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Abstract 

This article discusses a novel intracrine mechanism of growth-factor action in the nervous sys- 
tem whereby fibroblast growth factor-2 (FGF~2) and its receptor accumulate in the cell nucleus 
and act as mediators in the control of cell growth and proliferation. In human and rat brain the 
levels and subcellular localization of FGF-2 differ between quiescent and reactive astrocytes. 
Quiescent cells express a low level of FGF-2, which is located predominantly within the cyto- 
plasm. In reactive astrocytes, the expression of FGF-2 increases and the proteins are found in both 
the cytoplasm and nucleus. In glioma tumors, FGF-2 is overexpressed in the nuclei of neoplastic 
cells. Similar changes in FGF-2 expression and localization are found in vitro. The nuclear accu- 
mulation of FGF-2 reflects a transient activation of the FGF-2 gene by potentially novel trans- 
activating factors interacting with an upstream regulatory promoter region. In parallel with 
FGF-2, the nuclei of astrocytes contain the high-affinity FGF-2 receptor, FGFR1. Nuclear FGFR1 
is full length, retains kinase activity, and is localized within the nuclear interior in association 
with the nuclear matrix. Transfection of either FGF-2 or FGFR1 into cells that do not normally ex- 
press these proteins results in their nuclear accumulation and concomitant increases in cell 
proliferation. A similar regulation of nuclear FGF-2 and FGFR1 is observed in neural crest- 
derived adrenal medullary cells and of FGF-2 in the nuclei of cerebellar neurons. Thus, the regu- 
lation of the nuclear content of FGF-2 and FGFR1 could serve as a novel mechanism controlling 
growth and proliferation of glial and neuronal cells. 
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Introduction 

Cellular growth, proliferation, and differen- 
tiation are fundamental processes underlying 
both development and the regeneration or re- 
modeling of tissues in the mature organism. 
When perturbed, these processes may lead 
to the uncontrolled growth that underlies 
the neoplastic state. The execution of genetic 
programs for cell growth, proliferation and 
differentiation is controlled by cell-surface 
molecules that signal direct contact with other 
cells and with extracellular matrix. Receptors 
that interact with soluble growth factors and 
cytokines are also involved (for reviews, see 
Pardee, 1989; Bishop, 1991; Yamamori, 1992; 
Hartwell and Kastan, 1994). Expression of 
these signaling molecules at specific windows 
of time is thought to control cellular develop- 
ment during ontogeny and reactivation of cel- 
lular growth or proliferation in the adult 
organism (Bogler et al., 1990; Vescovi et al., 
1993; Ross 1996). Their expression and func- 
tions must be precisely controlled to allow the 
required degree of plasticity and yet to pre- 
vent the uncontrolled proliferation observed 
in transformed cells. Neoplastic cells prolifer- 
ate continuously; their response to external 
cues such as cell-contact inhibition is dimin- 
ished and their requirement for exogenous 
growth factors is reduced (Rosenblum et al., 
1978). The abnormal expression and/or  func- 
tion of cell-surface signaling molecules could 
mediate this neoplastic phenotype. 

Fibroblast growth factor-2 (FGF-2, bFGF), 
a member of the family of heparin-binding 
growth/neurotrophic factors, is one such key 
signaling protein (Walicke, 1988; Wagner, 1991). 
FGF-2 is expressed in developing nervous tissue 
(Ernfors et al., 1990; Grothe and Unsicker, 1990; 
Grothe et al., 1991). It stimulates the proliferation 
and differentiation of neuroblasts (Gensburger 
et al., 1987; Mayer et al., 1993; Stemple et al., 
1988; Vescovi et al., 1993), affects their ontogenic 
death (Dreyer et al., 1989), and promotes neurite 
outgrowth (Hatten et al., 1988; Gurney et al., 
1992) and synapse formation (Peng et al., 1991). 
FGF-2 also affects the proliferation and differen- 

tiation of glial precursor cells (Engele and Bohn, 
1992; Vescovi et al., 1993) and stimulates the pro- 
liferation of vascular endothelial and smooth 
muscle cells (Hayek et al., 1987). In some regions 
of the nervous system, FGF-2 is expressed dur- 
ing adulthood (Woodward et al., 1992; Grothe 
et al., 1991). 

The functions of FGF-2 in mature nervous 
tissue are still contested. FGF-2 may participate 
in the response of nervous tissue to injury 
(Kniss and Burry, 1988) and can enhance the re- 
generation of damaged neuronal pathways 
(Otto and Unsicker, 1990). FGF-2 may also act 
as a neuroprotective agent, increasing the sur- 
vival of neurons during trans-synaptic stimula- 
tion or hypoxia (Nozaki et al., 1993; Grothe and 
Meisinger, 1997). Afferent stimulation of ner- 
vous tissue leads to a structural reorganization 
similar to that which occurs during develop- 
ment (i.e., proliferation of glial and neuronal 
cells, expansion of neuritic arbors, formation of 
new synapses and angiogenesis [Bailey and 
Kandel, 1993]). These changes could reflect a 
mobilization of intrinsic growth factors like 
FGF-2. 

In glial cells, episodes of growth and differ- 
entiation occur during both development and 
adulthood. During pre- and early postnatal 
life, astrocytic precursors actively divide, mi- 
grate and differentiate into stationary, quies- 
cent cells (McConnell, 1988). In response to cell 
atrophy or degeneration, astrocytes in the ma- 
ture brain become hypertrophic and prolifer- 
ate until the vacated space is filled (Eng et al., 
1992; Liu and Chen, 1994; McMillian et al., 
1994). Astrocytic activation also occurs in 
response to physiological simulation and sup- 
ports the adaptive plasticity of neural tissue 
and learning (Anderson et al., 1994; Eng et al., 
1992). FGF-2 and its receptors may participate 
in both astrocytic development and in the plas- 
ticity of mature astrocytes. In vitro, FGF-2 
stimulates the proliferation of neonatal rat 
astrocytes (Kniss and Burry, 1988; Arajuo and 
Cotman, 1992; Engele and Bohn, 1992). It also 
induces neurotrophic factors and glial fibril- 
lary acidic protein (GFAP), characteristics of 
reactive astrocytes (Morrison et al., 1985). 
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During gliosis, the number of astrocytes in the 
mature rat brain that expresses FGF-2 in- 
creases markedly along with intracellular lev- 
els of FGF-2 protein and mRNA and correlates 
with their proliferation (Finkelstein et al., 1988; 
Frautschy et al., 1991; Liu and Chen, 1994; 
Gomez-Pinilla et al., 1992; Chadi et al., 1994). 

FGF-2 also appears to play a role in the neo- 
plastic transformation of astrocytic cells. FGF-2 
is overexpressed in certain gliomas, and its 
overexpression correlates with the grade of the 
tumor and the extent of anaplasia (Zagazag 
et al., 1990). Glioma cells bear FGF receptors 
and their attachment-independent proliferation 
is inhibited by FGF-2-specific antisense oligo- 
nucleotides (Liberman et al., 1987; Takahashi 
et al., 1990; Morrison, 1991; Morrison et al., 
1994a). The differential splicing of FGF recep- 
tors in transformed glia and its contribution to 
the neoplastic phenotype were reviewed 
recently (Morrison et al., 1994c) and are not 
discussed here. 

Even though the effects of FGF-2 are well 
established, the mechanisms by which FGFs 
and other neurotrophic growth factors pro- 
duce their biological effects are not completely 
understood (Mason, 1994). An autocrine loop 
involving extracellular FGF-2 and membrane 
FGF receptors has been proposed to explain 
how FGF-2 stimulates glioma cell prolifera- 
tion (Liberman et al., 1987). This model is 
based on the classical theory of signal trans- 
duction according to which growth factors are 
released into the extracellular space and affect 
cell growth/proliferation by interacting with 
receptors located in the plasma membrane 
(Fantl et al., 1993). The only role of membrane- 
associated receptors is to transmit signals 
across the cell membrane. Other cytoplasmic 
proteins and kinases serve as second messen- 
gers and propagate the signal downstream to 
the nucleus. 

However, not all the biological effects of 
growth factors may be produced in this manner. 
A number of laboratories have reported that 
peptide growth factors are internalized along 
with their membrane receptors, suggesting that 
their actions may continue inside cells (Gorden 

et al., 1980; Mason, 1994; Jans, 1994). The stimu- 
lation of astrocytic proliferation by exogenous 
FGF-2 could occur through this mechanism (Joy 
et al., 1997). In addition, reports of an association 
of growth factors (EGF, PGDF, FGFs, NGF) and 
hormones or neurotransmitters (growth hor- 
mone, insulin, angiotensin II, proenkephalin, or 
VIP) with the cell nucleus (Burwen and Jones, 
1987; Jans, 1994) raise the intriguing question of 
whether these polypeptides may signal directly 
from the extracellular environment to the ge- 
netic machinery of the cell. The observation that 
exogenous FGF-2 accumulates in the nuclei 
of endothelial cells in a cell cycle-dependent 
manner strongly supports such a mechanism 
(Bouche et al., 1987; Baldin et al., 1990). 

Traditionally, the functions of FGF-1 or FGF-2 
have been investigated by adding FGFs to the 
culture medium. However, neither FGF-1 nor 
any of the four amino-terminal extended iso- 
forms of FGF-2 contain a secretory signal se- 
quence (Abraham et al., 1986a,b; Florkiewicz 
and Sommer, 1989; Jaye et al., 1986). Accord- 
ingly, only low levels of these types of growth 
factors are detected outside most cells, whereas 
large amounts are detected in the cytoplasm and 
nucleus (Schweigerer et al., 1987; Vlodawski 
et al., 1987; Moscatelli, 1988; Brigstock et al., 
1991; Florkiewicz et al., 1991; Gualandris et al., 
1993; Stachowiak et al., 1994). Indeed, the exter- 
nalization of these growth factors may be a rare 
event associated with cell injury or death 
(Schechter, 1992). With the observation that 
FGF-2 is primarily cell-associated, the regu- 
lated nuclear targeting of cytoplasmic FGF-2 to 
the nucleus by heterologous stimuli found 
in our laboratory suggests that such growth fac- 
tors may act as intracrine-signaling molecules 
(Puchacz et al., 1993; Stachowiak et al., 1994; 
Moffett et al., 1996; Joy et al., 1997). The direct 
transfer of FGF-1 and FGF-2 from the cytoplasm 
to the nucleus is consistent with the presence 
of a nuclear localization signal in the protein 
(Courdec et al., 1991; Imamura et al., 1990). 
Supporting the idea that FGFs can act intra- 
cellularly are studies that show that FGF-2 does 
not need to be secreted to stimulate proliferation 
of fibroblasts (Ray et al., 1995; Bikfalvi et al., 
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1995) or differentiation of avian Schwann cells 
(Sherman et al., 1993). Furthermore, FGF-2 
added to isolated nuclei stimulates rRNA syn- 
thesis (Bouche et al., 1987) and affects in vitro 
gene transcription in nuclear extracts (Nakanishi 
et al., 1992). The mitogenic action of exogenous 
FGF-1 on fibroblasts also requires the nuclear 
translocation of the growth factor and can 
be separated from its ability to stimulate cell- 
membrane receptors (Imamura et al., 1990; 
Wiedlocha et al., 1994; 1996). 

Until recently, little was known about the 
mechanisms that control the nuclear accumula- 
tion of growth factors or their nuclear function. 
We have approached these questions using as a 
model cells of glial and neuronal lineages in 
which FGFs stimulate cell growth and prolifer- 
ation. This article summarizes our investiga- 
tions on the function of FGF-2 in the reactive 
and neoplastic transformation of human astro- 
cytes. We describe a novel signaling mecha- 
nism by which FGFs and other growth factors 
may control cell growth and proliferation. This 
new signaling mechanism operates in a regu- 
lated manner in both glial and neuronal cells, 
but it appears to be deregulated in neoplastic 
glia (Puchacz et al., 1993; Stachowiak et al., 
1994; 1996a,b; 1997; Moffett et al., 1996; Joy 
et al., 1997). Further elucidation of this process 
will foster a better understanding of the epi- 
genetic control of development, regeneration, 
learning, and long-term adaptation in the 
human nervous system. It may also help to ex- 
plain the uncontrolled growth of human brain 
neoplasms and help to develop novel thera- 
peutic strategies for their treatment. 

Proliferation and Growth of Human 
Astrocytes and Glioma Cells 
Associated with the Nuclear 
Accumulation of FGF-2 

fmmunohis~ochemical examination of nor- 
mal and gliotic brain tissues and glioblastoma 
multiforme (GBM) tumors revealed that the 
content of FGF-2 is increased in reactive astro- 

cytes of the mature human brain, and has con- 
firmed earlier reports that human glioma tu- 
mors overexpress FGF-2 (Zagazag et al., 1990; 
Paulus et al., 1990; Takahashi et al., 1990). The 
most intriguing finding, however, was that 
subcellular localization of FGF-2 in quiescent 
astrocytes differs from that in reactive or neo- 
plastic astrocytes (Joy et al., 1997). In normal 
tissue from the lateral temporal lobe, stellate 
astrocytes demonstrate cytoplasmic FGF-2 
immunoreactivity (FGF-2-IR). Large neurons 
also stain diffusely for FGF-2 in the peri- 
nuclear cytoplasm. In contrast, reactive astro- 
cytes in the hippocampal region of patients 
with sclerosis associated with epilepsy display 
prominent nuclear FGF-2 immunostaining. 
The intensity of nuclear staining is greatest in 
areas of severe cell loss. The increased size, 
enlarged nuclei, and nonstellate morphology 
of the human astrocytes expressing nuclear 
FGF-2 resemble reactive proliferating astro- 
cytes in the gliotic tissue of the rat brain (Liu 
and Chen, 1994). In GBMs, most neoplastic 
cells display enhanced FGF-2 staining (Joy 
et al., 1997). As in reactive astrocytes, FGF-2-IR 
is most intense in the nuclei of glioma cells. 
Similar to Paulus et al. (1990), we detected no 
FGF-2-IR in the extracellular space. These find- 
ings are consistent with the proposed role of 
FGF-2 in astrocytic activation (Morrison et al., 
1985) and in the malignant progression of 
gliomas (Liberman et al., 1987; Morrison et al., 
1985; 1994b; Zagazag et al., 1990) but suggest 
an intracrine-nuclear mechanism of growth 
factor action. 

To identify what triggers the nuclear accu- 
mulation of FGF-2 in gliotic tissue and in GBM 
as well as the function of nuclear-growth fac- 
tor, we developed cultures of astrocytes from 
adult human brain and used established 
glioma cell lines. Waymouth 87/3 medium (6) 
supplemented with 10% serum supported the 
proliferation of the adult human astrocytes in 
culture while suppressing the growth of oligo- 
dendroglial and endothelial cells. We obtained 
pure human astrocytic cultures as evidenced 
by the expression of GFAP by all cells and the 
lack of expression of galactocerebroside, an 
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oligodendroglial marker (Moffett et al., 1996a; 
Joy et al., 1997). These cultures provide a new 
in vitro model for studying the cycle of growth, 
proliferation, and differentiation of astrocytes 
from mature human brain. 

Astrocytes maintained in high-density cul- 
tures formed a confluent monolayer of quies- 
cent cells with defined processes similar to 
astrocytes in control brain tissue. After the cell 
density was reduced, events paralleled the 
in vivo transition from quiescent to reactive 
astrocytes. Cells appeared enlarged and re- 
entered a proliferative phase, as detected by in- 
corporation of bromouridine deoxyribose (Joy 
et al., 1997). Cell hypertrophy and proliferation 
lasted only until a new confluent state was 
reached. Similar to what was found in vivo, the 
induction of nuclear FGF-2 was observed. 
Before reaching a confluent state, proliferating 
astrocytes exhibited intense FGF-2-IR within 
nuclei and nucleoli (Fig. 1A [I]; Joy et al., 1997). 
As the astrocytes began to extend processes 
and contact one another, the intensity of the 
nuclear FGF-2 staining began to decrease (Fig. 
1A [II]). The depletion of nuclear FGF-2-IR was 
reversed by dislodging some cells from the 
confluent monolayer. In the empty areas, astro- 
cytes were again found with increased expres- 
sion of nuclear and nucleolar FGF-2 and 
renewed proliferation (Fig. 1A [III]). Astrocytes 
that attained a confluent state in the higher- 
density cultures had a partially depleted nu- 
clear FGF-2 content by 3 wk after plating and 
were completely depleted at 4 wk. The reduc- 
tion in the nuclear content of FGF-2 was de- 
layed in astrocytes plated at lower density. The 
depletion of nuclear FGF-2 was accompanied 
by a less marked reduction in the cytoplasmic 
content of FGF-2. Thus, FGF-2 depletion corre- 
lated with cell density but was independent of 
time in culture. The depletion of nuclear FGF-2 
in confluent astrocytes was confirmed by con- 
focal microscopy and by Western-blot analysis 
of biochemically fractionated astrocytes (Joy 
et al., 1997). The Western analysis showed that 
the nuclear and cytoplasmic fractions con- 
tained both the low and high molecular weight 
FGF-2 isoforms known to be generated from 

alternate utilization of CUG and AUG transla- 
tion initiation codons. This finding is consistent 
with observations made with other cell types 
(Florkiewicz and Sommer, 1989; Powell and 
Klagsbrun, 1991). 

A cell density-dependent gradient of FGF-2 
expression was observed within the same cul- 
ture dish, suggesting that the loss of nuclear 
FGF-2-IR is established by cell-cell contact rather 
than induced by diffusable agents (Fig. 1B; Joy 
et al., 1997). Furthermore, when the medium 
from subconfluent astrocytic cultures was 
added to confluent cells, it did not affect the pat- 
tern of FGF-2 expression. The addition of serum 
or growth factors also failed to restore FGF-2 
expression in the confluent astrocytic mono- 
layer, although these treatments increased the 
expression of FGF-2 in subconfluent astrocytes. 
However, the addition of nonastrocytic cells in- 
hibited FGF-2 gene expression in subconfluent 
astrocytes (Moffett et al., 1996a). These results, 
along with the correlation between the induc- 
tion of nuclear FGF-2 in astrocytes in vivo and 
the extent of degeneration of surrounding cells 
in human brain tissue, indicate that reduced 
cell contact may underlie FGF-2 induction in 
reactive astrocytes (Moffett et al., 1996a; Joy 
et al., 1997). 

The changes in FGF-2 content in confluent 
astrocytes are not simply a consequence of the 
cessation of cell division. In subconfluent astro- 
cytes arrested in serum-free medium, expres- 
sion of FGF-2 or its gene promoter activity was 
only partially reduced. This depletion was re- 
versed by serum, growth factors, or phorbol 
ester PMA (Moffett et al., 1996b). In contrast, 
the cell density-dependent depletion of FGF-2 
and the inhibition of FGF-2 gene activity (see 
Subheading entitled Mechanisms Controlling 
the Expression of FGF-2 and FGFR1 in Glial 
Cells) was greater than 95% and could not 
be reversed by any of these agents. Further 
studies have shown that the molecular mecha- 
nisms underlying the loss of FGF-2 expression 
in confluent astrocytes are different from those 
underlying its partial depletion in serum- 
deprived subconfluent astrocytes (Moffett 
et al., 1996b). The studies indicated that the 
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Fig. 1. Cell density-dependent inhibition of FGF-2 expression in human astrocytes and its impairment m 
glioma cells. Cells were stained with monoclonal antibodies against FGF-2. (A) Expression of FGF-2 in astrocytes 
(IG strain) and U251MG glioma cells. (I) subconfluent astrocytes 1 wk after plating; (11) confluent astrocytes 3 wk 
in culture; (Ill) subconf[uent astrocytes 5 wk after plating. Confluent astrocytes detached leaving large empty 
surfaces. Remaining astrocytes show increased expression of nuclear and nucleolar FGE-2. Some show 
karyokinesis indicating renewed proliferation. (IV, V and VI) glioma U251MG cells 1, 3, and 5 wk after plating, 
respectively. At 3 wk celts show a small reduction in FGF-2-1R; at 5 wk an additional cell layer formed with 
intense nuclear FGF-2-1R. (B) Gradient of FGF-2 expression in astrocytes (IG) as a function of cell density in a 
single culture dish (Original magnification 400x). Reproduced from Joy et al., (1997) Oncogene 14, 171-183, 
with kind permission of Stockton Press, Division of Macmillan Press Ltd., U.K. 

FGF-2 gene is in distinct functional states in 
contact-inhibited and in subconfluent astro- 
cytes arrested in serum-free medium. 

Deregulation of FGF-2 Expression 
in the Nuclei of Glioma Cells 
In contrast to the transient and controlled pro- 

liferation of astrocytes, neoplastic glioma cells 
proliferate continuously, showing a diminished 
response to ceil-contact inhibition. After conflu- 

ent monolayers form in cultures, glioma ceils 
continue to produce additional layers. Cells that 
attain confluence show only a small reduction in 
nuclear and cytoplasmic FGF-2-IR (Fig. 1A 
[IV,V]). With additional time in culture, new cell 
layers that show intense nuclear and nucleolar 
FGF-2-IR form (Fig. 1A[VI]). Similarly, Western- 
blot analysis of cellular fractions detected no re ~ 
duction in nuclear FGF-2 as the U251MG glioma 
culture progressed from a subconfluent to a con- 
fluent state (Joy et al., 1997). 
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Discovery of Nuclear 
FGF-2 Receptors 

To determine whether the nucleus may con- 
tain functional FGF receptors (FGFR) capable 
of interacting with FGF-2, we examined the 
binding of 12~I-FGF-2 to subcellular fractions 
obtained from U251MG glioma cells. The cell 
surface has both high- and low-affinity bind- 
ing sites for 12~I-FGF-2 (Kd = 6 pM and 17 nM, 
respectively). Low- and high-affinity binding 
sites were also observed within the cytoplas- 
mic fraction, whereas only high-affinity bind- 
ing sites were found in the nuclear fraction 
(Stachowiak et al., 1996b; 1997). 

The high-affinity FGFRs are encoded by four 
genes that share a high degree of homology 
(for reviews see Johnson and Williams, 1993; 
Wilkie et al., 1995). Each FGFR gene encodes an 
extracellular region comprised of two or three 
immunoglobulin (Ig)-like domains that contain 
the growth-factor binding site, a transmem- 
brahe domain, an intracellular tyrosine kinase 
domain, and a C-terminal domain. 

To determine the types of high-affinity FGFR 
expressed in astrocytes and in U251MG glioma 
cells, FGFRs were immunoprecipitated from 
total-cell extracts with antibodies specific to the 
C-terminal domains of FGFR1-4. The immuno- 
precipitates were then subjected to Western 
analysis with a monoclonal FGFR antibody 
(McAb6; Hanneken, et al., 1995) that recognizes 
a common sequence in the extracellular do- 
mains of FGFR1-4 (Maher, 1995; Stachowiak 
et al., 1996a; 1997). The results showed that 
FGFR1 is the predominant FGFR in both the 
glioma and astrocytic cells. Three isoforms of 
FGFR1 (103, 118, and 145 kDa) were observed 
and all contained both the C-terminal and 
N-terminal domains (Stachowiak et al., 1995a; 
1996; 1997). The nuclei of astrocytes (Fig. 2A) or 
glioma cells (Fig. 2B) also contain the 103-, 118-, 
and 145-kDa isoforms of FGFR1. The size of the 
103-kDa FGFR1 is similar to the largest FGFR1 
isoform predicted by the cDNA (approx 
96 kDa; Dionne et al., 1991; Hou et al., 1991), but 
it is smaller than fully glycosylated receptor 

(approx 150 kDa, Xu et al., 1992). Treatment of 
nuclear extracts with N-glycanase converted 
the 103-, 118-, and 145-kDa forms into a single 
100-kDa protein (Fig. 2C), which is consistent 
with the size of the three Ig-like loop form of 
FGFR1 (Xu et al., 1992). Furthermore, when the 
blots were probed with a C-term FGFR1 Ab that 
interacts preferentially with hypoglycosylated 
receptor (Maher, 1996), an intense 103-kDa 
band and weak 118- and 145-kDa bands were 
seen. Treatment with N-glycanase only lightly 
affected the migration of the 103-kDa band. 
Thus, the 103-kDa protein appears to be non- 
or hypoglycosylated FGFR1 isoform, whereas 
the 118- and 145-kDa proteins may represent 
hyperglycosylated isoforms of FGFR1. 

In astrocytes, the majority of FGFR1 was as- 
sociated with the nuclear fraction. Only trace 
amounts of FGFR1 were detected in the cell 
membrane or cytoplasmic fractions (Fig. 2A). 
Thus, in cultured human astrocytes, the nucleus 
is the main organelle containing FGFR1. Similar 
results were obtained with U251MG glioma 
cells (Fig. 2B; Stachowiak et al., 1997). Nuclear 
FGFR1 binds 125I-FGF-2 and retains tyrosine ki- 
nase activity. Incubation of immunoprecipi- 
tated nuclear FGFR1 with gamma 32p-ATP 
resulted in three phosphorylated bands similar 
in size to the FGFR1 bands detected by im- 
munoblotting. Immunohistochemistry, in com- 
bination with confocal microscopy, revealed 
weak cytoplasmic FGFR1 immunoreactivity 
(IR) in astrocytes and U251MG glioma cells 
(Fig. 3). In some cells, the FGFR1 was associated 
with the plasma membrane. Both astrocytes 
and U251MG glioma cells also showed a dis- 
tinct nuclear presence of FGFRI-IR. The pattern 
of immunofluorescence observed in a series of 
consecutive confocal sections through cells 
showed that FGFR1 is present within the inte- 
rior of the nucleus (Stachowiak et al., 1995a,b; 
1996a; 1997). The intranuclear localization of 
FGFR1 was also demonstrated by immunoelec- 
tron microscopy that suggested the transloca- 
tion of FGFR1 through the nuclear membrane 
and demonstrated its accumulation inside the 
nucleus (Stachowiak et al., 1996b). FGF-2-IR 
and FGFRI-IR were colocalized in the nuclei of 
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Fig. 2. Subcellular distribution of FGFR1--Western analysis: (A) FGFR1 proteins in cell membrane (M), 
cytoplasmic (Cyt), and nuclear (Nuc) fractions of human astrocytes from QG patient (left panel) and in cytoplasmic 
and nuclear (middle panel) and subnuclear fractions, (right panel: nucleoplasm--Nucp, chromatin--Chr, nuclear 
matrix--NucM) of TM patient (panels show independent experiments). 50 lug protein from each fraction were 
subjected to Western-blot analysis with McAb6 and 12Sl-protein A (reproduced from Mol. Brain Res. 38, 161-165, 
1996, with kind permission from Elsevier Science-NL, Sara Burgerharstraat 25, 10055, KV Amsterdam, the 
Netherlands). (B) (Reproduced from Stachowiak et al., Oncogene, 14, 2201-2211, 1997 with kind permission of 
Stockton Press.)--FGF:R1 in total cell lysates and in cytoplasmic and nuclear fractions from U251MG glioma cells. 
Each lane contains 50 ~tg of protein. (C) Identification of glycosylated isoforms of nuclear FGFR1. Nuclear extracts 
from U251MG cells were incubated overnight at 37~ with (+) or without (-) N-glycanase (Genzyme) according 
to the manufacturer's instructions and were subjected to Western-blot analysis with McAb6 (left panel), which 
recognizes all glycosylated FGFR1 isoforms, or with the C-term FGFR1 Ab (right panel), which detects 
predominantly hypoglycosylated FGFR1. 

the same cells, indicating that FGFR1 may act as 
an effector for nuclear FGF-2. 

How FGFR1 enters the nucleus is unknown. 
However, labeling the surface of U251MG cells 
with an impermeable biotin analog followed by 
extended incubation at 37~ did not result in 
any biotin-labeled FGFR1 in the nucleus (P. A. 
Maher and M. K. Stachowiak, in preparation). 
Thus, FGFR1 can move to the nucleus without 
prior insertion into the plasma membrane.  
[mmunoelect ron microscopy suggests that 
FGFR1 is transferred into the nucleus at discrete 
sites along the nuclear membrane,  consistent 
with transport  through nuclear pores. Since 
FGFR1 lacks typical nuclear localization signal 
(NLS)-like clusters of basic amino acids, the 

movement  of FGFR1 into the nucleus may be 
mediated by a chaperone protein, such as FGF-2, 
that contains a NLS. FGFR1 could also be trans- 
ferred via a NLS-independent transport system 
such as the one responsible for the nuclear im- 
portation of glycosylated proteins in a sugar- 
dependent  manner (Duverger et al., 1995). 

The Nuclear Presence of FGFR1 
in Astrocytes Is Coregulated 
with FGF-2 and Is Constitutive 
in Glioma Cells 

Initially, the reduction in the nuclear content 
of FGFR1 concomitant with the increase in cell 
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Fig. 3. Immunocytochemical localization of FGFR1 in human astrocytes (I,II) and U251MG glioma cells (111). 
Cells were incubated with the C-term FGFR1 Ab and the immune complexes stained with CY3-conjugated anti- 
rabbit IgG. Preincubation of the C-term FGFR1 Ab (2 ~g/mL) for 2 h at 4~ with the FGFR1 C-terminal peptide 
(20 ~tg/mL) abolished nuclear FGFR1 immunofluorescence (11). Photographs represent stacked confocal laser 
sections taken 1 micron apart. Controls for the specificity of the nuclear FGFR-1 staining were documented in 
(Stachowiak et al.,1996a,b; 1997) 

density and the reduction in cell proliferation 
was detected by immunostaining.  Proliferat- 
ing, subconfluent astrocytes exhibited intense 
nuclear FGFR1 immunoreactivity (FGFRI-IR) 
(Fig. 4A [I]). When a confluent monolayer cov- 
ered the dish, nuclear FGFRI-IR could no 
longer be detected in the astrocytes (Fig. 4A 
[II]). As with FGF-2, the depletion of nuclear 
FGFR1 was reversible. In the vacant surfaces 
left by detached, confluent astrocytes, we ob- 
served nuclear FGFRI-IR in astrocytes invading 
those areas. Nuclear FGFR1 content increased 
between 6 and 18 h after cells were replated at a 
subconfluent density (Fig. 4B). The nuclear ac- 
cumulation of FGFR1 was accompanied by an 
increase in FGFRl-associated kinase activity 
(Stachowiak et al., 1997). 

The time course of FGFR1 accumulation was 
similar to that of FGF-2 although the ligand ap- 
peared to begin to accumulate in the nucleus 
somewhat  earlier than the receptor. The ex- 
pression of nuclear FGF-2 and FGFR1 in astro- 
cytes is regulated in a manner reminescent of 
cyclin D1. Thus, these three proteins are de- 
pleted in confluent astrocytes arrested in Go 
phase, and their levels are restored transiently 
in G1 phase. The maximal increases occur 6-18 h 
after the release of cell-contact inhibition but 

before the cell division (M. K. Stachowiak and 
E. K. Stachowiak, in preparation). 

In contrast to astrocytes, U251MG glioma cells 
showed only a small reduction in nuclear 
FGFRI-IR in the confluent state when compared 
to subconfluent cells (Fig. 4A [III,IV]). The im- 
paired cell density-dependent depletion of nu- 
clear FGFR1 in glioma cells was confirmed by 
Western-blot analysis (Stachowiak et al., 1997). 

Expression of Nuclear FGF-2 
and FGFR1 Stimulated by Growth 
Factors and cAMP/PKC-Signaling 
Pathways 

In addition to a decrease in direct cell-contact, 
growth factors and cytokines secreted by glia, 
neurons, blood-borne macrophages, and mono- 
cytes facilitate reactive transformation of astro- 
cytes. EGF and interleukin-1 increase the levels 
of FGF-2-1ike-IR in rat astrocytic cultures (Arajuo 
and Cotman, 1992). We found that treatment of 
subconfluent serum-free human astrocytic cul- 
tures with serum or specific growth factors, such 
as PDGF, angiotensin II, 18-kDa FGF-2 (Fig. 5A) 
or EGF, (not shown) that act hi the brain as local 
autocrine/paracrine mitogenic agents increases 
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Fig. 4. Inhibition of nuclear FGFR1 expression in confluent astrocytes and its attenuation in glioma cells. 
(A) Immunocytochemical analysis of FGFR1. (I) subconfluent astrocytes (1 wk in culture) show nuclear FGFR1- 
IR; (11) in confluent astrocytes (3 wk) no nuclear FGFR1 staining is detected. (111) subconfluent (1 wk in culture) 
and (IV) confluent (3 wk in culture) glioma cells show similar levels of FGFR1 staining. (B) Time-dependent 
nuclear accumulation of FGFR1 after the reduction of cell density. Astrocytes were maintained in a confluent 
state for 48 h. Some cultures were replated at a lower density (approx 30% of confluence). Equal amounts of 
nuclear (N) and cytoplasmic (C) extracts were analyzed for FGFR1 by Western blotting with the C-term FGFR1Ab 
that recognizes hypoglycosylated FGFR1. Reproduced from Stachowiak et al. (1997) Oncogene, 14, 2201-2211, 
1997, with kind permission of Stockton Press. 

the intracellular content of all translational iso- 
forms of FGF-2 (Moffett et al., 1996b). Astro- 
cytes are affected by a number of hormonal and 
neurotransmitter  receptors linked to common 
cAMP- and protein kinase C (PKC)-dependent 

signaling pathways.  Treatment of astrocytes 
with angiotensin II, with forskolin to directly ac- 
tivate adenyl cyclase, or with the phorbol ester, 
PMA, to directly activate PKC increased the con- 
tent of all FGF-2 isoforms (Moffett et al., 1996b). 
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Fig. 5. (A) Serum and growth factors increase the 
intracellular content of FGF-2 in humhn astrocytes. 
Addition of 10% fetal bovine serum (FBS), 0.5 nM 
18-kDa FGF-2 (bFGF), 0.1 nM PDGF, or 0.2 pM 
angiotensin II (Ang) to subconfluent astrocytic cultures 
increases the cellular content of all translational 
isoforms of FGF-2 when compared to serum-free 
control (C or Ctrl) cultures (Western analysis, Moffett 
et al., 1996b). Scanning of the autoradiograms from 2 
to 3 independent experiments showed a 2.5- to 4.5- 
fold increase in FGF-2 content (M. K. Stachowiak 
and R. Z. Florkiewicz, unpublished observations). 
(B) Increase in nuclear FGF-2-1R in astrocytes treated 
with (1) EGF, (2)forskolin (5 gM)or  (3) PMA (0.1 pM). 
(C) Treatment with forskolin or PMA increases nuclear 
FGFRI-IR in human astrocytes. The specificity of the 
FGF-2 and FGFR1 immunostaining was documented 
in (Stachowiak et al., 1994; 1996a, b; 1997; Joy et al., 
1997). 
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Western-blot analysis did not detect FGF-2 in the 
cell culture medium.  Immunocytochemis t ry  
(Fig. 5B) Showed that FGF-2-IR increased pre- 
dominantly in the nuclei, further supporting our 
hypothesis that FGF-2 acts as an intracrine nu- 
clear factor in astrocytes (Moffett et al., 1996b; 
Stachowiak et al., 1996a; Joy et al., 1997). Treat- 
ment of astrocytic cultures with forskolin, PMA 
(Fig. 5C), or serum (not shown) also increases 
nuclear FGFRI-IR, further demonstrating that 
the nuclear content of FGF-2 and FGFR1 is regu- 
lated in a coordinated manner. 
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Intracellular FGF-2 and FGFR1 
Stimulate Proliferation 
of Glial Cells 

To determine whether nuclear FGF-2 controls 
cell proliferation, we identified two glioma cell 
lines, U251MG and SF-767, that are not normally 
stimulated by exogenous FGF-2 (Joy et al., 1997). 
Both cell lines were transfected with plasmids 
that express all FGF-2 isoforms (CMV-bFGF); 
18-kDa FGF-2 (CMV-18); only high molecular 
weight (22-, 23-, and 24-kDa) FGF-2 (CMV- 
HMW). The latter isoforms do not associate with 
the plasma membrane and are not found out- 
side of cells (Florkiewicz et al., 1991; Bikfalvi 
et al., 1995). After reaching a high density, the 
proliferation of U251MG cells transfected with 
control CMV-Neo plasmid slowed (Fig. 6A). 
This inhibition of proliferation was attenuated 
in cells transfected with any of the three FGF-2- 
expressing plasmids. This finding suggests that 
the depletion of nuclear FGF-2 could account for 
the slowing of proliferation in cells attaining 
confluence. The rate of proliferation of the SF- 
767 glioma cell line when transfected with 
CMV-bFGF, CMV-18, or CMV-HMW also in- 
creased compared with CMV-Neo-transfected 
cells (Joy et al., 1997). Proliferation increased 
despite the lack of detectable FGF-2 in the 
medium. Proliferation of SF-767 cells express- 
ing high-molecular-weight isoforms of FGF-2 
was resistant to the cell-impermeable FGF-2- 
binding antagonist, inositol hexakis phosphate 
(IP6; Morrison et al., 1994a) (Joy et al., 1997). 
lmmunocytochemistry revealed that FGF-2 
accumulates predominantly in the nuclei of 
FGF-2-transfected U251MG or SF-767 cells. In 
contrast, in another glioma cell line, SF-763, 
transfected FGF-2 accumulated only in the cyto- 
plasm (Joy et al., 1997) and cell proliferation did 
not increase. Together, these findings strongly 
suggest that intracellular/nuclear FGF-2 stimu- 
lates the proliferation of glial cells. 

To address the role of nuclear FGFR1 in cell 
proliferation, we transfected SF-763 glioma cells 
with a plasmid containing the full coding region 
of FGFR1 under the control of the CMV pro- 

rooter and examined the proliferation rate in the 
absence or presence of IP6. Unlike the U251MG 
cells, the SF-763 glioma cells express FGFR2 and 
FGFR3 but not FGFR1, consistent with previ- 
ously reported differences in FGFR expression 
in human glioma tumors (Morrison et al., 
1994b). As determined by both Western blotting 
(Fig. 6B) and immunohistochemistry, trans- 
fected-recombinant FGFR1 accumulated in the 
nuclear fraction, whereas cells transfected with 
vector alone showed no specific staining for 
FGFR1 (Stachowiak et al., 1997). This outcome 
suggests that the full-length receptor can trans- 
locate to the nucleus. In contrast, Johnston et al. 
(1995), who found FGFR3 in the nuclear fraction 
of breast cancer cell lines, suggested that this 
association might be caused by a deletion of 
its transmembrane domain. The expression of 
FGFR1 in the nucleus of transfected SF-763 
gtioma cells was accompanied by an increase in 
the rate of cell proliferation in the absence of ex- 
ogenous FGF-2 (Fig. 6B). IP6 inhibited the prolif- 
eration of the vector-transfected cells (IC50 = 
0.23 mM), suggesting that they proliferate in 
response to an extracellular growth factor that 
acts through cell-surface FGFR (Stachowiak 
et al., 1997). Since we could not detect FGF-2 in 
the medium conditioned by SF-763 cells, other 
members of the FGF family may be responsible 
for this activity and may act through FGFR2 
and/or FGFR3 expressed in the cells. In contrast 
to the vector-transfected cells, the spontaneous 
proliferation of the FGFRl-transfected cells was 
resistant to IP6 (ICs0 = 3.2 mM), providing 
strong evidence that the cell proliferation in- 
creases independently of cell-surface FGFR and 
may depend on nuclear FGFR (Stachowiak 
et al., 1997). This accelerated proliferation is 
likely to represent an increase in the mitotic ac- 
tivity of individual cells. Flow cytometry has 
shown that in cells transfected with FGFR1, the 
number of cells residing in S phase increased 
30% with a concomitant decrease in the propor- 
tion of cells in the Go / G1 phases relative to cells 
transfected with the vector alone (Stachowiak 
et al., 1997). Similar changes in the cell-cycle 
distribution of cells were observed in SF-767 or 
U251MG cells transfected with FGF-2 (Joy et al., 
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Fig. 6. Proliferation of glioma cells stably transfected with plasmids expressing FGF-2 or FGFR1. (A) U251MG 
glioma cells were transfected with CMV-18 expressing 18-kDa FGF-2, CMV-HMW expressing high-molecular- 
weight isoforms of FGF-2, CMVbFGF expressing all FGF-2 isoforms or control CMV-NEO without FGF-2 cDNA. 
Celts were maintained ia 5% seram and 250 ~g/L of G-4~8. Each point represents the mean + SEM of 5-6 
samples. (B) (Reproduced from Stachowiak et al. (1997), Oncogene, 14, 2201-2211, 1997, with kind 
permission of Stockton Press.) FGFR1 accumulates in the cell nucleus and stimulates proliferation of transfected 
SF-763 gliorna cells. (Left) Western analysis of FGFR1 in the nuclear (N) and extranuclear (EN, cytoplasmic + 
plasma membrane) fractions of cells stably transfected with plasmids expressing full length FGFR1 or control 
plasmid. (Right) Proliferation of SF-763 glioma cells transfected with the control plasmid or the FGFR1 plasmid. 
Symbols represent the mean of quadruplicate samples +SEM. 

1997). These results indicate that intracellular/ 
nuclear FGF-2 and FGFR1 may stimulate the 
transition of cells into the S phase of the cell 

cycle and are consistent with the nuclear accu- 
mulation of endogenous FGFR1 and FGF-2 dur- 
ing the G1 phase in astrocytes. 
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Although we detected no extracellular FGF-2 
in glial cultures, FGF-2 or FGF-1 could reach the 
extracellular space in the event of cell lysis, in- 
jury, or hyperthermic shock (Schechter, 1992; 
Shi et al., 1997). Astrocytes treated with 18-kDa 
FGF-2 became hypertrophic. Their proliferation 
rate increased as did their rate of incorporating 
BudR. They also achieved a higher saturation 
density than control cultures (Joy et al., 1997). 
Thus, extracellular FGF-2 could signal cell dam- 
age via cell surface receptors and activate quies- 
cent astrocytes from the mature human brain 
to enter the S phase of the cell cycle and to pro- 
liferate. However, these mitogenic effects of 
exogenous FGF-2 were accompanied by the ac- 
cumulation of endogenous 21-, 23-, and 24-kDa 
FGF-2 proteins in the nuclei of cells (Moffett 
et al., 1996b). Thus, even exogenous FGF-2 
could stimulate cell proliferation through an 
intracrine FGF-2 pathway. 

Our findings suggest a novel mechanism for 
growth factor action in which the growth fac- 
tor and its receptor translocate from the cyto- 
plasm into the nucleus and stimulate entry 
into the cell cycle. Cells could regulate their re- 
sponsiveness to FGFs by controlling both the 
expression and the subcellular localization 
of FGFR. The presence of functional FGFR1 
within the nucleus may explain how intra- 
cellular FGFs exert the mitogenic effects ob- 
served in this (Joy et al., 1997) and other 
laboratories (Imamura et al., 1990; Wiedlocha 
et al., 1994, 1996; Bikfalvi et al., 1995). 

Subnuclear Localization of FGF-2 
and FGFR1 

To begin to identify the mechanisms underly- 
ing the action of nuclear FGF-2 and FGFR1, we 
examined their localization within the nucleus. 
FGFR1 is associated with the nucleoplasmic frac- 
tion and with the nuclear matrix-lamina complex 
(Fig. 2A). FGF-2 is also present in these two frac- 
tions (Joy et al., submitted). Electron microscopy- 
immunocytochemistry of adrenal medullary 
cells has shown numerous clusters of FGFR1 and 

FGF-2 decorating the interior of the nuclear ma- 
trix (Stachowiak et al; 1995; 1996b). This patchy 
distribution suggests that FGFR1 and FGF-2 may 
bind to specific matrix components and play a 
role within specialized regions of the nuclear 
matrix. DNA replication (Berezney and Coffey, 
1975; Mcready et al., 1980), transcription (Jackson 
and Cook, 1985), and RNA processhlg (Zeitlin et 
al., 1987) are organized architecturally on the 
matrix. Topoisomerase, transcriptional factors 
(Eisenman et al., 1985; Chatterjee and Flint, 1986; 
Waitz and Loidl, 1991), and retinoblastoma and 
other proteins that regulate the cell cycle 
(Chatterjee and Flint, 1986; Deppert and Non Der 
Weth, 1990; Greenfield et al., 1991; Mancini et al., 
1994) associate with the nuclear matrix. 
Therefore, our findings raise the intriguing pos- 
sibility that FGF-2 and FGFR1 may exert their in- 
fluence over a number of cellular processes by 
acting within the environment of the nuclear ma- 
trix. Interesth~gly, the subnuclear localization of 
FGF-2 overlaps with, but is not identical to, that 
of FGFR1. FGF-2 is also present in the nucleoli 
and in the chromatin, two nuclear fractions that 
lack FGFR1. Therefore, the nuclear action of 
FGF-2 could be, at least partially, independent of 
FGFR1. 

Mechanisms Controlling 
the Expression of FGF-2 
and FGFR1 in Glial Cells 

Studies with adrenal chromaffin cells and as- 
trocytes revealed a two-stage mechanism for 
the nuclear translocation of cytoplasmic FGF-2 
(Stachowiak et al., 1994, unpublished observa- 
tions). In the first stage, an increase in the 
amount of nuclear FGF-2 was accompanied by 
a depletion in cytoplasmic FGF-2, indicating 
that nuclear FGF-2 is first derived from cyto- 
plasmic stores. In the second stage, nuclear ac- 
cumulation of FGF-2 was accompanied by the 
restoration of the cytoplasmic pool and was 
prevented by antisense FGF-2 oligonucleotide, 
indicating that this increase depends upon new 
FGF-2 synthesis (Stachowiak et al., 1994, un- 
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published observations). The induct ion of 
nuclear FGF-2 in chromaffin ceils (Stachowiak 
et al., 1994) and FGF-2 and FGFR1 in astrocytes 
(Fig. 7) is paralleled by changes in their levels 
of mRNA and may reflect, at least in part, reg- 
ulation of the FGF-2 and FGFR1 genes. 

To determine whether the density of cells in 
culture can affect the transcription of the FGF-2 
gene, cells were transfected with chimeric FGF- 
2 promoter-luciferase constructs or with a con- 
trol RSVLuc plasmid and plated at different 
densities (Moffett et al., 1996). The expression 
of the FGF-2 promoter  construct decreased 
as the cell density increased, reaching 95% inhi- 
bition in confluent cells (Fig. 8A). The activity 
of the FGF-2 promoter was 23.8-fold greater in 
subconfluent astrocytes than it was in conflu- 
ent astrocytes (Fig. 8B). The activation of the 
FGF-2 promoter in subconfluent astrocytes was 
partially reduced after deletion of the -650 to 
-512 bp promoter region, indicating that this 
region is involved in the cell-density regulation 
of FGF-2 gene promoter activity (Moffett et al., 
1996a). Electrophoretic-mobili ty shift assays 
(Fig. 9) showed that nuclear proteins from sub- 
confluent cells bind to a fragment of the FGF-2 
promoter containing this -650/-512 bp region 
whereas nuclear proteins from confluent astro- 
cytes do not (Moffett et al., 1996a,b). Hence, 
the induction of the FGF-2 gene in astrocytes 
dur ing the transition from the confluent to 
the subconfluent state may partially reflect 
the interaction of positive trans-acting factors 
with the -650/-512 bp promoter region. These 
factors are either absent from the nuclei of cell- 
contact-inhibited astrocytes or are unable to in- 
teract with the FGF-2 promoter DNA (Moffett 
et al., 1996a). 

The stimulation of FGF-2 expression in astro- 
cytes by growth factors, cAMP, or PKC is 
also transcriptionally mediated. Northern-blot 
analysis revealed that forskolin or PMA in- 
creases the levels of FGF-2 mRNA (Stachowiak 
et al., 1994). Similar increases in the level of 
FGF-2 mRNA in astrocytes treated with serum, 
growth factors, forskolin, or PMA were de- 
tected by a reverse transcriptase-polymerase 
chain reaction (RT-PCR)-Southern-blot assay 

(Moffett et al., 1996b). In subconfluent astro- 
cytes transiently transfected with a FGF-2 pro- 
moter construct, treatment with serum, EGF, 
PMA, or forskolin increased promoter activity 
(Fig. 10) in a manner similar to that seen for the 
increases in FGF-2 mRNA (Moffett et al., 1996b). 
Promoter deletion studies have shown that the 
-650/-512 bp region, which mediates the cell 
density-dependent regulation of FGF-2 expres- 
sion, is also essential for the regulation of FGF-2 
expression by growth factors, PMA, or forskolin 
(Moffett et al., 1996b). 

Two-Stage Activation of the FGF-2 
Gene in Astrocytes 

The multiple functions of the -650/-512 bp 
FGF-2 promoter region suggest that the expres- 
sion of the FGF-2 gene may be regulated by dif- 
ferent stimuli in an interactive manner. Indeed, 
the activation of the FGF-2 gene by soluble 
growth factors or by direct stimulation of pro- 
tein kinases in astrocytes is affected by cell den- 
sity. In confluent astrocytes, the FGF-2 gene is 
in an inactive state and cannot be activated 
by soluble growth factors, serum, or PMA 
(Moffett et al., 1996b). Thus, in nontransformed 
human  astrocytes, cell-contact inhibition pro- 
vides the primary control of FGF-2 expression. 
In brain tissue, the initial stimulus for FGF-2 
gene induction in astrocytes could be a reduc- 
tion in cell contact that shifts an inactive gene to 
a low-activity state. The expression of the FGF-2 
gene could be elevated to a high-activity state 
by soluble growth factors a n d / o r  by agents 
(i.e., neurotransmitters or hormones) acting via 
cAMP/PKC signaling pathways. 

The binding of nuclear proteins to the 
-650/-512 bp promoter region shows a similar 
two-stage regulation (Moffett et al., 1996a,b). 
In subconfluent, nonstimulated astrocytes, pro- 
teins bind at a low level to the -650/-512 bp pro- 
moter region. This is in contrast to confluent 
astrocytes, in which proteins do not bind to the 
promoter region, even when the cells are treated 
with serum. In subconfluent cells this low-level 
binding can be further enhanced by treatment of 

Molecular Neurobiology Volume 15, 1997 



272 Stachowiak et al. 

A B 
Density Density 

[ I I I 

H M L H M L 

FGFR 

bFGF 

His[one 

.~il ! 

Fig. 7. Effects of cell density on the levels of FGF-2 and EGFR-1 mRNA in astrocytes (A) and U251MG glioma 
cells (B) RT-PCR analysis. Total RNA was reverse transcribed and FGF-2, FGFR1, and control histone 3.3 cDNAs 
were amplified by Moffett and Morrison (Moffett et al., 1996; Morrison et al., 1994b). The linear relationships 
between the amount of RNA and number of cycles and the amount of cDNA product were established for each 
reaction (Moffett eta[., 1996a). High (H), medium (M), and low densities (L) correspond to 100, 70, and 35% 
confluence. "H" astrocytic cultures show more than a 95% depletion of FGF-2 and FGFR1 mRNA as compared 
with "L." cultures. In contrast, histone 3.3 mRNA levels were unaffected by cell density. FGF-2 and FGFR-1 
mRNA levels were unaffected by cell density in glioma cells (partially reproduced from Moffett et al., 1996a, 
Proc. Natl. Acad. Sci. USA 93, 2470-2475, copyright 1996, National Academy of Science, U.S.A.). 

astrocytes with serum, growth factors, PMA, or 
forskolin (Moffett et ai., 1996b). The -650/-512 
bp FGF-2 promoter sequence shows no homol- 
ogy to known cAMP, PMA-, or growth factor- 
responsive elements. Furthermore binding of 
nuclear proteins to the FGF-2 promoter region is 
not reduced by competition from oligonu- 
cleotides containing such elements (Moffett 
et al., 1996b). Thus, the -650/-512 bp region in 
the FGF-2 promoter may contain novel cAMP-, 
PKC-, and growth factor-responsive sequences 
that interact with transcriptional mediators. 

Altered Transregulation of the FGF-2 
Gene Promoter May Underlie 
Deregulated Nuclear FGF-2 
Expression in Human Glioma Cells 

Unlike astrocytes, changing the cell density of 
U251MG glioma cells had no effect on either 
FGF-2 or FGFR1 mRNA levels (Fig. 7). The ex- 
pression of the FGF-2-promoter construct was 
only slightly reduced in confluent glioma cells, 

and there was no significant difference 
between the inhibition of the FGF-2 promoter 
and the inhibition of the control promoter 
(Fig. 8B). Thus, altered transregulation of the 
FGF-2 gene promoter, rather than its cis muta- 
tion, appears to be responsible for the constitu- 
tive expression of the FGF-2 gene in glioma cells. 
Indeed, unlike in astrocytes, nuclear proteins 
from glioma cells form complexes with the FGF- 
2 promoter region independently of cell density 
(Fig. 9). Also, in glioma cell lines that express 
high levels of FGF-2, protein binding to the 
-650/-512 bp promoter region and the activity 
of FGF-2 promoter are unaffected by treatment 
of the cells with growth factors, forskotin or 
PMA (Moffett et al., 1996b). These results sug- 
gest that the lack of regulation of FGF-2 gene ex- 
pression in glioma cells may reflect the 
constitutive binding of positive trans-acting fac- 
tors to -650/-512 bp region of the FGF-2 gene 
promoter. Another mechanism that could con- 
tribute to the constitutive overexpression of FGF- 
2 in some glioma cell lines is the activation of the 
core FGF-2 promoter by the mutant p53 ex- 
pressed in those cells (Ueba et al., 1994). 
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Fig. 8. (A) Cell-density regulation of the FGF-2 gene promoter activity in human astrocytes and glioma ceils. 
(B) Deletion analysis of the FGF-2 promoter in astrocytes. The numbers given for DNA constructs indicate the 
included region of the FGF-2 gene. Luciferase activity/pg of transfected DNA is shown relative to the levels of 
(-1800/+314)FGF-2 Luc activity under low-density conditions. The terms "low" and "high" refer to the density of 
cultures at the time of harvest for the ]uciferase assays. Fold; indicates the ratio of specific luciferase activity in 
subconfIuent/confluent astrocytes for each individual pIasmid. RSV-Luc; control pIasmid expressing )uciferase 
from the RSV promoter (reproduced from Moffett eta[., 1996a Proc. Natl. Acad. Sci. USA 93, 2470-2475, 
copyright 1996, National Academy of Science, U.S.A.). 

in summary, these results suggest that the 
induction of the FGF-2 gene and the nuclear 
accumulation of FGF-2 in astrocytes released 
from cell-contact inhibition are stimulated by 
the binding of activator proteins to the FGF-2 
gene promoter. In glioma cells, the binding 
of trans-acting factors to the FGF-2 gene 

promoter is unaffected by changes in cell 
density, leading to the constitutive expres- 
sion of the FGF-2 gene. The loss of the cell 
density-dependent regulation of these trans- 
activating factors may be one of the steps 
in the progression from normal to neoplastic 
astrocytes. 
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Fig. 9. Effect of cell density on the in vitro binding of astrocytic (A) and glioma (B) nuclear proteins to the 
FGF-2 promoter. The target DNA contained nucleotides corresponding to FGF-2 promoter sequences -650 to 
512 bp and additional downstream sequences (-511 to -453 bp) that do not bind nuclear proteins from 

subconfluent or confluent astrocytes. Nuclear proteins (1, 2.5, or 5 ~tg) from low or high density cultures were 
incubated with 5 fmol of 3~p-labeled FGF-2 promoter fragment and 2 ~tg dl.dC. Protein binding was displaced 
by an excess of unlabeled FGF-2 promoter DNA but not by unrelated DNA sequences (Moffett et al., 1996a). 
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Fig. 10. Stimulation of (-1800/+314)FGF-2-1uciferase gene activity by serum, growth factors, or PMA. Specific 
luciferase activity is shown relative to control (nonstimulated) subconfluent astrocytes. Luciferase activity obtained 
from cells transfected with the promoterless pGL2b,ls~c plasmid was essentially the same as in the reagent blank and 
showed no increase in cells treated with growth factors, forskolin or PMA (data not shown; from Moffett et al., 1996b). 

Mechanisms Controlling 
the Expression of FGF-2 
and Its Intracrine-Nuclear Action 
Are Similar in Cells of Glial 
and Neuronal Lineages 

FGF-2 localizes in the nucleus of cultured rat 
brain astrocytes (Gomez-Pinilla et al., 1992) and 
oligodendrocytes (Vijayan et al., 1993) and in the 

rat brain (Gomez-Pinilla et al., 1992). Chemically 
induced seizures increase FGF-2 mRNA levels 
as well as the nuclear levels of FGF-2 protein in 
astrocytes and rat forebrain neurons (Humpel 
et al., 1993). FGF-2 also accumulates in the nu- 
cleus of cerebellar pyramidal  neurons during 
neurite outgrowth and synapse formation 
(Matsuda et al., 1994) as well in dorsal root gan- 
glia neurons after axotomy (Ji et al., 1995). The 
regulation of FGF-2 expression by cell density in 
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cells of glial lineages (Westerman and Unsicker, 
1990; Murphy et al., 1988) and in endothelial 
cells (Yu et al., 1993) is now well established. 

In recent studies of the rat brain, the pres- 
ence of FGFRI-like IR was detected in the nu- 
clei of substantia nigra neurons (Gonzales 
et al., 1995). FGFR1 accumulates in the nucleus 
of Swiss 3T3 fibroblasts in response to treat- 
ment with FGF-2 (Maher, 1996) and in the nu- 
cleus of FGF-l-treated NIH 3T3 fibroblasts 
(Prudovsky et al, 1996). FGFR3 has been found 
in the nuclear fraction from breast cancer cells 
(Johnston et al., 1996). 

FGF-2 can stimulate proliferation and hyper- 
trophy (Stempele et al., 1990; Tischler et al., 
1993; Frodin and Gameltoft, 1994) and the ex- 
pression of catecholamine and enkephalin 
biosynthetic genes in neural crest-derived 
adrenal chromaffin cells (Stachowiak and Goc, 
1992; Puchacz et al., 1993). In chromaffin cells, 
the activation of acetylcholine nicotinic or an- 
giotensin II receptors or the direct stimulation 
of adenyl cyclase increased the expression of 
both FGF-2 and FGFR1 as well as their accu- 
mulation in the nucleus (Fig. 11; Stachowiak 
et al., 1994; 1995a; 1996b). Similar to astrocytes, 
in chromaffin cells, the activation of the FGF-2 
gene involves an increased interaction of trans- 
activating factors with the -650/-512 bp FGF-2 
promoter region (Stachowiak et al., 1994; 
J. Moffett, E. Kratz, M. K. Stachowiak, submit- 
ted). Hence, the activation of the FGF-2 and 
FGFR1 genes by heterologous extracellular sig- 
nals and the subsequent nuclear accumulation 
of FGF-2 and FGFR1 proteins may serve as a 
common, novel mechanism mediating the plas- 
ticity of a variety of cells in the nervous system. 

Receptors for EGF (Rakowicz-Szulczynska 
1989; Jiang et al., 1990), insulin (Podlecki et al., 
1987), interleukin-1 (Curtis et al., 1990; Solari 
et al., 1994), angiotensin (Tang et al., 1992; 
Jimenez et al., 1994), growth hormone (Lobie 
et al., 1994), vasoactive intestinal peptide 
(Omary and Kagnoff, 1987), and opioid pep- 
tides (Balcheva et al., 1993; Bootger and 
Spruce, 1995) translocate to the nucleus. With 
these findings about FGFR, the nuclear accu- 
mulation of peptide growth factors and their 

receptors emerges as a novel and powerful 
mechanism for control of the cell cycle and 
gene expression. Identification of molecular 
targets and the mechanisms controlling the 
nuclear accumulation and action of growth 
factor receptors should promote a greater un- 
derstanding of how the normal and neoplastic 
growth of cells is regulated within and outside 
the nervous system. 

Summary (Fig. 12) 
Regeneration, homeostatic adaptations, or 

the formation of long-term memory requires re- 
newed growth of astrocytes and specialized re- 
gions of neuronal cells and, in some instances, 
the generation of new neurons and astrocytes. 
In mature nervous tissue, cell growth and pro- 
liferation often coincide with degeneration or 
involution of other cells as a consequence of 
pathological degeneration or physiological 
changes in cell activity. Therefore, decreased 
cell-cell contact could be an essential, initial 
stimulus for the remodeling of mature nervous 
tissue. How changes in cellular interactions 
may activate cell growth or entry into the cell 
cycle is unknown. The regulation of the nuclear 
content of FGFR1 and FGF-2 could serve as a 
novel mechanism controlling cell proliferation 
whereby FGF-2 and FGFR1 are intrinsic parts of 
the cell-cycle machinery. We have shown that 
the transient induction of the FGF-2 and FGFR1 
genes and the subsequent accumulation of 
FGF-2 and FGFR1 protein in the cell nucleus are 
operative events in the reversible mitotic activa- 
tion and hypertrophy of human astrocytes. The 
expression of the FGF-2 gene in astrocytes is 
regulated in two stages: transition from an in- 
active state to a state of low activity induced by 
reduced cell-cell contact and transition from the 
low to a high activity state by stimulation with 
growth factors and hormones. The mechanisms 
controlling the expression and the nuclear accu- 
mulation of FGF-2 and FGFR1 in the cells of 
glial and neuronal lineages are similar (Puchacz 
et al., 1993; Stachowiak et al., 1994; 1996a,b; 
1997; Joy et al., 1997). In contrast, these pro- 
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Fig. 11. Forskolin increases the amount of nuclear-associated FGFR1 in cultured adrenal medullary celJs. 
(A) immunofluorescent confocal analysis FGF-2 and FGFR1. Cells were cultured in serum-free medium and treated 
with 5 /aM forskolin. Photographs show two-dimensional projections of stacked optical confocal sections taken 
1 micron apart. (B) Western analysis of cytoplasmic and nuclear FGFR1. Purity of subcellular fractions was shown 
in Stachowiak et al. (1996b). Forskolin increased nuclear content of all glycosylated isoforms of FGFR1. Migration 
of molecular-weight protein standards is indicated to the right of the autoradiograms (reproduced from Stachowiak 
et al. (1996) Molecular Biology of the Cell 7, 1299-1317, with permission of the American Society for Cell Biology). 

cesses are deregulated in neoplastic glia result- 
ing in the constitutive nuclear presence of FGF- 
2 and FGFR1. This promotes proliferation that 
is insensitive to cell-contact inhibition. The 

characterization of the mechanisms regulating 
the expression of the FGF-2 and FGFR1 genes, 
the nuclear accumulation and action of their 
proteins, and the malfunction of these path- 
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Fig. 12 Intracrine regulation of cell cycle progression by nuclear FGF-2 and FGFR-1 in normal and neoplastic 
gila. FGF-2 and its receptor, FGFR1, are translocated directly from the cytoplasm to the nucleus where they 
stimulate (+) the transition from Go / G1 to the S phase of the cell cycle. Whether they translocate and act together 
in the nucleus remains to be determined. (A) In nontransformed astrocytes, the intracrine FGF-2/FGFR1 cycle is 
subjected to negative control (-) by cell-cell contact stimulated (+) by soluble growth factors and hormones. This 
control involves changes in FGF-2 and FGFR1 mRNA levels. Changes in FGF-2 mRNA were shown to reflect the 
activity of the FGF-2 gene promoter. (B) In neoplastic glia, FGF-2 and FGFR1 genes are constitutively expressed, 
independently of the degree of cell contact. The constitutive nuclear presence of FGF-2 and FGFR1 may promote 
proliferation that is insensitive to cell-contact inhibition. In some glioma cell lines, the FGF-2 gene can be 
activated by soluble growth factors as in astrocytes, whereas in the others it is maintained at a maximal activated 
state independent of external simulation (Moffett et al., 1996b). 

ways in cancer cells would further contribute to 
understanding the molecular mechanisms un- 
derlying development, regeneration, long-term 
adaptations, and transformation in the human 
nervous system. 

Foundation (94-11226, M.K.S.), American Par- 
kinson Disease Association (M.K.S.), National 
Institutes of Health (HL49376-01A1, M.K.S. and 
NS28121, P.A.M.)., and by Arizona Disease Con- 
trol Research Commission (J.M. and M.K.S.). 

Acknowledgments 

We wish to thank our colleagues Eli Mor- 
dechai, Anna Joy, Joan Rankin-Shapiro, Steven 
Coons (Barrow Neurological Institute), and 
Robert Z. Florkiewicz (The Whittier Institute) 
for their contributions without which this work 
would not be possible. We are grateful 
to Leslie Tolbert and Patty Jansma (University 
of Arizona) for the assistance with confocal 
microscopy and Shelley Kick for editorial help. 
This study was supported by National Science 

References 
Abraham J. A., Mergia A., Whang J. L., Tumolo A., 

Friedman J., Hjerrild K. A., Gospodarowicz D., 
and Fiddes J. C. (1986a) Nucleotide sequence of a 
bovine clone encoding the angiogenic protein 
basic fibroblast growth factor. Science 233, 
545-548. 

Abraham J. A., Whang J. L., Tunolo A., Mergia A., 
Friedman J., Gospodarowicz D., and Fiddes J. C. 
(1986) Human basic fibroblast growth factor: 
nucleotide sequence and genomic organization. 
EMBO J. 5, 2523-2528. 

Molecular Neurobiology Volume 15, 1997 



278 Stachowiak et al. 

Anderson B. A., Li X, Alcantara A. A., lsaacs K., 
Black J. E., and Greenough W. T. (1994) GliaI 
hypertrophy is associated with synaptogenesis 
following motor-skill learning, but  not with 
angiogenesis following exercise. Glia 11, 73-80. 

Araujo D. M. and Cotman C. W. (1992) bFGF in as- 
troglial, microglial, and neuronal cultures: char- 
acterization of binding sites and modulat ion of 
release by lymphokines  and trophic factors. 
]. Neurosci. 12, 1668-1678. 

Bailey C. H. and Kandel E. R. (1993) Structural 
changes accompanying memory  storage. Ann. 
Rev. Physiol. 55, 397-426. 

Baird A. and Walicke P. A. (1989) Fibroblast growth 
factors. Brit. Meal. Butt. 45, 438-452. 

Baldin V., Roman A.-M., Bierne I., Almarc F., and 
Bouche G. (1.990) Translocation of the bFGF to the 
nucleus is G1 phase cell cycle specific in bovine 
aortic endothelial cells. EMBO J. 9, 1511-1517. 

Belcheva M., Barg J., Rowinski J., Clark W. G., 
Gloeckner C. A., Ho A., Gao X.-M., Chuang 
D.-M., and Coscia C. (1993) Novel opioid binding 
sites associated with nuclei of NG 108-15 neuro- 
hybrid cells. J. Neurosci. 13, 104-114. 

Berezney R. and Coffey D. S. (1974) Nuclear protein 
matrix: association with newly synthesized DNA. 
Science 189, 291-292. 

Biger S. C., Henkel A. W., and Unsicker K. (1995) 
Localization of basic fibrobtast growth factor in 
bovine adrenal chromaffin ceils. J. Neurochem. 64, 
1521-1527. 

Bikfalvi A., Klein S., Pintucci G., Quatro N., 
Mignatti P., and Rifkin D. B. (1995) Differential 
modulation of cell phenotype by different molec- 
ular weight forms of basic fibroblast growth fac- 
tor: possible intracellular signaling by the high 
molecular weight forms. J. Cell Biol. 129, 233-243. 

Bishop J. M. (1991) Molecular themes in oncogene- 
sis. Cell 64, 235-248. 

Bogler O., Wren D., Barnett S. C., Land H., and 
Noble M. (1990) Cooperat ion between two 
growth factors promotes extended self-renewal 
and inhibits differentiation of oligodendrocyte- 
type-2 astrocytes (O-2A) progenitor  cell. Proc. 
Natl. Acad. Sci. USA 87, 6368-6372. 

Bottger A. and Spruce B. A. (1995) Proenkephalin is 
a nuclear protein responsive to growth arrest and 
differentiation signals. ]. Cell Biol. 130, 1251-1262. 

Bouche G., Gas N., Prats H., Baldin V., Tauber J.-P., 
Teissie J., and Amalric F. (1987) Basic fibroblast 
growth factor enters the nucleus and stimulates 
transcription of ribosomal genes in ABAE cells 

undergoing GO --> G1 transition. Prec. Natl. Acad. 
Sci. USA 84, 6770-6774. 

Brigstock D. R., Sasse J., and Klagsbrun J. L. (1991) 
Subcellular distr ibution of basic fibroblast 
growth factor in human hepatoma cells. Growth 
Factors. 4, 189-196. 

Burwen S. J. and Jones A. L. (1987) The association of 
polypeptide hormones and growth factors with 
the nuclei of target cells. TIBS, April, 159-162. 

Chadi G., Cao Y., Pettersson R. F., and Fuxe, K. 
(1994) Temporal and spatial increase of astroglial 
basic fibroblast growth factor synthesis after 
6-hydroxydopamine-induced degeneration of the 
nigrostriatal dopamine  neurons.  Neuroscience 
61(4), 891-910. 

Chatterjee P. K. and Flint S. J. (1986) Partition of E1A 
proteins between soluble and structural fractions 
of adenovirus  infected and t ransformed cells. 
]. Virol. 60, 1018-1026. 

Courdec B., Prats H., Bayard F., and Amalric F. 
(1991) Potential oncogenic effects of basic fibro- 
blast growth factor requires cooperation between 
CUG and AUG-initiated forms. Cell Regulation 2, 
709-718. 

Curtis B. M., Widmer M. B., de Roos P., and 
Owarnstrom E. E. (1990) IL-1 and its receptors 
are translocated to the nucleus. J. Immunol. 144, 
1295-1303. 

Deppert W. and Non Der Weth A. (1990) Functional 
interaction of nuclear transport deficient simian 
virus 40 large T antigen with chromatin and nu- 
clear matrix. J. Virol. 64, 838-846. 

Dionne C. A., Crumley G., Bellot F., Kaplow J. M., 
Searfoss G., Ruta M., Burgess W. H., Jaye M., and 
Schelssinger J. (1990) Cloning and expression of 
two distinct high affinity receptors cross-reacting 
with acidic and basic fibroblast growth factors. 
EMBO J. 9, 2685 2692. 

Dreyer D. A., Lagrange A., Grothe C., and Unsicker 
K. (1989) Basic fibroblast growth factor prevents 
ontogenic neuron death in vivo. Neurosci. Lett. 99, 
35-38. 

Duverger E., Pellerin-Mendes C., Mayer R., Roche 
A. C., and Monsigny M. (1995) Nuclear import  of 
glycoconjugates is distinct from the classical NLS 
pathway. J. Cell Sci. 108, 1325-1332. 

Eisenman R. N., Tachibana C. Y., Abrams H. D., and 
Hann S. R. (1985) v-myc- and c-myc-encoded 
proteins are associated with the nuclear matrix. 
MoI. Cell. Biol. 5, 114-126. 

Eng L. F., Yu A. C. H., and Lee Y. L. (1992) Astrocytic 
response to injury. Dev. Biol. 152, 263-372. 

Molecular Neurobiology Volume 15, 1997 



Intracrine Growth Factor Regulation 279 

Engele J. and Bohn, M. C. (1992) Effects of acidic and 
basic FGF on glial precursor cell proliferation: 
age dependency and region specificity. Dev. Biol. 
152, 363-372. 

Ernfors P., Lonnenberg P., Ayer-LeLievre C., and 
Persson H. (1990) Developmental and regional ex- 
pression of basic fibroblast growth factor mRNA 
in the rat central nervous system. J. Neurosci. Res. 
27, 10-15. 

Fantl W. J., Johnson D. E., and Williams L. T. (1993) 
Signaling by receptor tyrosine kinases. Annu. 
Rev. Biochem. 62, 453-481. 

Finklestein S. P., Apostoloides P. J., Caday C. G., 
Prosser J., Philips M. F., and Klagsbrun M. (1988) 
Increased bFGF immunoreactivity at the site of 
focal brain wounds. Brain Res. 460, 253-259. 

Florkiewicz R. Z., Baird A., and Gonzalez M. A. 
(1991) Multiple forms of bFGF: differential nu- 
clear and cell surface localization. Growth Factors 
4, 265-275. 

Florkiewicz R. Z. and Sommer A. (1989) Human 
basic fibroblast growth factor gene encodes four 
polypeptides: Three initiate translation from 
non-AUG codons. Proc. Natl. Acad. Sci. USA. 86, 
3978-3981. 

Frautschy S. A., Walicke P., and Baird A. (1991) 
Localization of basic fibroblast growth factor and 
its mRNA after CNS injury. Brain Res. 553, 
291-299. 

Frodin M. and Gammeltoft S. (1994) Insulinqike 
growth factor acts synergistically with basic 
fibroblast growth factor and nerve growth factor 
to promote chromaffin cells proliferation. Proc. 
Natl. Acad. Sci. USA. 91, 1771-1775. 

Gensburger C., Labourdette G., and Sensenbrenner 
M. (1987) Brain basic fibroblast growth factor 
stimulates the proliferation of rat neuronal pre- 
cursor cells in vitro. FEBS Letters 217, 1-5. 

Gomez-Pinilla F., Lee J. W.-K., and Cotman C. W. 
(1992) Basic FGF in adult  rat brain: cellular 
distribution and response to etorhinal lesion 
and fimbria-fornix transection. J. Neurosci. 12, 
345- 355. 

Gonzales A. M., Berry M., Maher P. A., Logan A., 
and Baird A. (1995) A comprehensive analysis of 
the distribution of FGF-2 and FGFR1 in the rat 
brain. Brain Res. 701, 201-226. 

Gorden P. H., Carpentier K.-L., Freychet P., and 
Orci L. (1980) Internalization of polypeptide hor- 
mones. Diabetologia 18, 263-274. 

Greenfield, I., Nickerson J., Penman S., and Stanley 
M. (1991) Human papilloma virus 16 E7 protein 

is associated with the nuclear matrix. Proc. Natl. 
Acad. Sci. USA 88, 11217-11221. 

Grothe C. and Meisinger C. (1997) The multifunc- 
tionality of FGF-2 in the adrenal medulla. Anat. 
Embryol. 195, 103-111. 

Grothe C. and Unsicker K. (1990) Immuno- 
cytochemical mapping of basic fibroblast growth 
factor in the developing and adult rat adrenal 
gland. Histochemistry 94, 141-147. 

Grothe C., Zachmann K., and Unsicker K. (1991) 
Basic FGF-like immunoreactivity in the develop- 
ing and adult rat brainstem. J. Comp. Neurol. 305, 
328-336. 

Gualandris A., Coltrini D., Bergonzoni L., Isacchi 
A., Tenca S., Ginelli B., and Presta M. (1993) The 
NH2-terminal extension of high molecular 
weight forms of basic fibroblast growth factor 
(bFGF) is not essential for the binding of bFGF to 
nuclear chromatin in transfected NIH 3T3 cells. 
Growth Factors 8, 49-60. 

Gurney M. E., Yamamoto H. Y., and Kwon Y. (1992) 
Induction of motor neuron sprouting in vivo by 
ciliary neurotrophic factor and basic fibroblast 
growth factor. J. Neurosci. 12, 3241-3247. 

Hanneken A., Maher P. A., and Baird A. (1955) High 
affinity immunoreactive FGF receptors in the ex- 
tracellular matrix of vascular endothelial cells-- 
implications for the modulation of FGF-2. J. Cell 
Biol. 128, 1221-1228. 

Hartwell L. H. and Kastsan M. B. (1994) Cell cycle 
control and cancer. Science 266, 1821-1828. 

Hatten M. E., Lynch M., Rydel R. E., Sanchez J., 
Joseph-Silverstein J., Moscatelli D., and Rifkin 
D. B. (1988) In vitro neurite extension by granule 
neurons is dependent  upon astroglia-derived 
fibroblast. Dev. Biol. 125, 280-289. 

Hayek A., Culler F. L., Beattie G. M., Lopex A. D., 
Cuevas P., and Baird A. (1987) An in vivo model 
for study of the angiogenic effects of basic fibro- 
blast growth factor. Biochem. Biopohys. Res. Comm. 
147, 876-880. 

Hou J., Kan M., McKeehan K., McBride G., Adams 
P., and McKeehan W. L. (1991) Fibroblast growth 
factor receptors from liver vary in three struc- 
tural domains. Science 251, 665-668. 

Humpel C., Lippoldt A., Chadi G., Ganten D., Olson 
L., and Fuxe K. (1993) Fast and widespread in- 
crease of basic fibroblast growth factor messenger 
RNA and protein in the forebrain after kainate- 
induced seizures. Neuroscience 57, 913-922. 

Imamura T., Engelka K., Zhan X., Tokita Y., 
Forough R., Roeder D., Jackson D., Maier J. A. M., 

Molecular Neurobiology Volume 15, 1997 



280 Stachowiak et al. 

Hla T., and Maciag T. (1990). Recovery of mito- 
genic activity of a growth factor mutant with a 
nuclear translocation sequence. Science 249, 
1567-1570. 

Jackson D. A. and Cook P. R. (1985) Transcription 
occurs at the nucleoskeleton. EMBO J. 4, 919-925. 

Jans D. A. (1994) Nuclear signaling pathways for 
polypeptide ligands and their membrane recep- 
tors? FASEB J. 8, 841-847. 

Jaye M., Howk R., Burgess W. H., Ricca G. A., Chiu 
I.-M., Ravera M. W., O'Brien S. J., Modi W. S., 
Maciag T., and Drohan W. N. (1986) Human en- 
dothelial cell growth factor: cloning, nucleotide 
sequence, and chromosome localization. Science 
233, 543-545. 

Ji R.-R., Zhang Q., Piehl F., Reilly T., Petterson R. F., 
and Hokfelt T. (1995) Prominent expression of 
bFGF in dorsal root ganglia after axotomy. Europ. 
J. Neurosci. 7, 2458-2468. 

Jiang L.-W. and Scindler M. (1990) Nucleo- 
cytoplasmic transport is enhanced concomitant 
with nuclear accumulation of epidermal growth 
factor (EGF) binding activity in both 3T3-1 and 
EGF receptor reconstituted NR-6 fibroblasts. J. 
Cell Biol. 110, 559-568. 

Jimenez E., Vinson G. P., and Montlel M. (1994) 
Angiotensin II(AII)-binding sites in nuclei from 
rat liver: partial characterization of the mecha- 
nism of AII accumulation in nuclei. J. Endocrinol. 
143, 449-453. 

Johnston C. L., Cox H. C., Gomm J. J., and Coombes 
R. C. (1995) Fibroblast growth factor receptors 
(FGFRs) localize in different cellular compart- 
ments. A splice variant of FGFR-3 localizes to the 
nucleus. J. Biol. Chem. 270, 30643-30650. 

Johnson D. E. and Williams, L. T. 1993. Structural 
and functional diversity in the FGF receptor 
multigene family. Adv. Cancer Res. 60, 1-41. 

Joy A., Moffett J., Neary K., Rankin-Shapiro J., 
Coons S., Mordechai E., Stachowiak E. K., and 
Stachowiak M. K. (1997) Nuclear accumulation of 
FGF-2 is associated with proliferation of human 
astrocytes and glioma cells. Oncogene 14, 171-183. 

Kniss D. A. and Burry R. W. (1988) Serum and basic 
fibroblast growth factor stimulates quiescent as- 
trocytes to re-enter the cell cycle. Brain Res. 439, 
281-288. 

Liberman T. A., Friesel R., Jaye M., Lyall R. M., 
Westermar R., Drohan W., Schmidt A., Maciag T., 
and Schlessinger J. (1987) An angiogenic growth 
factor is expressed in glioma cells. EMBO ]., 6, 
1627-1632. 

Liu H. M. and Chen H. H. (1994) Correlation be- 
tween fibroblast growth factor expression and 
cell proliferation in experimental; brain infarct: 
studied with proliferating nuclear antigen im- 
munohistochemistry. J. Neuropath. Exptl. Neuro. 
53, 118-126. 

Lobie P. E., Wood T. J. J., Chen C. M., Waters M. J., 
and Norstedt G. (1994) Nuclear translocation and 
anchorage of the growth hormone receptor. 
J. Biol. Chem. 269, 31735-31745: 

Maher P. (1995) Identification and characterization 
of a novel, intracellular form of fibroblast growth 
factor receptor-1 (FGFR-1) J. Cell. Physiol. 169, 
380-390. 

Maher P. A. (1996) Factor (FGF) receptors in re- 
sponse to FGF-2. J. Cell Biol. 134, 529-536. 

Mancini M. A., Shan B., Nickerson J. A., Penman S., 
and Lee W. H. (1994) The retinoblastoma gene 
product is a cell cycle-dependent, nuclear matrix- 
associated protein. Proc. Natl. Acad. Sci. USA 91, 
418-422. 

Mason I. J. (1994) The ins and outs of fibroblast 
growth factors Cell 78, 547-552. 

Matsuda S., It Y., Desaki J., Yoshimura H., Okumura 
N., and Sakanaka M. (1994) Development of 
Purkinje cell bodies and processes with bFGF-like 
immunoreactivity in rat cerebellum. Neuroscience 
59, 651-662. 

Mayer E., Dunnett S. B., and Fawcett J. W. (1993) 
Mitogenic effect of basic fibroblast growth factor 
on embryonic ventral mesencephalic dopamin- 
ergic neuron precursors. Dev. Brain Res. 72, 
253-258. 

McConnel S. K. (1988) Development and decision 
making in mammalian cerebral cortex. Brain Res. 
Rev. 472, 1-23. 

McCready S. J., Goodwin J., Mason D. W., Brazell 
I. A., and Cook P. R. (1980) DNA is replicated at 
the nuclear cage. J. Cell Sci. 46, 365-386. 

McMillian M. K., Thai L., Hong J.-S., O'Callaghan 
P. O., and Pennypacker K. R. (1994) Brain injury 
in a dish: a model for reactive gliosis. TINS 17, 
138-142. 

Moffett J., Kratz E., Florkiewicz R., and Stachowiak 
M. K. (1996a) Promoter regions involved in cell 
density-dependent regulation of bFGF gene ex- 
pression human astrocytic cells. Proc. Natl. Acad. 
Sci. USA 93, 2470-2475. 

Moffett J., Mordechai E., Kratz E., Schwartz A., and 
Stachowiak M. K. (1996b) Characterization of 
the promoter elements and trans-acting factors 
involved in the regulation of FGF-2 expression 

Molecular Neurobiology Volume 15, 1997 



Intracrine Growth Factor Regulation 281 

by growth factors and second messengers in 
human astrocytes. Am. Soc. Neurosci. Ann. Meeting 
22, 588. 

Morrison R. S. (1991) Suppression of basic fibroblast 
growth factor expression by antisense oligo- 
nucleotides inhibits the growth of transformed 
human astrocytes. J. Biol. Chem. 263, 728-734. 

Morrison R. S., de Vellis J., Lee Y. L., Bradshaw R. A., 
and Eng L. F. (1985) Hormones and growth factors 
induce the synthesis of glial fibrillary acidic protein 
in rat brain astrocytes. Neurosci. Res. 14, 167-176. 

Morrison R. S., Shi E., Kan M., Yamaguchi F., 
McKeehan W., Rudnicka-Nawrot M., and 
Palczewski K. (1994a) In Vitro Cell Dev. Biol. 30A, 
783-789. 

Morrison R. S., Yamaguchi F., Bruner J. M., Tang M., 
McKehan W., and Berger M. S. (1994b) Fibroblast 
growth factor receptor gene expression and im- 
munoreactivity are elevated in human glioblas- 
toma multiforme. Cancer Res. 54, 2794-2799. 

Morrison R. S., Yamaguchi F., Saya H., Bruner J. M., 
Yahanda A. M., Donehower L. A., and Berger M. 
(1994c) Basic fibroblast growth factor and fibro- 
blast growth factor receptor are implicated in the 
growth of human astrocytomas. J. Neuro- 
Oncology 18, 207-216. 

Moscatelli D. (1988) Metabolism of receptor-bound 
and matrix bound-bFGF by bovine capillary en- 
dothelial cells. J. Cell. Biol. 107, 753-759. 

Murphy P. R., Sato R., Sato Y., and Friesen H. G. 
(1988) Fibroblast growth factor messenger ribo- 
nucleic acid expression in a human astrocytoma 
cell line: regulation by serum and cell density. 
Molec. Endocrinol. 2, 591-598. 

Nakanishi Y., Kihara K., Mizuno K., Masamune Y., 
Yoshitake Y., and Nishikawa K. (1992) Direct ef- 
fect of basic fibroblast growth factor on transcrip- 
tion in cell-free system. Proc. Natl. Acad. Sci. USA 
89, 5216-5220. 

Nozaki K., Finklestein S. P., and Beal M. F. (1993) 
Basic fibroblast growth factor protects against 
hypoxia-ischemia and NMDA neurotoxicity 
in neonatal rats. J. Cereb. Blood Flow Metab. 13, 
221- 228. 

Omary M. B. and Kagnoff M. F. (1987) Iden- 
tification of nuclear receptors for VIP on a 
human colonic adenocarcinoma cell line. Science 
238, 1578-1581. 

Otto D. and Unsicker K. (1990) Basic FGF reverses 
chemical and morphological deficits in the 
nigrostriatal system of MPTP-treated mice. 
J. Neurosci. 10, 1912-1921. 

Otto D. and Unsicker K. (1994) FGF-2 in the MPTP 
model of Parkinson's disease: effects on astroglial 
cells. Glia 11, 47-56. 

Pardee A. B. (1989) G1 events and regulation of cell 
proliferation. Science 246, 603-608. 

Paulus W. C., Grothe C., Sensenbrenner M., Janet T., 
Baur I., Graf M., and Roggendorf W. (1990) 
Localization of basic fibroblast growth factor, a 
mitogen and angiogenic factor, in human brain 
tumors. Acta Neuropath. 79, 418-423. 

Peng H. B., Baker L. P., and Cgen Q. (1991) 
Induction of synaptic development in cultured 
muscle cells by basic fibroblast growth factor. 
Neuron. 6, 237-246. 

Podlecki D. A., Smith R. M., Kao M., Tsai P., 
Huecksteadt T., Brandenburg D., Lasher R. S., 
Jarett L., and Olefsky J. M. (1987) Nuclear trans- 
location of the insulin receptor. J. Biol. Chem. 262, 
3362-3368. 

Powell P. P. and Klagsburn M. (1991) Three forms of 
rat basic fibroblast growth factor are made from a 
single mRNA and localize to the nucleus. J. Cell 
Physiol. 148, 202-210. 

Prudovsky I., Savion N., Zhan X., La Vallee T. M., 
and Maciag T. (1996) The nuclear trafficking of 
extracellular fibroblast growth factor (FGF)-I 
correlates with the perinuclear association of 
the FGF receptor-l~ isoforms but not the FGF 
receptor-l~ isoforms. J. Biol. Chem. 271, 14198- 
14205. 

Puchacz E., Stachowiak E. K., Florkiewicz R. Lukas 
R. J., and Stachowiak M. K. (1993) Basic FGF reg- 
ulates tyrosine hydroxylase and proenkephalin 
mRNA levels in adrenal chromaffin cells Brain 
Res. 610, 39-52. 

Rakowicz-Szulczynska E. M., Otwiaska D., Rodeck 
U., and Koprowski H. (1989) Epidermal growth 
factor (EGF) and monoclonal antibody to cell 
EGF surface receptor bind to the same chromatin 
receptor. Arch. Biochem. Biophys. 268, 456-464. 

Ray J., Hogg J., Beutler A. S., Takayama H., Baird 
A., and Gage F. (1995) Expression of biologically 
active basic fibroblast growth factor by geneti- 
cally modified rat primary skin fibroblasts. 
J. Neurochem. 64, 503-513. 

Ross M. E. (1996) Cell division and the nervous sys- 
tem: regulating the cell cycle from neural differ- 
entiation to death. TINS 19, 62-68. 

Schechter J. E. (1992) Is cellular disruption the 
mechanism of release of basic fibroblast growth 
factor from anterior pituitary gonadotrophes? 
Tissue Cell. 24, 791-802. 

Molecular Neurobiology Volume 15, 1997 



282 Stachowiak et al. 

Schweigerer, L., Neufeld G., Mergia A., Abraham 
J. A., Fiddes J. C., and Gospodarowicz D. (1987) 
Basic fibroblast growth factor in human rhab- 
domyosarcoma cells: implications for the prolif- 
eration and neovascularization of myoblast- 
derived tumors. Proc. Natl. Acad. Sci. USA, 84, 
842-846. 

Sherman L., Stocker K. M., Morrison R., and Ciment 
G. (1993) Basic fibroblast growth factor (bFGF) 
acts intracellularly to cause the transdifferentia- 
tion of avian neural crest-derived Schwann cell 
precursors into melanocytes. Development 118, 
1313-1326. 

Shi J., Friedman S., and Maciag T. (1997) A carboxy- 
terminal domain of fibroblast growth factor 
(FGF)-2 inhibits FGF-1 release in response to heat 
shock in vitro. J. Biol. Chem. 272, 1142-1147. 

Solari R., Smithers N., Kennard N., Ray K., and 
Grenfell S. (1994) Receptor mediated endocytosis 
and intracellular fate of interleukin 1. Biochem. 
Pharmacol. 47, 93-101. 

Stachowiak M. K. and Goc A. (1992) Regulation of 
gene expression in catecholamine and opioid 
synthesis in sympathoadrenal system--nuclear 
mechanisms and second messenger systems, in 
Advances in the Innervation of the Gastrointestinal 
Tract (Hole G. E. and Wood J. D., eds.), Exerpta 
Medica, pp. 251-264. 

Stachowiak E. K., Mordechai E., Joy A., Schwartz A., 
Maher P., and Stachowiak M. K. (1995a) FGF 
receptor is a nuclear protein--novel mechanism 
for bFGF action. Am. Soc. Neurosci. Ann. Meeting 
21, p. 1783. 

Stachowiak M. K., Mordechai  E., Neary  K., 
Fischer R., Maher P., Florkiewicz R., and 
Stachowiak E. K. (1995b) bFGF and FGF recep- 
tor accumulate in cell nucleus in association 
with proliferat ion--novel  mechanism for cell 
cycle regulation. Am. Soc. Neurosci. Ann. 
Meeting 21, p. 1990. 

Stachowiak M. K., Moffett J., Joy A., Puchacz E. K., 
Florkiewicz R., and Stachowiak E. K. (1994) 
Regulation of bFGF gene expression and subcel- 
lular distribution of bFGF protein in adrenal 
medullary cells. J. Cell. Biol. 127, 203-223. 

Stachowiak M. K., Maher P. A., Joy, A., Mordechai 
E., and Stachowiak E. K. (1996a) Nuclear localiza- 
tion of functional FGF receptor I in human astro- 
cytes suggests a novel mechanism for growth 
factor action. Mol. Brain Res. 38, 161-165. 

Stachowiak M. K., Maher P. A., Joy A., Mordechai E., 
and Stachowiak E. K. (1996b) Nuclear accumula- 

tion of fibroblast growth factor receptors is regu- 
lated by multiple signals in adrenal medullary 
cells. Mol. Biol. Cell 7, 1299-1317. 

Stachowiak E. K., Maher P. A., Tucholski J., 
Mordechai E., Joy A., Moffett J., Coons S., and 
Stachowiak M. K. (1997) Nuclear accumulation 
of fibroblast growth factor receptors in human 
glial cells--association with cell proliferation. 
Oncogene, 14, 2201-2211. 

Stemple D. L., Mahanthappa N. K., and Anderson 
D. J. (1988) Basic FGF induces neuronal differen- 
tiation, cell division, and NGF dependence in 
chromaffin cells: a sequence of events in sympa- 
thetic development. Neuron 1, 517-525. 

Takahashi J. A., Suzi H., Yasuda Y., Ito N., Ohta M., 
Jaye M., Fukumoto M., Oda Y., Kikuchi H., and 
Hatanaka M. (1991) Gene expression of fibroblast 
growth factor receptors in the tissues of human 
gliomas and meningiomas. Biochem. Biophys. Res. 
Comm. 177, 1-7. 

Tang S. S., Rogg H., Schumacher R., and Dzau 
V. J. (1992) Characterization of nuclear AII-bind- 
ing sites in rat liver and comparison with plasma 
membrane receptors. Endocrinology 131, 374- 
380. 

Tischler A. S., Riseberg J. C., Hardernbrook A. M., 
and Van Cherington V. (1993) Nerve growth fac- 
tor as a potent inducer of proliferation and neu- 
ronal differentiation for adult rat chromaffin cells 
in vitro. J. Neurosci. 13, 1533-1542. 

Ueba T., Nosaka T., Takahashi J. A., Shibata F., 
Florkiewicz R. Z., Vogelstein B., Oda Y., Kikuchi 
H., and Hatanaka M. (1994) Transcriptional regu- 
lation of basic fibroblast growth factor gene by 
p53 in human glioblastoma and hepatocellular 
carcinoma cells. Proc. Natl. Acad. Sci. USA 91, 
9009-9013. 

Vescovi A. L., Reynolds B. A., Fraser D. D., and 
Weiss S. (1993) bFGF regulates the proliferative 
fate of unipotent (neuronal) and bipotent (neu- 
ronal/astroglial) EGF-generated CNS progenitor 
cells. Neuron 11, 951-966. 

Vijayan V. K., Lee Y. L., and Feng L. F. (1993) 
Immunohistochemical localization of basic fibro- 
blast growth factor in cultured rat astrocytes and 
oligodendrocytes. Int. J. Devel. Neuroscience 11, 
257-267. 

Vlodavsky I., Bar-Shavit R., Ishai-Michaeli R., 
Bashkin P., and Fuks Z. (1991) Extracellular se- 
questration and release of fibroblast growth fac- 
tor: a regulatory mechanism? Trends Biochem. Sci. 
16(7), 268-271. 

Molecular Neurobiology Volume 15, 1997 



Intracrine Growth Factor Regulation 283 

Wagner J. A. (1991) The fibroblast growth factors: 
an emerging family of neural growth factors. 
Curt. Topics Microbiol. Immunol. 165, 95-118. 

Waitz W. and Loidl P. (1991) Cell cycle dependent 
association of c-myc protein with the nuclear 
matrix. Oncogene 6, 29-35. 

Westermann R. and Unsicker K. (1993) Basic fibro- 
blast growth factor (bFGF) and rat C6 glioma 
cells: regulation of expression, absence of release, 
and response to exogenous bFGF. Glia 3, 510-521. 

Wiedlocha A., Falnes P. O., Madshus I. H., Sandvig 
K., and Olsnes S. (1994) Dual mode of signal 
transduction by externally added acidic fibro- 
blast growth factor. Cell 76, 1039-1051. 

Wiedlocha A., Falnes P. O., Rapak A., Munoz R., 
Klingenberg O., and Olsnes S. (1996) Stimulation 
of proliferation of human osteosarcoma cell line by 
exogenous fibroblast growth factor requires both 
activation of receptor tyrosine kinase and growth 
factor internalization. Molec. Cell. Biol. 16, 270-280. 

Wilkie A. O. M., Morriss-Kay G. M., Jones E. Y., and 
Hearg J. K. (1995). FGF receptors, Current Biol. 5, 
500-507. 

Woodward  W. R., Nishi R., Meshul C. K., 
Williams T. E., Coulombe M., and Eckstein F. P. 

(1992) Nuclear and cytoplasmic localization of 
basic fibroblast growth factor in astrocytes and 
CA2 hippocampal  neurons.  J. Neurosci. 12, 
142-152. 

Xu J., Nakahara M., Crabb J. W., Shi E., Matuo Y., 
Fraser M., Kan M., Hou J., and McKeehan L. W. 
(1992) Expression and immunochemical analy- 
sis of rat and human fibroblast growth factor 
receptor (fig) isoforms. J. Biol. Chem. 267, 
17792-17803. 

Yamamori T. (1992) Molecular mechanisms for gen- 
eration of neural diversity and specificity: roles 
of polypeptide factors in development of post- 
mitotic neurons. Neurosci. Res. 12, 545-582. 

Yu Z-X., Biro S., Fu Y-M., Sanchez J., Smale G., Sasse 
J., Ferrans V. J., and Cassells W. (1993) Local- 
ization of basic fibroblast growth factor in bovine 
endothelial cells: immunohistochemical and bio- 
chemical studies. Expt. Cell Res. 204, 247-259. 

Zagazag D., Miller D. C., Sato Y., Rifkin D. B., and 
Burnstein D. E. (1990) Expression of bFGF in 
human glioma tumors. Cancer Res. 50, 7393-7398. 

Zeitlin S., Parent A., Silverstein S., and Efstratiadis 
A. (1987) Pre-mRNA splicing and the nuclear 
matrix. Mol. Cell. Biol. 7, 111-120. 

Molecular Neurobiology Volume 15, 1997 


