that sar1-AII stimulation
was abolished when the 2555/2513-bp sequence was de-
leted. The lack of stimulation of (2512/1314)FGF-2Luc and
shorter promoter constructs (Figure 1C) excluded posttran-
scriptional modification of the luciferase activity by sar1-AII
treatment. The 2555/2512-bp AII-responsive element also
confers a high level of basal activity on the downstream
FGF-2 promoter (Moffett et al., 1998).

To determine which AII receptor subtype mediates FGF-2
promoter activation, BAMCs transfected with the FGF-2-
luciferase reporter plasmid were incubated with 10 mM lo-
sartan or 1 mM PD-123319. Losartan or PD-123319 signifi-
cantly reduced (p , 0.0001) sar1-AII stimulation from 4.67-
fold to a statistically insignificant 1.3-fold (Table 2). Thus, the
concurrent stimulation of both the AT1 and AT2 receptors is
required for the activation of the FGF-2 promoter by sar1-
AII. Concentration-dependent inhibition of promoter activa-
tion by PD-123319 is illustrated in Figure 1D. Approximately
half-maximal inhibition was observed at a concentration of 1
nM and maximal inhibition was reached at 0.1 mM PD-
123319.

DNase I footprinting revealed a protein binding region
between 2555 and 2535 nucleotides (nt) and DNase I hy-
persensitivity downstream of the protected sequence at
2512 and 2500 nt (Figure 2A). Nuclear extracts from cells

incubated with sar1-AII showed increased protection of the
DNA. A BLAST-assisted search revealed no obvious homol-
ogy between the 2555/2512-bp promoter fragment and the
target sequences for known trans-acting factors, including
cAMP- and PKC-responsive elements (cAMP responsive el-
ement, AP-2, AP-1, NF-kB, SRE), STAT proteins (Seidel et al.,
1995) or Smads (Massague, 1998). Therefore, the proteins
that bind to the AII-responsive region were further investi-
gated by using EMSA (Figure 2B). A 2555/2500-bp frag-
ment of the FGF-2 promoter, which contains the protein-
binding and DNase I-hypersensitive sites, was used as a
probe. Extracts from unstimulated BAMCs showed little
DNA-binding activity. Treatment of BAMC with sar1-AII
markedly increased the DNA binding. Two major retarded
bands were detected (Figure 2B, top left). Their formation
was nearly completely inhibited by either losartan or PD-
123319 and completely abolished by combined treatment
with these two antagonists (Figure 2B, bottom). An excess of
unlabeled probe but not of unrelated binding sequences for
the common cAMP or PKC transactivators (CREB/ATF,
AP1, AP2, or NF-kB) prevented protein binding to the
2555/2500-bp fragment (Figure 2B, top right). Thus, these
common transactivators may not interact with the atypical
sequences in the FGF-2 promoter. Western analysis revealed
that nuclear extracts of BAMCs contain STAT1, STAT2,
STAT3, and STAT5 (our unpublished observations). How-
ever, consistent with the absence of a STAT-binding se-
quence in the AII-responsive element, preincubation of nu-
clear extracts with an excess of STAT consensus
oligonucleotides had no effect on protein binding to the
2555/2500-bp promoter probe (Figure 2B, top right). In the
c-fos gene promoter, the AII-induced STAT3-containing
SIFA complex is disrupted by incubation with STAT3 anti-
body (Bhat et al., 1994). In contrast, STAT1, STAT2, STAT3,
or STAT5 antibodies added to the binding reactions for up to
24 h did not affect BAMC nuclear protein binding to the
2555/2500-bp FGF-2 promoter region (our unpublished
observations).

To characterize the factors that interact with the AII-re-
sponsive element, nuclear proteins from control or sar1-AII-
treated BAMCs were subjected to Southwestern analysis by
using a 32P-labeled 2555/2500-bp fragment of the FGF-2
promoter as a probe. In control extracts, we detected a
protein band migrating between 100 and 110 kDa (Figure
2C). Treatment of cells with sar1-AII increased the amount of
DNA binding to this band and, in longer exposure, addi-

Table 2. Effects of AT1 and AT2 antagonists on activation of (2650/1314)FGF-2Luc by sar1-AII

Control sar1-AII Losartan
Losartan 1

sar1-AII PD-123319
PD-123319
1 sar1-AII

Losartan 1
PD-123319

Losartan 1
PD-123319 1

sar1-AII

(Fold FGF-2 promoter stimulation by sar1-AII)
1.00 6 0.09a (31) 4.67 6 0.54c (32) 1 6 0.17a (9) 1.33 6 0.16a (21) 1.00 6 0.16a (11) 1.27 6 0.12a (18) 1.00 6 0.25a (6) 0.92 6 0.24a (23)

BAMCs were incubated with 1 mM PD-123319, 10 mM losartan, or both, 30 min before and during a 6-h treatment with 0.2 mM sar1-AII. In
each group, luciferase activity is expressed relative to cells that were not treated with sar1-AII. Losartan and PD-123319 had no significant
effect on basal promoter activity in nonstimulated cells. Numbers show mean 6 SEM of (n) samples. Three-way ANOVA showed a significant
interaction between AII and PD-123319 as well as between AII and losartan (p , 0.007).
a Post hoc analysis: difference from sar1-AII (p , 0.05).
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tional bands of ;120 and 140 kDa and bands of 50/55 kDa
became visible. No binding was detected with the cytoplas-
mic extracts (our unpublished observations). Also, the bind-
ing of these nuclear proteins was not observed with other
regions of the FGF-2 promoter, indicating that the interac-
tion with the 2555/2500-bp region is sequence specific
(Figure 2C).

Stimulation of AII receptors increases tyrosine phosphor-
ylation in a variety of cells (Jagadesh, 1998). To determine
whether stimulation of the FGF-2 gene promoter by sar1-AII

requires tyrosine phosphorylation, we used the general ty-
rosine kinase inhibitor genistein. In the absence of genistein,
sar1-AII induced a 5.26 6 0.34-fold increase in the expression
of (2650/1314)FGF-2Luc (p , 0.0005). Genistein alone (20
mM) had no statistically significant effect on promoter activ-
ity. However, when genistein was added 30 min before
sar1-AII, promoter stimulation was reduced to an insignifi-
cant level (1.15 6 0.14; n 5 20). In BAMCs treated with
sar1-AII for 60 min, Western blot analysis by using an anti-
phosphotyrosine antibody (PY-20) revealed increases in the

Figure 2. Protein binding to the AII-responsive
element. (A) DNase I footprinting of FGF-2 pro-
moter region (coding strand) involved in AII stim-
ulation. Nuclear extracts obtained from control or
0.2 mM sar1-AII–treated BAMCs were incubated
with 32P-labeled FGF-2 promoter DNA followed
by limited digestion with DNase I (“ 2” no pro-
tein). The products were electrophoresed on 7%
sequencing gels. The numbers represent location
of bases within the FGF-2 gene promoter deter-
mined by using sequencing ladder (not shown).
(B) EMSA with [32P]ATP and T4 kinase labeled
2555/2500-bp FGF-2 promoter fragment (1–5 mg
protein/lane). Arrows indicate two major DNA-
protein complexes and “fp” free probe. (Top left)
Nuclear extracts from control or 0.2 mM sar1-AII
(AII)-treated BAMCs (4 h). (Top right) DNA–pro-
tein binding reactions were performed in the ab-
sence (2) or presence of DNA competitors (25, 50,
or 1253 molar excess of unlabeled 2555/2500-bp
target DNA or 125-fold excess of double-stranded
target oligonucleotides for STAT1/2, STAT3/4,
AP-1, AP-2, or NF-kB). A 25-fold molar excess of
unlabeled promoter fragment completely abol-
ished binding). (Bottom) BAMCs were treated
with 0.2 mM sar1-AII in the presence or absence of
10 mM losartan, 1 mM PD-123319, or both. Treat-
ment of control cells with losartan and PD-123319
had no effect on protein binding (not shown). (C)
Southwestern analysis, nuclear proteins from con-
trol or 0.2 mM sar1-AII–treated BAMCs were re-
solved by SDS-PAGE, transferred to nitrocellulose
membranes, and probed with a 32P-labeled (1 3
106 cpm/ml) FGF-2 promoter fragments. The mi-
gration of prelabeled molecular weight standards
(not shown) is indicated. (D) Binding of tyrosine-
phosphorylated proteins to the FGF-2 promoter
DNA. (Left) Western analysis with PY-20 anti-
phosphotyrosine antibody. Nuclear extracts were
prepared from BAMCs treated as indicated (1)
with 0.2 mM sar1-AII, 20 mM genistein, 1 mM PD-
123319, or 1 mM losartan for 60 min. Twenty-five
micrograms of nuclear proteins was used in all
lanes except lanes 2 and 4 (50 mg). (Right) Four
hundred micrograms of nuclear proteins from
sar1-AII–treated or control untreated BAMCs was
immunoprecipitated (P) with PY-20 antibody and
subjected to Southwestern analysis with 2555/
2500-bp FGF-2 promoter probe along with total
nuclear extracts (T, 50 mg of protein). When PY-20
was replaced with control IgG, no binding of pre-
cipitated proteins to FGF-2 promoter DNA was
detected (Figure 5).
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phosphotyrosine content of several nuclear proteins (Figure
2D, left). These increases were detected within 15 min and
were not associated with increases in the abundance of the
proteins as determined by staining with Coomassie blue
(our unpublished observations). Thus, the increase in the
binding of PY-20 reflects the increased phosphorylation of
existing proteins. Similar to the activation of the FGF-2 gene
promoter, the sar1-AII–induced tyrosine phosphorylation of
nuclear proteins was prevented by treatment of BAMCs
with genistein, PD-123319, or losartan (Figure 2D, left). To
determine whether the activation of AII receptors induces
the tyrosine phosphorylation of nuclear proteins that inter-
act with the AII-responsive region, nuclear extracts were
immunoprecipitated with PY-20 and subjected to South-
western analysis with the 2555/2500-kb promoter frag-
ment in parallel with total nuclear extracts (Figure 2D, right).
The FGF-2 promoter DNA bound to proteins of ;100 and 55
kDa that were immunoprecipitated with PY-20 Ab from the
nuclear extracts of sar1-AII–stimulated BAMCs. In contrast,
little or no FGF-2 promoter binding activity was immuno-
precipitated from the nuclear extracts prepared from control
unstimulated cells (Figure 2D, right).

One candidate tyrosine kinase for the activation of the
FGF-2 promoter and the phosphorylation of proteins that
interact with the AII-responsive element is FGF receptor-1
(FGFR1). In BAMCs, both the cell surface and the nucleus
contain high-affinity binding sites for FGF-2 (Stachowiak et
al., 1996a). The number of sites in the nucleus is .10-fold
greater than on the cell surface or in the cytoplasm. FGFR1
is the only high-affinity FGF receptor type expressed by
BAMCs and it accounts for the high-affinity FGF-2 binding
sites in both locations (Stachowiak et al., 1996a). Stimulation
of BAMCs results in the rapid nuclear accumulation of
FGF-2 and FGFR1 (shown both by Western analysis of sub-
cellular fractions and immunocytochemistry), and the acti-
vation of FGFR1 tyrosine kinase activity and FGFR1 phos-
phorylation (Stachowiak et al., 1994, 1996a, 1997b). In the
present report, the subcellular localization of FGFR1 as a
function of AII stimulation was examined by immunocyto-
chemistry and confocal microscopy (Figure 3A). We used a
polyclonal C-term FGFR1 Ab (Hanneken et al., 1995) that
recognizes predominantly a hypoglycosylated form of
FGFR1 migrating as a single, ;100-kDa band (Stachowiak et
al., 1996a,b, 1997a). In control cells, FGFR1 immunoreactivity
was predominantly cytoplasmic with a perinuclear localiza-
tion. Sar1-AII induced the nuclear accumulation of FGFR1
within 30 min of treatment. In the subsequent hours, FGFR1
continued to accumulate around the nuclear membrane and
remained within the nucleus (Figure 3A), as confirmed by
viewing of individual confocal sections (our unpublished
observations). BAMCs treated with phorbol 12-myristate
13-acetate (PMA) and forskolin also showed a nuclear accu-
mulation of FGFR1 (Figure 3A). Staining with the C-term
FGFR1 Ab was abolished by preincubating the antibody
with an excess of its cognate peptide (Stachowiak et al.,
1996a,b).

Nuclear accumulation of FGFR1 in stimulated BAMCs
was confirmed by Western blot analysis of nuclear lysates
with FGFR1 McAb6. McAb6 (Hanneken et al., 1995) recog-
nizes the N-terminal portion of FGFR1 and detects bands at
;130, 110, and 100 kDa (Figure 3A) that represent different
degrees of FGFR1 glycosylation (Stachowiak et al., 1997b). In

different BAMC preparations, the level of nuclear FGFR1 in
control cells was either below (Figure 3A) or slightly above
(our unpublished observations) the detection limit of our
assay. Forskolin and PMA reproducibly increased the levels
of all nuclear FGFR1 isoforms with maximal increases ob-
served in 110-kDa FGFR1. Similar increases were observed
in BAMCs treated with sar1-AII (our unpublished observa-
tions). Consistent with the earlier FGF-2 binding experi-
ments (Stachowiak et al., 1996) and the immunocytochemis-
try (Figure 3A), extranuclear material contained only traces
of FGFR1 protein (Figure 3A). Analysis of the isolated nuclei
by phase-contrast microscopy showed no contamination
with cytoplasmic membranes and organelle. The nuclei con-
tained ,5% of the total cellular activity of 59nucleotidase
(plasma membrane marker), ,2% of total activity of acid
phosphatase (lysosomal marker), and nearly 90% of the total
trichloroacetic acid-precipitable DNA (Stachowiak et al.
1996a). Also, the absence of surface receptor
in the nuclear fraction was demonstrated by treating cells
with N-hydroxysuccinimide (NHS)-sulfobiotin. Biotinylated
FGFR1 was detected in the extranuclear fraction but was
absent from the nuclear fraction (Stachowiak et al., 1998).
These observations and the relative absence of FGFR1 in the
extranuclear material of BAMCs demonstrate that the pres-
ence of FGFR1 in the isolated nuclei was not artifactual.

Signaling by high-affinity FGF receptors can be specifi-
cally blocked by expression of a dominant negative FGFR1
mutant with a deleted tyrosine kinase domain
[FGFR1(TK2)] (Ueno et al., 1992; Li et al., 1994; Peters et al.,
1994; Campochiaro et al., 1996; Saffell et al., 1997; Stolen and
Griep, 2000). To test whether FGFR1 could be involved in
the stimulation of the FGF-2 gene by AII receptors, BAMCs
were cotransfected with (2650/1314)FGF-2Luc and a plas-
mid expressing FGFR1(TK2). Both the early (6-h) and the
long-lasting (18-h) elevation of luciferase expression in-
duced by continuous treatment with sar1-AII were com-
pletely prevented by FGFR1(TK2) (Figure 3B). This inhibi-
tion was not overcome by cotreatment of BAMCs with sar1-
AII and the depolarizing agent veratridine (Figure 3B), a
potent gene coactivator in BAMCs (Stachowiak et al., 1990).
In BAMCs, AII stimulates both PKC- and cAMP signaling
pathways (Boarder et al., 1988; Stachowiak et al., 1990), an
effect that can be mimicked by direct stimulation of PKC
with phorbol ester (0.1 mM PMA) and adenylate cyclase with
10 mM forskolin (Stachowiak et al., 1990). To determine
whether FGFR1(TK2) blocked FGF-2 gene stimulation up-
or downstream from PKC and adenylate cyclase, cells
were cotransfected with (2650/1314)FGF-2-Luc and
pcDNAFGFR1(TK2) and treated with forskolin and PMA.
The 7-fold increase in promoter activity induced by PMA
and forskolin was completely prevented by FGFR1(TK2)
(Figure 3B), indicating that this stimulation was mediated by
FGFR1. FGFR1(TK2) also caused a reproducible reduction
in basal FGF-2 promoter activity compared with empty vec-
tor. However, FGFR1(TK2) did not cause a generalized
inhibition of transcriptional activation because stimulation
of a tyrosine hydroxylase (TH) promoter–luciferase con-
struct by forskolin was not significantly affected by
FGFR1(TK2) (Figure 3B).

To determine whether signaling through cell surface or
intracellular FGFR1 may be involved in the transactivation
of FGF-2 gene we used an FGFR1 mutant with deleted
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transmembrane domain [FGFR1(TM2)]. FGFR1 lacking its
transmembrane domain can be released and competes with
membrane FGFR for the extracellular ligand (Guillonneau et
al., 1998, 2000; Wang et al., 2000). In BAMCs maintained in
control serum-free medium transfected FGFR1(TM2) had
only a minimal effect (one-third of the wild-type FGFR1
effect) on FGF-2 promoter activity (Figure 3C). However,
FGFR1(TM2) did not inhibit promoter stimulation by fors-
kolin and PMA. In fact, this stimulation was enhanced com-
pared with BAMCs transfected with control pcDNA3.1 plas-
mid.

The increase in FGF-2Luc expression in BAMCs caused by
PMA and forskolin or sar1-AII (Figure 3, D and E) was not
prevented by inositol hexakis phosphate (IP6), an extracel-
lularly acting FGFR antagonist (Sherman et al., 1993; Morri-
son et al., 1994). Similarly, suramin, an agent that blocks cell
surface receptors for FGFs and other peptide growth factors
and hormones (Dai and Peng, 1995), had no effect on the
stimulation of FGF-2-Luc by PMA and forskolin (Figure 3D).
Furthermore, addition of exogenous 18-kDa FGF-2 to BAMC
cultures (Figure 3F) transfected with (2650/1314)FGF-2Luc
induced only a slight (20%) elevation in luciferase activity.
This stimulation was not observed when suramin or IP6 was
included in the culture medium. Because AII up-regulated
both nuclear and cytoplasmic FGFR1, we examined whether
the response of the FGF-2 promoter to extracellular FGF-2
may be affected sar1-AII. As in our other experiments, Sar1-
AII increased luciferase expression, but exogenous FGF-2
had no significant additional effect on promoter activity
(Figure 3F). Thus, activation of the FGF-2 gene by AII or
downstream PKC- and cAMP signaling pathways is un-

likely to be mediated by extracellular FGFs interacting with
surface FGFR1.

Next, we examined whether induction of FGFR1 is suffi-
cient to activate the FGF-2 gene promoter and whether
normal membrane insertion or association is necessary for
the nuclear accumulation and promoter transactivation by
FGFR1. For these studies we used TE671 medulloblastoma
cells that express low levels of endogenous FGFR1 (Sta-
chowiak et al., 1997a) and can be efficiently transfected (30 to
50% cells) in vitro. In control, vector-transfected TE671 cells
we observed only trace amounts of the cytoplasmic or nu-
clear FGFR1. In cells transfected with FGFR1, the different
FGFR1 glycosylation isoforms (Stachowiak et al., 1997b)
were detected in both the nuclear (;105- and 120-kDa
FGFR1) and cytoplasmic fractions (90-, 110-, and 130-kDa
FGFR1). Transfected FGFR1(TK2) was also detected in both
the cytoplasmic and nuclear fractions. Transfected
FGFR1(TM2) was detected as a single, ;100-kDa band in
the cytoplasmic fraction and in the nucleus (Figure 4A). To
prevent the insertion of FGFR1 into the cellular membranes
(endoplasmic reticulum and plasma membranes), we de-
leted the sequence encoding its 16 amino acid signal peptide
(SP). FGFR1(SP2) was expressed both in the cytoplasmic
and nuclear fractions (Figure 4A). The 90-kDa molecular
mass of FGFR1(SP2) is consistent with the size of nongly-
cosylated receptor (Stachowiak et al., 1997). The levels of
FGFR1(SP2) in the nucleus were 2- to 4-fold lower than in
the extranuclear fraction. Nevertheless, nuclear accumula-
tion of FGFR1(SP2) was consistently detected in several
independent experiments. Thus, the deletion of the receptor
transmembrane domain or its leader sequence did not pre-
vent the nuclear accumulation of FGFR1. Unlike endoge-
nous or transfected wild-type FGFR1, FGFR1(SP2) was not
biotinylated in cells labeled with membrane insoluble NHS-
sulfobiotin, thus confirming that FGFR1(SP2) does not
reach the cell surface (not shown). FGFR1(TM2), unlike
FGFR1(SP2), was detected outside the cell (our unpublished
observations).

The effects of transfected FGFR1 on the expression of
endogenous FGF-2 by TE671 cells are shown in Figure 4B. In
general, little or no FGF-2 can be detected in TE671 main-
tained in serum-free medium (our unpublished observa-
tions). In the present study, all experiments were performed
with serum containing TE671 cultures. Control, vector-trans-
fected cells showed the presence of 18-kDa FGF-2 in the
cytoplasm and nucleus. In the nucleus, 22-kDa FGF-2 iso-
form was also detected. In cells transfected with FGFR1, we
observed a marked induction of the nuclear 24-kDa FGF-2
and increases in the levels of 22- and 18-kDa FGF-2. The
levels of cytoplasmic FGF-2 were unchanged. In contrast,
transfection with FGFR1(TK2) reduced both cytoplasmic
and nuclear 18-kDa FGF-2 as well as the level of the 22-kDa
isoform in the nucleus (Figure 4B).

The effects of FGFR1 and FGFR1(TK2) on the cotrans-
fected FGF-2 promoter–luciferase construct were essentially
the same as the effects on the endogenous FGF-2 gene.
Transfected FGFR1 increased (2650/1314)FGF-2Luc activ-
ity 3- to 4-fold relative to pcDNA3.1 transfected controls
(Figure 4C). In contrast, FGFR1(TK2) reduced basal pro-
moter activity and completely blocked transactivation by
cotransfected FGFR1, thus confirming that FGFR1(TK2) acts
as a dominant negative inhibitor of gene transactivation by

Figure 3 (facing page). AII or cAMP and PKC activation of the
FGF-2 gene promoter is mediated by intracellular FGFR1. (A) In-
duction of nuclear FGFR1 in BAMC. (Top) Immunofluorescent con-
focal analysis of endogenous FGFR1 with affinity purified, poly-
clonal C-term FGFR1 Ab (Hanneken et al., 1995). BAMCs were
incubated with sar1-AII or PMA and forskolin or in control serum-
free medium: I, control; II, 0.5 h sar1-AII; III, 2 h sar1-AII; IV, 4 h
sar1-AII; V, 4 h forskolin 1 PMA (all treatments were terminated at
the same time). Single optical sections approximately through the
middle of the BAMC nuclei are shown. (Bottom) Western blot
analysis of FGFR1 with McAb6 in the extranuclear (cytoplasmic, C)
fraction an in the total nuclear lysate (N) (30 mg of total nuclear or
cytoplasmic proteins per lane). Cells were incubated with forskolin
and PMA or in control serum-free medium. (B) BAMCs (4 3 105

cells) were cotransfected with (2650/1314)FGF-2Luc or TH pro-
moter-Luc (Kim et al., 1998) and either pcDNA3.1FGFR1(TK2) or
control pcDNA3.1 (1 mg each). Two days later BAMCs transfected
with (2650/1314)FGF-2Luc were incubated with 1 mM sar1AII, or
with 5 mM forskolin 1 0.1 mM PMA, and cells transfected with
TH-Luc were incubated with 5 mM forskolin. No drugs were added
to control cultures. Results are combined from two representative
experiments, each with triplicate or quadruplicate cultures. (Inset)
Dose-dependent inhibition by FGFR1(TK2) of PMA 1 forskolin
stimulation of (2650/1314)FGF-2Luc. (C) BAMCs were cotrans-
fected with 1 mg (2650/1314)FGF-2Luc and with 1 mg of FGFR1,
FGFR1(TM2), FGFR1(TK2), or pcDNA3.1, and were treated with
forskolin 1 PMA or control medium for 12 h. (D-F) BAMCs were
transfected with (2650/2314)FGF-2Luc. IP6 (400 mM) or suramin
(250 mM) was added 1 h before 18-kDa FGF-2 peptide, forskolin and
PMA (Fsk 1 PMA). IP6 was added 1 h before sar1-AII (AII). Control
cultures (Ctr) were not treated with PMA and forskolin or sar1-AII.
Bars represent mean 6 SEM of four cultures.
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wild-type FGFR1 (our unpublished observations). IP6 had
no effect on promoter transactivation by FGFR1 (not shown).
Similar to the BAMC (Figure 3F), addition of exogenous
18-kDa FGF-2 to the TE671 cells increased FGF-2Luc expres-
sion by only 20% and this increase was not observed in cells
treated with IP6 or suramin (our unpublished observations).
Also, in cells transfected with FGFR1, exogenous FGF-2 had
no additional effect on the 4-fold increase in luciferase ex-
pression induced by FGFR1 (our unpublished observations).
Receptor mutants, FGFR1(TM2) and FGFR1(SP2), in-
creased basal promoter activity 3.4- and 4.6-fold, respec-
tively, in TE671 cells. Transfected FGFR1(SP2) accumulated
both in the nucleus and in the cytoplasm (Figure 4A). There-
fore, to ascertain whether nuclear FGFR1 alone can transac-
tivate the FGF-2 gene promoter, we made the construct
FGFR1(SP2/NLS) in which the signal peptide was replaced
with the NLS of the simian virus 40 large T antigen.
FGFR1(SP2/NLS) or wild-type FGFR1 were transfected
into TE671 cells (Figure 4D). Wild-type FGFR1 accumulated
in the cytoplasmic fraction predominantly as 110- and 130-
kDa bands and in the nucleus as 100- and 120-kDa bands. In
contrast, FGFR1(SP2/NLS) migrated as a single 100-kDa
band detected almost exclusively in the nucleus. Nonethe-
less, FGFR1(SP2/NLS) activated the FGF-2 gene promoter
at least as effectively as wild-type FGFR1. Thus, the specific
accumulation of FGFR1 in the cell nucleus is sufficient to
activate transcription from the FGF-2 gene promoter.

We next examined whether nuclear FGFR1 participates
directly in the activation of the FGF-2 gene. The intermediate
glycosylated FGFR1 (105–110-kDa) isoform was the most
abundant (Figure 3A) and the most heavily phosphorylated
(Stachowiak et al., 1996a) FGFR1 isoform found in nuclear
lysates of stimulated BAMCs. This intermediate FGFR1 iso-
form was also detected by Western analysis of the 0.3 M KCl
nuclear extracts prepared for DNA–protein binding reac-
tions (see MATERIALS AND METHODS). The fact that
other isoforms were usually not detected in this extract
could reflect their lower levels in the nucleus. Also, they
could be less effectively extracted by this method. The 105–
110-kDa FGFR1 band comigrated with the band recognized

Figure 4. Induction of intracellular FGFR1 is sufficient to transactivate
the FGF-2 gene promoter. (A) TE671 cells were transfected with
pcDNA3.1FGFR1, pcDNA3.1FGFR1(TK2), pcDNA3.1FGFR1(TM2),
pcDNAFGFR1(SP2), or with control pcDNA3.1. Nuclear (N) and cy-
toplasmic (C) fractions (30 mg of protein per lane) were purified 48 h
later and were analyzed with FGFR1 McAb6. (B) TE671 cells were
transfected with pcDNA3.1FGFR1, pcDNA3.1FGFR1(TK2), or control
pcDNA3.1 (1 mg each). Nuclear (N) and cytoplasmic (C) extracts were
prepared 48 h later and analyzed by Western blot with polyclonal
FGF-2 Ab. (C) (2650/1314)FGF-2Luc (1 mg) was cotransfected into the
TE671 cells with one of the following effector plasmids (1 mg): FGFR1,
FGFR1(TM2), FGFR1(SP2), or control pcDNA3.1. The luciferase ac-
tivity was measured 48 h later. The experiments were repeated two to
four times. (D) Expression and transactivation of FGF-2 promoter by
FGFR1(SP2/NLS). (Inset) TE671 cells were transfected with
pcDNA3.1FGFR1, pcDNA3.1FGFR1(SP2/NLS), or with control
pcDNA3.1. Nuclear (N) and cytoplasmic (C) fractions (Western blot
with FGFR1 McAb6, 60 mg of protein per lane). Bar graph (2650/
1314)FGF-2Luc (1 mg) was cotransfected with (1 mg) pcDNAFGFR1,
pcDNAFGFR1(SP2/NLS), or control pcDNA3.1. The luciferase activ-
ity was measured 48 h later.
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by the 32P (2555/2500 bp) FGF-2 promoter probe on 10%
SDS polyacrylamide gels (Figure 5).

To determine whether this promoter binding protein is
FGFR1, nuclear extracts from control, forskolin 1 PMA, or
sar1-AII–treated BAMCs were incubated with a C-term
polyclonal FGFR1Ab (Santa Cruz Biotechnology) and the
immune complexes were precipitated with protein G Sepha-
rose beads. Figure 5 shows a Southwestern blot of the input
material and the immunoprecipitated proteins. The DNA
binding protein (;110 kDa) detected in the input extracts of
forskolin and PMA- or sar1-AII–treated cells was also found
in the corresponding FGFR1 Ab immunoprecipitates. This
band was not detected in immunoprecipitates with control
rabbit serum.

DISCUSSION

We show here that the induction of FGF-2 by AII reflects, at
least in part, the increased transcription of the FGF-2 gene
and is mediated through a unique 2555/2512 regulatory
sequence, ;500 bp upstream from the earlier identified
FGF-2 core promoter. This regulation is not mediated by
common transacting factors. Instead the candidate trans-
activator is an ;105–110-kDa nuclear protein that binds to
the AII responsive element in a manner dependent upon AII
receptors or cAMP/PKC signaling. Our experiments indi-
cate that this protein is phosphorylated, partially glycosy-
lated FGFR1.

We show that tyrosine kinase activity is essential for AII
signaling and that the FGF-2 promoter binding factors are
among the proteins that are phosphorylated on tyrosine
following AII receptor activation. Protein phosphorylation
similar to promoter activation requires the synergistic action
of both AT1 and AT2 receptor and is prevented by genistein.
Our experiments with FGFR1(TK2) strongly implicate the
tyrosine kinase activity of FGFR1 in the activation of the
FGF-2 gene by AII receptors, cAMP, and PKC. FGFR1(TK2)
is a dominant negative receptor that specifically forms non-

phosphorylated, inactive dimers with FGFR and, in the case
of BAMCs, with FGFR1, the only type of FGFR expressed by
these cells. The inhibition of FGF-2 promoter activation by
FGFR1(TK2) demonstrates that FGFR1 signaling is essential
for the activation of the FGF-2 gene by AII receptors and by
common intracellular regulators such as cAMP and PKC.
Unlike FGFR1(TK2), wild-type full-length receptor or mu-
tants that retain the TK domain act as FGF-2 promoter
transactivators (acting through AII-responsive element).
Thus, the induction of FGFR1 constitutes the stimulus that
transmits signals generated by AII, cAMP, and PKC to the
FGF-2 gene, and the tyrosine kinase portion of FGFR1 is
essential for its transactivating function.

In BAMCs, the nuclear accumulation of FGFR1 and the
activation of the FGF-2 gene can be induced by heterologous
stimuli such as activated AII or acetylcholine receptors, ad-
enylate cyclase, and PKC (Stachowiak et al., 1994, 1996a;
present study), but not by incubation with 18-kDa FGF-2
(Stachowiak et al., 1996a). Also, FGFR1-mediated activation
of the FGF-2 gene by heterologous stimuli is not prevented
by secreted FGFR1(TM2) or extracellular-acting FGFR an-
tagonists (IP6 or suramin). Thus, the activation the FGF-2
gene is not mediated by stimulation of surface FGFR1.

Studies in our laboratory have provided good evidence
for the localization of full-length, functional FGFR1 in the
nuclei of BAMCs, astrocytes, and glioma cells, and in sym-
pathetic neurons. The nuclear accumulation of endogenous
or transfected FGFR1 was shown by using Western and far
Western assays with several antibodies that recognize dis-
tinct FGFR1 epitopes (Stachowiak et al., 1996a,b, 1997a,b;
present study). The nuclear localization of transfected,
epitope-tagged FGFR1 was also detected with epitope
tagged-specific antibodies (our unpublished observations).
Whether FGFR1 can accumulate in the nuclear interior has
been a matter of some controversy (Prudovsky et al., 1994;
Maher, 1996, Stachowiak et al., 1996a,b, 1997), perhaps due
to its brief occurrence during cell stimulation or just before
entry into the S phase of the cell cycle (Stachowiak et al.,
1997a). We have shown the localization of FGFR1 within the
nuclear interior by using immunocytochemistry with confo-
cal or electron microscopy and antibodies that recognize the
C- or N-terminal portions of FGFR1 (Stachowiak et al.,
1996a,b, 1997a; Figure 3A) and in living cells transfected
with FGFR1 fused to green fluorescent protein (our unpub-
lished observations). The presence of FGFR1 in the cell nu-
cleus has also been reported in substantia nigra neurons, in
Swiss 3T3 cells, and NIH 3T3 fibroblasts (reviewed in Sta-
chowiak et al., 1997b). In a separate study, we found that
after a 30-min labeling of surface proteins with NHS-sulfo-
biotin in cells transfected with FGFR1, the surface FGFR1
becomes biotinylated, whereas the nuclear receptor remains
unlabeled for at least 4 h (our unpublished observations).
Thus, the FGFR1 that enters the nucleus (and activates the
FGF-2 gene, see discussion below) may not represent inter-
nalized cell surface FGFR1. Still unlike FGFR1(SP2), wild-
type, nuclear FGFR1 is glycosylated, suggesting that it is
initially processed through the endoplasmic reticulum/
Golgi before it enters the nucleus. FGFR1 lacks a typical NLS
so its nuclear uptake may require an interaction with NLS-
containing proteins. Candidate chaperones are the 21–24-
kDa FGF-2 isoforms that contain a functional NLS (Courdec
et al., 1991), even though its small size allows FGF-2 to

Figure 5. Interaction of FGFR1 with the AII-responsive region of
the FGF-2 gene promoter. Nuclei of control or stimulated (2 h)
BAMCs were extracted with 0.3 M KCl containing buffer as de-
scribed for DNA–protein binding reactions (see MATERIALS AND
METHODS). Nuclear proteins were subjected to Western analysis
(100 mg/lane) with FGFR1 McAb6 or Southwestern analysis (50
mg/lane) with 32P (2555/2500 bp) FGF-2 promoter probe. In ad-
dition, 400 mg of extracted nuclear proteins from control, forskolin
1 PMA, or sar1-AII–treated BAMCs was immunoprecipitated (P)
with polyclonal anti-FGFR1 Ab (Santa Cruz Biotechnology) or con-
trol polyclonal antibody and was subjected to Southwestern analy-
sis along with the input proteins.
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diffuse freely into the nucleus [i.e., NLS-lacking 18-kDa
FGF-2 is also found in the nucleus of BAMCs (Stachowiak et
al., 1994) and other cells (Florkiewicz et al., 1991)]. Indeed, in
stimulated BAMCs, astrocytes (Stachowiak et al., 1996a,b),
and in TE671 transfected with pcDNA3.1FGFR (our unpub-
lished observations), FGFR1 translocates into the nucleus in
parallel with cytosolic FGF-2.

Experiments using FGFR1(SP2) demonstrate that inser-
tion of the receptor into the plasma membrane and glyco-
sylation are not essential for either nuclear entry or the
transactivating function of FGFR1. The addition of an NLS
to FGFR1, which drives a signal peptide-deficient form of
FGFR1 into the nucleus, generated fully active, transactivat-
ing receptor despite its absence from the cytoplasm. These
findings allow us to dissociate two functions of FGFR1: 1)
paracrine or autocrine signaling by the plasma membrane
receptor, which might be continued following receptor in-
ternalization into the cytoplasm; and 2) intracrine signaling
by nuclear FGFR1 and demonstrate for the first time the
regulation of gene transcription by nuclear FGFR1.

By associating with the nuclear matrix, FGFR1 (Stachow-
iak et al., 1996a,b) is strategically positioned to be directly
involved in the regulation of gene expression. In nuclear
extracts of stimulated BAMCs, Western blotting with
McAb6 detected three major FGFR1 bands with apparent
molecular masses between 95 and 130 kDa (Figure 3A).
These glycosylation isoforms are immunoprecipitated with
a C-term FGFR1 Ab and can be detected with FGFR1 McAb6
in a far Western assay and by autophosphorylation with
[32P]ATP (Stachowiak et al., 1996a). In the present study, we
show that one of these C-term FGFR1Ab-immunoprecipi-
tated FGFR1 isoforms (the most abundant, intermediate
FGFR1) can bind to the AII-responsive promoter element in
a sequence-specific manner and that this binding correlates
with promoter activity. We also show that this promoter
binding protein is recognized by the anti-phosphotyrosine
antibody PY-20. This is consistent with the observation that
this FGFR1 isoform incorporates the largest amount of 32P
(Stachowiak et al., 1996a). Binding of the less abundant
FGFR1 isoforms to the promoter may be below the detection
limit of our assay.

At present, the specific molecular mechanisms through
which nuclear FGFR1 increases the transcription of the
FGF-2 gene are unknown. Such mechanisms could involve
the tyrosine phosphorylation of transcriptional factors, or
histones and/or their interaction with phosphorylated re-
ceptor. As shown in this study, AII stimulated the tyrosine
phosphorylation of several nuclear proteins in addition to
FGFR-1. Their nature, and whether they are phosphorylated
by FGFR1 remains to be elucidated.

Although the majority of AII binding in BAMCs is due to
the AT1 receptor subtype, we show that a small but detect-
able level of AT2 is present as well. AT1 and AT2 activate the
FGF-2 promoter in a synergistic manner, suggesting their
localization on the same cells. AT2 and AT1 also coexist in
several regions of the nervous system (Höhle et al., 1995). By
regulating FGF-2 gene expression together with AT1, AT2
could have an important function in the trophic effects of AII
in neuroendocrine cells. The nuclear accumulation of FGFR1
and the activity of the FGF-2 gene can be stimulated also by
acetylcholine in BAMCs (Stachowiak et al., 1994, 1996a), by
epidermal growth factor (EGF) and FGF-2 in astrocytes (Sta-

chowiak et al., 1997b; Moffett et al., 1998), by Bone Morpho-
genetic Protein-7 in human mesencephalic neurons (our un-
published observations), and by serum, cAMP, and PKC in
all of these cells. Also, other genes in addition to FGF-2 may
be regulated by nuclear FGFR1 (our unpublished observa-
tions). Thus, by being induced by a variety of heterologous
signals, the integrative nuclear FGFR1 signaling described
here may constitute a novel common pathway through
which growth factors, hormones, neurotransmitters, cell–
cell interactions, and second messengers execute control
over genetic programs for cellular growth, differentiation,
and survival.
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