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Abstract

Fibroblast growth factors (FGFs) are small polypeptide growth factors, all of whom share in common
certain structural characteristics, and most of whom bind heparin avidly. Many FGFs contain signal
peptides for secretion and are secreted into the extracellular environment, where they can bind to
the heparan-like glycosaminoglycans (HLGAGs) of the extracellular matrix (ECM). From this
reservoir, FGFs may act directly on target cells, or they can be released through digestion of the
ECM or the activity of a carrier protein, a secreted FGF binding protein. FGFs bind specific receptor
tyrosine kinases in the context of HLGAGs and this binding induces receptor dimerization and
activation, ultimately resulting in the activation of various signal transduction cascades. Some FGFs
are potent angiogenic factors and most play important roles in embryonic development and wound
healing. FGF signaling also appears to play a role in tumor growth and angiogenesis, and autocrine
FGF signaling may be particularly important in the progression of steroid hormone-dependent cancers
to a hormone-independent state.

Introduction issues regarding how some FGFs are released from the cells
) that produce them or from the ECM to which they are bound

The pathpgenesw of tumor - growth .results from the, order to act on their target cells. A clearer understanding

disregulation of the normal mechanisms for ceIIuIaro]c the mechanism by which FGF signaling is regulated and

homeostasis in the context of the larger multicellulan,, this signaling contributes to embryonic development,
organism. Indeed, neoplasia by its very definition refers Quound healing and tumor growth will facilitate the

cellular growth heedless to the signals provided by Otherdevelopment of cancer therapies to target this signaling
non-neoplastic cells that would normally maintain thepathway.

balance of cellular proliferation and death. Consequently, an
understanding of the signaling pathways important for
regulating homeostasis will be necessary in order t . .
understand how disregulation of such pathways mazhe FGF family of polypeptide growth

contribute to tumorigenesis. Such an understanding will als ctors

be necessary for the rational design of therapeutics targeting, date, twenty distinct FGFs have been discovered,
these signaling pathways. numbered consecutively from 1 to 20. FGFs induce
Fibroblast growth factors (FGFs) and the FGF signalingmitogenic, chemotactic and angiogenic activity in cells of
pathway appear to play significant roles not only in normaimesodermal and neuroectodermal origin (Basilico &
development and wound healing, but also in tumomMoscatelli 1992). Defining features of the FGF family are a
development and progression. The FGF signaling pathwastrong affinity for heparin and HLGAGs (Burgess & Maciag
has been the subject of intense investigation in light of it9989), as well as a central core of 140 amino acids that is
interaction with the heparan-like glycosaminoglycanshighly homologous between different family members. This
(HLGAGS) of the extracellular matrix (ECM), as well as its central core folds into twelve antiparall@-strands that
potential role in the progression of some cancers from #&gether form a cylindrical barrel closed by the more variable
hormone-dependent to a hormone-independent growtimino- and carboxy-terminal stretches (Agb al. 1991,
phenotype. However, there remain a number of unresolvedhang et al. 1991). Interestingly, this structure is
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Table 1 Characteristics of the members of the FGF family

Name Synonym(s) Signaling through high-affinity Comments*
receptorst
FGF-1 Acidic FGF, aFGF FGFR-1, lllb & llic; FGFR-2, lllb & 1 mRNA form, no signal sequence, nuclear
lllc; FGFR-3, llIb & llic; FGFR-4 localization motif
FGF-2 Basic FGF, bFGF FGFR-1, llib & llic; FGFR-2, llic; 4 protein isoforms through the use of alternate
FGFR-3, llic; FGFR-4 start codons, no signal sequence, some
isoforms have nuclear localization motifs
FGF-3 Int-2 FGFR-1, lllb; FGFR-2, llIb Site of MMTV integration in mouse genome,
signal sequence, nuclear localization motif
FGF-4 kFGF, kaposi FGF, FGFR-1, llic; FGFR-2, llic; FGFR-3, Identified by screening stomach tumors and
hst-1 lllc; FGFR-4 Kaposi’'s sarcoma, signal sequence
FGF-5 FGFR-1, llic; FGFR-2, llic Signal sequence
FGF-6 hst-2 FGFR-1, llic; FGFR-2, lllc, FGFR-4 Signal sequence
FGF-7 KGF FGFR-2, llIb Specific for epithelial cells, signal sequence
FGF-8 AIGF FGFR-1,1 FGFR-2, llic; FGFR-3, 7 isoforms, all with signal sequences
lllc, FGFR-4
FGF-9 GAF FGFR-2, llic; FGFR-3, IlIb & llic, No signal sequence, not angiogenic
FGFR-4
FGF-10 KGF-2 FGFR-1, llib; FGFR-2, 11Ib§ Signal sequence, similar in structure and
function to FGF-7
FGFs 11-14 FGFs Unknown? All contain nuclear localization motifs, none
contains signal sequence
FGF-15 Unknown? Gene is activated by E2A-Pbx1
FGFs 16-19 FGF-17; FGFR-1, llic; FGFR-2, llicY All have signal sequence
FGF-20 XFGF-20 Unknown? Sequence homology to FGF-9

*Referenced in text. TFrom Ornitz et al. (1996), except where stated; $From Koga et al. (1995); 8From Miralles et al. (1999);
fIFrom Xu et al. (1999).

topologically identical to interleukinfd (IL-1B) (Zhu et al.  acid protein and thégf-1 open reading frame is flanked by
1991), with which some members also share the feature atop codons resulting in only one protein form (Jateal.
secretion by an endoplasmic reticulum (ER)-Golgi-1986). Like FGF-2, FGF-1 does not have a signal peptide for
independent mechanism. Although structure, and nathanneling through the classical secretory pathway (&ye
specificity of growth-promoting activity, is the defining al. 1986); however, it does possess a nuclear localization
feature of the FGF family, the historical nomenclature of themotif (Imamuraet al. 1990) and has been found associated
first of these proteins was based on their biological activityith the nucleus (Sanet al. 1990, Speiret al. 1991). The
and by convention these molecules are now described @sesence of a nuclear localization motif appears to be
‘FGFs’, followed by a numerical designation (Baird & important for FGF-1-induced mitogenesis and removal has
Klagsbrun 1991). The use of these initials is not meant tdeen shown to abrogate FGF-1's mitogenic effect (Imamura
imply that all of these factors have fibroblast stimulatinget al. 1990), whereas replacement of the nuclear localization
activities (indeed, FGF-7 does not stimulate fibroblasts) bumotif with that of yeast histone 2B restores FGF-1's activity.
rather that they belong to the same family because they aféhis modular nature of the FGF-1 nuclear localization signal
structurally related. We will now consider each FGF in turn,is consistent with the three-dimensional model of the FGF
focusing on isolation and relevant features of proteir3-barrel, as this amino-terminal region does not participate
structure and sequence information. Table 1 contains i the formation of thep-barrel itself (Zhuet al. 1991).
summary of this discussion and also includes relevarftGF-1 has also been shown to stimulate DNA synthesis
information on specific FGF receptor binding. without signaling through a cell-surface FGF receptor
(Wiedlocha et al. 1994), suggesting that the nuclear
FGF-1 (acidic FGF) !ocalizgtion signal_ may allow FGF-1 to act through Qn
intracrine mechanism. However, the nuclear translocation
Both FGF-1 and FGF-2 were initially isolated from bovine motif, specifically lysine and leucine residues within it, may
pituitary extracts based on their stimulation #fithymidine  actually promote the mitogenic capacity of FGF-1 by
incorporation in 3T3 fibroblasts (Armelin 1973, stabilizing the FGF-1 receptor binding domain, not through
Gospodarowicz 1974). In humans, FGF-1 is a 155 aminauclear translocation (Luet al. 1996). The amino terminus
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of FGF-1 is acetylated in mammalian cells (Crabbal. found to be a site in which the mouse mammary tumor virus
1986); however, as recombinant FGF-1 is equally mitogeni¢MMTV) often (50%) integrates and was namedt-2
as that produced in mammalian or yeast systems (dagé  (Dicksonet al. 1984). Normally the FGF-3 promoter is silent
1987), this acetylation is probably not relevant for FGF-1in adult animals, but the long terminal repeat (LTR) of the
activity. proviral MMTV is a strong activator of the FGF-3 promoter
(Grimm & Nordeen 1998), driving expression of a gene more
FGF-2 (basic FGF) prop_erly expressed duripg development. Ir!sertion of the
provirus rarely occurs in the coding regions &gf-3

The 18-kDa form of FGF-2 has a 55% sequence identity wittffMorris & Dutra 1997).
FGF-1 (Bohlenet al. 1985, Gimenez-Galleget al. 1985). In the mouse, six different transcripts of thgf-3 gene
Four different FGF-2 polypeptides can be formed from theare produced, all predicted to code for the same 245 amino
onefgf-2 gene: in addition to the 18-kDa form, 22.5-, 23.1-acid protein based on a defined AUG start codon (Aclend
and 24.2-kDa forms have also been identified (Florkiewicz &al. 1990). The humaifigf-3 gene codes for a 239 amino acid
Sommer 1989). The 18-kDa form is a result of translationaprotein (Brookeset al. 198%) with 44% amino acid
initiation at the 5 AUG start codon, while the others are a homology to FGF-2 in the core region (Dickson & Peters
result of translation beginning at upstream, in-frame, CUG987). However, unlike FGF-2, FGF-3 has a defined
codons (Florkiewicz & Sommer 1989, Pratsal. 1989), thus amino-terminal signal sequence for secretion and also a
the larger forms are co-linear amino-terminal extensions o€-terminal nuclear localization sequence (Antoiat al.
the 18-kDa form. This situation is similar to that of the myc1997). As with FGF-2, translational initiation at CUG codons
proto-oncogene, which can also use alternate non-AUG' to the AUG start codon results in larger polypeptide forms,
codons for translational initiation (Haret al. 1988). often containing additional nuclear localization sequences

Like FGF-1, FGF-2 does not contain a signal sequencéiefer et al. 1994). Consequently, localization of FGF-3 to
for secretion. In addition, a nuclear localization sequence habe nucleus or to the secretory pathway is determined by
been identified upstream of the AUG start codon (Bugler competition between the signal sequence and the nuclear
al. 1991), and larger forms of FGF-2 associate with thdocalization sequences (Kiefegt al. 1994). The role of
nucleus. However, the role of nuclear localization in thelocalization to the nucleus or the secretory pathway in FGF-3
activity of FGF-2 remains unclear. activity remains uncharacterized. However, exclusive

FGF-2 contains four cysteine residues at amino acids 2@roduction of a mutant lacking the signal sequence, yet
70, 88 and 93. While the cysteines at 26 and 93 areontaining the amino-terminal nuclear localization sequence,
conserved, those at 70 and 88 are absent or located elsewhezsults in accumulation in the nucleus and inhibition of DNA
in other FGFs (Arakawat al. 1989). Mutation of all four synthesis and cell proliferation (Kiefer & Dickson 1995).
cysteines to serines results in a protein with the same
secondary structure and equally mitogenic for 3T3 cells a
the wild-type FGF-2 (Foret al. 1988), suggesting that the FGF-4 (hst-1/kFGF)
formation of disulfide bridges is not important for the fgf-4 was identified by the screening of human stomach
secondary structure and mitogenic activity of FGF-2tumors and samples of Kaposi’'s sarcoma for genes capable
(Arakawaet al. 1989). of transforming 3T3 fibroblasts (Sakamagbal. 1986, Delli

It has also been observed that FGF-2 is a substrate f@ovi & Basilico 1987). Initially, there were thought to be
phosphorylation by protein kinase C (PKC) and proteintwo different genes responsible for this activity, hst and the
kinase A (PKA). PKC phosphorylates FGF-2 at ®%er KS oncogene, but, based on homology to each other and to
however this has no effect on biological activity, otherfgfs, they were found to be one gelfigf-4 (Delli Bovi
heparin-binding capacity or receptor-binding capacityet al. 1987, Yoshidaet al. 1987). As withfgf-3, expression
(Feige & Baird 1989). On the other hand, PKA of murine fgf-4 has been shown to be upregulated by
phosphorylates FGF-2 at Thtin the FGF receptor binding insertion of the MMTV provirus. In fact, because both
domain, resulting in 3- to 8-fold better binding (Feige & murine genes are located within twenty kilobases of each
Baird 198%). It is unclear how phosphorylation of FGF-2 is other it has been suggested that they have evolved as a result
regulated and what physiological role this may have foof tandem duplication of a common ancestral gene (Brookes
FGF-2 activity. et al. 198%). Human fgf-4 codes for a 206 amino acid
protein with a 42% homology in the core regions to FGF-2
(Tairaet al. 1987). Newly translated FGF-4 contains a signal
sequence as well as an N-glycosylation site (Miyagawal.
FGF-3 is expressed primarily during developmentl991). Deletion of the signal sequence suppresgéd’s
(Basilico & Moscatelli 1992) but it was first identified as an ability to transform 3T3 cells suggesting that FGF-4 acts
activated gene in mouse mammary carcinogen&fi® was  predominantly through cell surface receptors (Talarico &

FGF-3 (Int-2)
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Basilico 1991). On the other hand, not only has theSC-3 cell lines (Paysoet al. 1996).fgf-8 was also identified
N-glycosylation site been shown to be irrelevant foras a frequently activated gene in tumors from
FGF-4-induced angiogenesis (Yoshiagd al. 1994), but MMTV-infected Wnt-1 transgenic mice, much likgf-3 and
overexpression of a mutant form of the protein which cannotgf-4 (MacArthur et al. 199%). Murine fgf-8 contains six
be glycosylated results in the production of a more activeexons and alternate splicing has been shown to result in at
factor, suggesting that glycosylation may actually negativelyeast seven isoforms with different efficiencies of colony
regulate FGF-4 activity (Bellostat al. 1993). formation in soft agar (MacArthuet al. 199%). These
isoforms differ at their amino-termini; however, the signal
sequence is not altered. Regulation of isoform production has
FGF-5 L .

been proposed as a post-transcriptional mechanism for
fgf-5 was originally identified by screening genes recoveredontrol of FGF-8 activity (MacArthuet al. 1995).
from human tumor cell lines for their ability to promote 3T3
fibroblast growth in the absence of serum growth factor
(Zhanet al. 1987). The FGF-5 protein is 267 amino acids?:GF_9 (GAF)
long and has 40% and 50% homology in the core region t&GF-9 was originally purified from the conditioned medium
FGF-1 and -2 respectively (Zhagt al. 1988, Bateset al.  of the glial cell line NMC-G1 and, based on its activity,
1991, Goldfarbet al. 1991). FGF-5 is also secreted as anamed glia-activating factor (GAF) (Miyamott al. 1993).
glycoprotein (Bate®t al. 1991), although glycosylation has FGF-9 is mitogenic for glial cells and fibroblasts, but has no
not been shown to potentiate its activity (Clemertsal. effect on endothelial celldgf-9 codes for a 208 amino acid
1993). protein which does not contain an amino-terminal signal
sequence, like FGF-1 and FGF-2. Nevertheless, FGF-9 is still
efficiently secreted, suggesting that it utilizes an alternate
FGF-6 (hst-2) ER-Golgi-independent pathway for secretion.
Unlike most other earlygf genes, which were identified by
screening tumor genes for a mitogenic effect on 3T GE-10
fibroblasts, fgf-6 was first isolated based on its sequence
similarity to fgf-4 (Sakamotceet al. 1988, Maricset al. 1989).  fgf-10 was initially identified from rat embryos by
FGF-6 is a 198 amino acid protein containing a signahomology-based PCR (Yamasaki al. 1996). In fact, with
sequence (lidat al. 1992) and glycosylation site. However, the exception of FGF-15, all FGFs beyond FGF-9 have been
glycosylation does not seem to be important for thesolated based on sequence information rather than the
FGF-6-stimulated °H]thymidine incorporation in 3T3 isolation of growth-promoting activity from tumors or tumor
fibroblasts (Pizettet al. 1991). cell lines. FGF-10 is a 208 amino acid glycoprotein with a
signal sequence (Emotet al. 1997). FGF-10 has a high
protein sequence similarity to FGF-7 and they are both
FGF-7 (KGF) mitogenic for keratinocytes (Emotet al. 1997). Unlike
FGF-7 was initially isolated as a growth factor specific forFGF-7, however, FGF-10 in high concentrations is capable
epithelial cells from the conditioned medium of a humanof stimulating fibroblasts (Igaraski al. 1998). FGF-10 also
fibroblast cell line and named keratinocyte growth factorhas a higher affinity for heparin than FGF-7 (etial. 1999)
(KGF) (Rubinet al. 1989). Because FGF-7 is produced bywhich may, in part, explain both why FGF-10 is associated
fibroblasts yet is only mitogenic for epithelial cells and notwith the cell matrix while FGF-7 is freely secreted, and why
for fibroblasts or endothelial cells (Rubét al. 1989), it has heparin inhibits the activity of FGF-7 yet potentiates FGF-10
been suggested that FGF-7 is a unique stromal mediator ¢igarashiet al. 1998). Like FGF-7, FGF-10 is expressed in
epithelial proliferation (Finctet al. 1989).fgf-7 codes for a stromal cells, especially those of muscle origin (Bt al.
194 amino acid protein containing a signal sequence and dr999).
N-linked glycosylation site (Aaronsoet al. 1991).

FGF-11, -12, -13, -14 (FHFs)

FGF-8 (AIGF) The FGF homology factors (FHFs) were identified together
FGF-8 was initially identified as androgen-induced growthby random cDNA sequencing, database searches and
factor (AIGF) found in the conditioned medium of the degenerate PCR of human retinal tissues (Smallwetoal.
androgen-dependent mouse mammary carcinoma cell lirk996). The FHFs share between 58% and 71% amino acid
SC-3 (Tanakat al. 1992). FGF-8 was found to be expressedidentity between themselves, yet have less than 30% amino
and secreted in response to treatment with androgens in badleid identity with other FGFs (Smallwoaat al. 1996). This

the human breast cancer cell line MDA-MB-231 and thedivergence is not surprising, considering that the early FGFs
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are generally quite distinct from each other at the amino acidlassical leader sequences. The leader sequence is a stretch
level, perhaps because, with the exception of FGF-8, thegf hydrophobic amino acids located at the amino terminus of
were isolated based on activity rather than sequenceewly synthesized polypeptide chains which plays a key role
homology. FGF-11, -12, -13, -14 all contain nuclearin the classical polypeptide secretion pathway (Blobel 1980).
localization signals and FGF-11 has been definitely identifie@he leader sequence is recognized by a signal recognition
as accumulating in the nucleus; however, none has begrarticle (SRP) which halts translation and trafficks the
shown to possess a signal sequence for secretion (Smallwotrdnslation complex to the ER. At the ER, translation of the
et al. 1996). A novel isoform of FGF-13 by alternate splicing peptide resumes with vectorial transport of the nascent
of the first exon has been shown to result in a protein with @olypeptide chain into the ER lumen. Secretory proteins can
uniqgue amino-terminus (Munoz-Sanjuast al. 1999); be completely released into the ER lumen while
however, any effect this may have on activity has not yetransmembrane proteins become anchored to the membrane
been determined. by an additional hydrophobic sequence. From the ER,
proteins destined for secretion are transported to the Golgi
apparatus and are eventually packaged into vesicles for
secretion from the cell surface.

fgf-15 was identified as a downstream target of E2A-Pbx1, a Because the large (greater than 18 kDa) forms of FGF-2
homeodomain transcription factor fused by the t(1;19)kontain different 5sequences (due to the use of upsteam,
chromosomal translocation in pre-B cell leukemias to thenon-AUG codons for translational initation), Florkiewicz &
activation domain of the basic helix-loop-helix (bHLH) Sommer (1989) have hypothesized that these larger forms of
transcription factor E2A (McWhirteet al. 1997). Because FGF-2 may contain signal sequences in their amino-terminal
E2A-Pbx1 is thought to aberrantly activate genes normallgxtensions. However, this hypothesis is inconsistent with the
regulated by Pbx1 during developmefuf-15is thought to  observation that, while the 18-kDa form remains

FGF-15

play some role during embryogenesis. cytoplasmic, the larger forms associate with the nucleus
instead of with secretory vesicles (Renk&bal. 1990). The
FGE-16. -17. -18. -19 nuclear trafficking of larger forms of FGF-2 is due to the

addition of a nuclear localization signal in the 37 amino acids
As with fgf-10, the cDNAs for these FGFs were isolated fromupstream of the AUG start site (Buglet al. 1991), and it
rat tissues by homology-based PCR (Hoshikawal. 1998, is now clear that no FGF-2 species contain classical leader
Miyake et al. 1998, Ohbayashet al. 1998, Nishimureaet al.  sequences. The fact that three of the FGF family members,
1999). These cDNAs code for proteins which range in siz¢GF-1, FGF-2 and FGF-9, lack classical leader sequences
from 207 to 216 amino acids and all are thought to playimplies that they may be transported to the extracellular

some, as yet uncharacterized, role in development. space by some other mechanism.
There have been various mechanisms proposed for the
FGF-20 (XFGF-20) release of FGF family members lacking leader sequences.

Mechanical damage has been proposed as one such
Recently, the latest member of the FGF family, FGF-20, hagechanism for release of biologically active FGF-2 from
been identified by degenerate PCR-based screening of eadothelial cells (McNeilet al. 1989). While cell damage
XenopuxDNA library with a probe based on the mammalianmay provide a physiologically appealing mechanism for
FGF-9 (Kogaet al. 1999). The FGF-20 cDNA contains a FGF-2 release in wound repair, it could hardly serve as a
single open reading frame coding for a 208 amino acidegulatable mechanism for FGF-2 release during
protein. Because FGF-20 is expressed in early stages dévelopment. Heat-shock has been found to trigger FGF-1
embryonic development, as determined by RT-PCR, angklease; unfortunately the released form of FGF-1 is neither
because overexpression of FGF-20 mRNA results imitogenic nor does it bind heparin (Jacksehal. 1992).
abnormal gastrulation, it is likely that FGF-20 plays a role inHowever, FGF-1 release following heat-shock is inhibited by
development. cycloheximide and potentiated by treatment with brefeldin
A, a Golgi inhibitor (Jacksomt al. 1995), implying that new
protein synthesis is required, perhaps of some chaperone
protein(s), which facilitates the transport of FGF-1 from a
It is clear that most FGFs act extracellularly, not onlycytoplasmic pool separate from the Golgi-derived secretory
because family members are present in the extracellulgrool. Components of this FGF-1 chaperone complex may
matrix, most noticably FGF-2 (DiMariet al. 1989), but also include synaptotagmin-1 and the calcium-binding protein
because of their activity through high-affinity extracellularS100A13. Synaptotagmin-1 is a 65-kDa vesicular protein
receptors (Safraet al. 1990). It is puzzling then that three that acts as a calcium sensor for neurotransmitter release
of the FGF family members, FGF-1, FGF-2 and FGF-9, lackKelly 1995). LaValleeet al. (1998) have shown that a

FGF secretion
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40-kDa proteolytic fragment of synaptotagmin is releasedre found in cytoplasmic vesicles (Rubartelial. 1990) and
along with FGF-1 following heat-shock and Tarantatial. because IL-f has approximately a 30% homology with
(1998) have shown that expression of an antisenseGF-1 (Jayeet al. 1986). Rubartelliet al. (1990) have
synaptotagmin-1 gene represses this release. S100Aljggested that ILf may avoid the classical secretory
another component of this release mechanism, binds thmathway for reasons that are applicable to the FGFs as well:
anti-inflammatory compound amlexanox. Carreied al. first, the thiol groups in IL-B and the FGFs may require a
(1998) have shown that amlexanox represses theeducing environment in order to be functional and must
heat-shock-induced release of FGF-1 and synaptotagmin-1 therefore avoid the oxidative environment in the ER, and
a dose-dependent manner. Together, this is consistent withsacondly, perhaps ILfland the FGFs utilize an alternative
model in which the FGF-1:synaptotagmin-1 (and perhapsecretory pathway in order to compartmentalize ligands from
also S100A13) complex at the cytosolic face of exocytoticdeceptors and avoid intracrine signaling. However,
vesicles trafficks to the cytoplasmic membrane and fronsimilarities between IL-ff and the FGFs do not account for
there to the extracellular space in response to heat-shock aalll the possible pathways of FGF secretion. IR-decretion
perhaps some other as yet unidentified stimulus. is not inhibited by cycloheximide while FGF-1 secretion

By use of a phagokinetic assay (Albrecht-Buehler 1977)following heat-shock is dependent on new protein synthesis
Mignatti et al. (1992) has demonstrated two characteristicand the synaptotagmin-1:S100A13 complex.
of FGF-2 secretion. The migration of individual 3T3 cells in The secretion of FGF-3 provides a counter example to
the phagokinetic assay is enhanced by a calcium ionophorthe secretory pathways of FGF-1, -2 and -9. Like many other
yet is not affected by drugs that block ER-Golgi-mediated=GF family members FGF-3 has a leader sequence; however,
secretion. This implies that FGF-2 is released by aiit is inefficiently secreted compared with FGF-4 and -5.
ER-Golgi-independent mechanism. In addition, the motilityFGF-3 accumulates in the Golgi apparatus after entering the
of individual cells is inhibited by antibodies to FGF-2 addedsecretory pathway and undergoing primary glycosylation.
to the culture medium, which presumably block theKiefer et al. (1993) have proposed that FGF-3 is slowly
extracellular ligand-receptor interaction (Mignattit al. secreted because of the unique character of its
1991). If FGF-2 were signaling by an intracrine mechanismamino-terminal glycosylation site, which may sequester
to promote cell migration, this migration should not beFGF-3 in the Golgi apparatus. Amino-terminal glycosylation
affected by the extracellular antibody. Consequently, thiss important for cell-surface transport (Guahal. 1985) and
implies that FGF-2 acts in an autocrine, not intracrinesubstitution of the FGF-3 amino-terminus with that of FGF-5
fashion to promote fibroblast motility. resulted in efficient secretion of the hybrid protein. However,

In the classical secretion pathway, the signal sequence ibe reader should recall that, like FGF-2, there is a nuclear
cleaved from the polypeptide in the ER; consequently, ifocalization sequence’ %o the AUG start codon in FGF-3.
there were some other domain of FGF that fulfils the role ofConsequently, the improvement that Kiefer and coworkers
the signal sequence it might be reasonable to expect that thebserved may be due to altered competition between
sequence may be removed during transport as welkecretion and nuclear localization rather than the
Amino-terminal degradation has been found to occur wittglycosylation effect resulting in Golgi retention.
FGF-2, by comparing the predicted cDNA sequence to that
of the secre_ted p_roteir_1. However, the_ portion of FGF'_ZPhysicaI interactions between FGFs
removed, while being slightly hydrophobic, does not contalnand heparin
a known signal sequence motif (Klagsbrenal. 1987). The
situation is different with FGF-9, as almost the full-length While FGF family members can be quite divergent in their
FGF-9 protein is secreted from COS cells followingamino acid sequences and expression, binding to heparin and
transfection of the FGF-9 cDNA (Miyamotet al. 1993). HLGAGSs is a defining feature of the family. Armelin (1973)
Using amino- and carboxy-terminal peptide antibodies aand Gospodarowicz (1974) were the first to isolate FGF-1
well as amino-terminal sequence analysis, it has beeand -2. They partially purified a growth-promoting fraction
determined that only the amino-terminal methionine ofof bovine pituitary extracts, containing both FGF-1 and -2,
FGF-9 is cleaved between translation and secretion. Thighich was capable of stimulatingH]thymidine uptake in
provides still further evidence that secretion of FGF family3T3 cells. Purer preparations of FGF-1 and -2 were made
members lacking classical leader sequences is through sorg utilizing the growth factors’ intrinsic affinity for heparin
novel secretory pathway that is probably independent of thbinding. FGF-1 was found to elute from a heparin-Sepharose
ER and the Golgi apparatus. column with 1 M NaCl (Maciaget al. 1984, Thomast al.

It is possible that FGF family members lacking leader1984) while FGF-2 could be eluted with 1.5 M NaCl (Esch
sequences may be secreted by the same secretory pathwayetal. 1985).
IL-1B, which also lacks a signal sequence. Support for this The heparin polymer is a disaccharide chain composed
hypothesis comes from the fact that neither B+ior FGF-2  of alternating-iduronic acid (Idu) andi-glucosamine (GIcN)
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moieties joined bya (1-4) linkages (Fahanet al. 1996). This discussion of heparin binding now leads us to a
Each disaccharide unit may contain a total of three sulfatenore relevant question: is heparin binding just a convenient
groups: one at the 2-hydroxyl group of Idu, one at themethod for purification of FGFs or is it essential for the
2-amino group of GIcN, and one at the 6-hydroxyl group offunction of these growth factors? An interaction between
GlcN. These sulfate groups impart a strong negative chargéGF-2 and the ECM was suggested by the fact that FGF-2
to the heparin chain. The glycosaminoglycan heparan sulfategulates the interaction of bovine epithelial lens (BEL) cells
is structurally similar to heparin; however, it also containswith their ECMin vitro (Tassinet al. 1983). Treatment with
d-glucuronic acid moieties and is not as fully sulfated,FGF-2 alters the morphology of BEL cells by decreasing
resulting in less of a negative charge. their production of ECM components such as laminin and
The strong binding to heparin requires the existence diibronectin, such that they assume a more rounded shape
specific heparin-binding domains in FGFs. Extensivebecause there are fewer sites of attachment. If FGFs were a
research has gone into identifying these heparin-binding siteomponent of the ECM itself we could explain this
at both the functional level and the molecular level. Usingobservation as part of a negative feedback loop which
reductive methylation, Harper and Lobb (1988) identifiedordinarily keeps production of the ECM in check.
Lys'® as playing an important role in FGF-1 binding to Jeannyet al. (1987) were the first to describe FGF-2 in
heparin. Lobb (1988) determined that thrombin was abl¢he ECM and found that *{IJFGF-1 and -2 bound
specifically to inhibit FGF-1's binding to heparin, but not specifically to the basement membranes in the mouse
that of FGF-2, by cleaving the protein between &fgand embryonic eye. Vlodavskyet al. (1987) showed that
Thr'?®. This cleavage removed eighteen carboxy-terminaéndothelial cells synthesize FGF-2 which is then deposited
amino acids, suggesting that the heparin-binding activity odnd sequestered in the subendothelial ECM, a major
FGF-1 resides in the carboxy-terminus of the full-lengthcomponent of which is heparan sulfate proteoglycan. It was
protein. There are three putative heparin-binding domainalso determined that this binding of FGF-2 to the basement
based on similarity to motifs proposed by Jackseinal. nmembrane was specific to HLGAGs and not other basement
(1991). Site directed mutagenesis of these domains reveal®embrane components such as laminin or collagen type IV
that only the carboxy-terminal site between amino acidgVigny et al. 1988). Folkmaret al. (1988) hypothesized that
122-137 is actually involved in heparin binding (Woet) the interaction with heparin is representative of ianvivo
al. 1995). Together these results indicate that the functionaffinity of FGFs for heparin sulfate proteoglycans, and
domain for heparin binding is dependent on residues at thieirthermore, that the storage of FGFs in the basement
carboxy terminus of FGF-1, probably between amino acidsnembrane may be a mechanism for regulating their
122-137. accessibility to vascular endothelium. Neovascularization
Efforts to identify the heparin-binding sites of FGF-2 may therefore be the result of the release of angiogenic
resulted in the initial determination of two sites asfactors from their storage in the basement membrane.
ascertained by stoichiometric analysis of heparin-FGF-2
mixtures .(Arakawaet ql. 1994). B_aird_ et_ al. (198_8) _Functional consequences of FGF-heparin
characterized two functional heparin-binding domains "}j)inding
FGF-2 through the use of peptide blocking studies an
localized these domains to amino acids 24-68 and 106-11Fhe binding of the FGFs to heparin or HLGAGs may serve
Not only did peptides corresponding to these two sequencewo physiologically relevant goals: the protection of the
inhibit binding of [*1]FGF-2 to immobilized heparin, the FGFs from degradation and the creation of a local reservoir
peptides themselves were also capable of bindingf growth factors. Early studies of the binding of FGF-1 and
[®*H]heparin. More recently, Fahaet al. (1996) have used -2 to heparin showed that this interaction protected the
crystal structures of heparin-derived tetra- andgrowth factors from acid and heat (Gospodarowicz & Cheng
hexasaccharides with FGF-2. Their paper also identified tw&986), to which they are extremely sensitive, and from
sites of interaction, although the amino acids involved werelegradation by aprotinin-sensitive proteases (Darabial.
not arranged consecutively in the primary structure of the989). However, these conclusions are obscured by the fact
polypeptide chain, as was the case in the peptide blockingpat in these studies, biological activity was used as an
studies of Baird. Instead, the binding sites were composed dfidicator of protection of FGFs instead of an analysis of the
groups of basic amino acids brought together by theemaining protein itself. Because heparin alone did not have
secondary structure of the folded polypeptide. It is difficultany biological activity in these studies, the conclusion was
to reconcile these two reports except to suppose that, whilmade that any mitogenic effect must be due to the FGFs
small peptides may contain amino acids capable of bindinthemselves. However, a synergistic effect on mitogenicity by
heparin, the functional heparin-binding sites of the largeheparin with the FGFs may also have explained the observed
protein can only be ascertained by an analysis of itprotection of biological activity. Later studies did make this
secondary structure in the context of heparin binding. distinction and found that heparin or HLGAGs protect the
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FGF-1 protein itself from proteolysis by thrombin (Lobb tyrosine kinase receptors. That FGF signaling involves
1988), and the FGF-2 protein from trypsin (Sommer &tyrosine phosphorylation was first suggested by a finding that
Rifkin 1989) and plasmin (Saksekt al. 1988). Thus, one FGF-1 and FGF-2 stimulated tyrosine phosphorylation in
effect of HLGAG bindingin vivo seems to be protection 3T3 fibroblasts, as detected by Western blots using
from circulating proteases. phosphotyrosine antibodies (Coughéihal. 1988). Based on
The role of FGFs in development provides a clearthese findings, it was proposed that the mitogenic effect of
example of the second physiologically relevant goal ofFGFs on fibroblasts was elicited, at least in part, by protein
HLGAG binding: the creation of a local reservoir of growth modification through tyrosine phosphorylation. The existence
factors. This local reservoir allows for a strict spatialof FGF receptors themselves was supported by the early
regulation of FGF signaling, as FGFs can only signal to thosbinding studies of Moscatelli (1987), who use€®[FGF-2
cells in contact with the ECM. In limb development theto find a high affinity K;=20 pM) FGF receptor on the
creation and maintenance of a concentration gradient cfurface of BHK cells. A series of crosslinking studies
FGFs is crucial for the function of the apical ectodermalidentified these high affinity sites as proteins between 125
ridge (AER) in promoting limb outgrowth. That there mustand 160 kDa (Neufeld & Gospodarowicz 1985, 1986, Friesel
be a focal concentration of FGFs is demonstrated by the faet al. 1986, Moenneet al. 1986, Blanqueet al. 1989) which
that beads soaked in FGFs can replace the AER, whileould bind both IIJFGF-1 and [2]FGF-2.
exposure of the entire embryo to FGFs will not result in  Isolation from the chicken cDNA of a receptor capable
additional limb development (Cohet al. 1995). FGFs must of binding FGF-1 provided valuable information on the
be localized to a particular population of cells in order to bestructure of the FGF receptor protein (Leeal. 1989). This
useful in organized development and prevention of diffusioriirst FGF receptor was found to be a transmembrane protein
elsewhere can be achieved by the binding of FGFs toontaining three extracellular immunoglobulin (Ig)-like
HLGAGS in the ECM. In addition, the regulated expressiondomains (designated Igl, Igll and Iglll), an acidic region
of cell surface HLGAGSs could provide a mechanism for thebetween Igl and Igll, a transmembrane domain, and an
regulated localization of FGFs (Goudd al. 1995). intracellular tyrosine kinase domain. This protein structure
The creation of a local reservoir of FGFs not only places the FGF receptor in the Ig superfamily of receptors,
implies that FGF signaling may be spatially regulated, busuch as platelet-derived growth factor (PDGF)eceptor
also that a large supply of FGFs may be mobilized from thifPDGFiR), PDGEBR and interleukin-1 receptor (IL-1R),
reservoir. In fact, the process of mobilizing FGFs from thewhich are also receptor tyrosine kinases containing lg-like
ECM may itself be extensively regulated, allowing andomains (Johnsoet al. 1990). Cloning of the human FGF
indirect control of FGF signaling through regulation of its receptor (FGFR) genes identified the first twigfr-1 and
mobilization from the ECM to target cell surface receptorsfgfr-2, asflg and bek (Dionne et al. 1990), both of which
This type of regulation may be particularly important in thewere previously identified tyrosine kinase proteins
formation of new blood vessels, a process that is known t@ornbluth et al. 1988, Rutaet al. 1989). There are now
be governed by a variety of positive and negative regulatorfour known FGF receptors, FGFR-1 through FGFR-4, which
factors. That such a large functional reservoir of FGFs existshare between 55% and 72% homology at the protein level
is clear from the observation that the EOf FGF-2 for its  (Johnson & Williams 1993) (see Fig. 1).
receptor is approximately 1ng/ml, while the tissue
concentration of FGF-2 has been found to be between 10 and
500 ng/ml (Gospodarowicz 1987). There are currently twd-GFR diversity
known mechanisms for the release of FGFs from this ECM
reservoir: enzymatic cleavage of ECM components, byRequirement for FGFR diversity
proteases or heparanases, resulting in the release of FGPRs, we have seen, there are many different types of FGFs,
or by the binding to a carrier protein, FGF binding proteinand these different proteins have diverse effects
(FGF-BP), which can then deliver FGFs to their receptors(mitogenesis, angiogenesis, chemotaxis, etc.) on diverse
We will address both of these mechanisms in greater detaiarget cells (fibroblasts, endothelial cells, keratinocytes, etc.).
below in the discussion of FGF signaling in cancer. In order to achieve this kind of diversity, the FGF signaling
system demands variation at the level of the receptors. The
required diversity is typified with the case of FGF-7, which,
unlike FGF-1 and FGF-2, is mitogenic for keratinocytes but
not fibroblasts or endothelial cells (Rubat al. 1989). The
difference in cell response to these different FGFs implies
It is clear that FGFs produce their mitogenic and angiogenithat the different cells express different forms of the FGF
effects in target cells by signaling through cell-surfacereceptor.

FGF receptors

Initial characterization of receptors
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FGER-1 vs. FGFR-2 FGFR-1 vs. FGFR-3 FGFR-1 vs. FGFR-4
Signal peptide §N] 43% 17% 20%
Ig domain I 40% 27% 19%
Acidic region 43% 33% 27%
Ig domain II 79% 64% 61%
Ig domain I1I 78% 81% 74%
Transmembrane
domain 62% 33% 24%
Kinase 1 88% 83% 75%
Kinase 2 92% 91% 84%
C-tail 62% 46% 42%

Figure 1 Comparison of human FGF receptors from different genes at the amino acid level. (Modified from Johnson & Williams
1993.)

Mechanisms for FGFR diversity Alternate splicing of the same gene

Different forms of the FGF receptor may be expressed in twd@ hrough the use of splice variants it is possible for the same
possible ways: by the expression of splice variants of a giveRGFR gene to code for a variety of different receptor protein
FGFR gene, or by the expression of different FGFR geneisoforms. This kind of diversity is possible with FGF
themselves (see Fig. 2). receptors because of the structure of the respective genes.

FGFR-1 FGFR-2 FGFR-3 FGFR-4
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Figure 2 Representative variety of FGF receptors possible through the use of splice variants (Solid oval represents premature
truncation and hatched boxes represent alternate c-terminis, see Fig.1 for definition of other symbols). (Modified from
Johnson & Williams 1993.)
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I 11 ITla b Ille

Figure 3 Structure of human FGFR-1 coding exons showing locations of regions coding for three possible Iglll domains. The
dashed line is the 5’ untranslated region (UTR), the striped box is the signal sequence, the open box is the acidic sequence,
the black box is the transmembrane sequence and the stippled boxes are the kinase sequences. The asterisks indicate the stop
codons and arrows indicate select locations of exon splicing. (Modified from Johnson et al. 1991.)

Using the FGFR-1 gene as a prototype, the followingo bind FGFR-2(Illb) but not FGFR-2(llic) (Ornitzt al.
structural features are found in the mRNA prior to splicing:1996), this may explain the selectivity of FGF-7 for
a 5’ non-translated sequence, a hydrophobic signal sequenéeratinocytes over fibroblasts as due to the expression of
the Igl and Igll sequences separated by an ‘acid box’, the Shese different splice variants.
end of the Iglll sequence followed by three possiblelds
of Iglll that are due to alternative splicing, the Analogous splice variants of different genes
transmembrane domain, and finally the kinase domain (sé@ecause the Iglll domain seems to be so important for
Fig. 3). Analysis of the FGFR genes reveals figdit- 1, fgfr-2  specificity of FGF binding, and because the three Iglll
andfgfr-3 have a remarkable conservation of the arrangememtomains are more homologous between genes than between
of intron/exon boundaries (Ornit al. 1996). Different exon each other, one might conclude that the same Iglll domain
usage allows the translation of proteins which may bevould confer specificity of binding regardless of whifgir
prematurely truncated, lack Ig-like domains, or utilizegene is expressed. However, this is not the case. For
different coding regions for the same Ig-like domains (seexample, FGF-7 binds FGFR-2(lllb) but not FGFR-1(IlIb)
Fig. 2). For example, variations in splicing have been showier FGFR-3(l1Ib), despite the fact that all three receptors have
to result in secreted receptors which are truncated after eithtre same Iglllb splice variant (Ornitet al. 1996). This
Igl or Iglll by the introduction of early stop codons implies that there are other receptor domains besides Iglll
(Johnson & Williams 1993). Alternatively, differential which confer binding specificity, and these domains differ
splicing may result in the loss of Igl (Johnsehal. 1990), between the differerfgfr genes.
which, while not shown to significantly alter FGF-1 and  The use of both mechanisms for receptor diversity,
FGF-2 binding to FGFR-1 (Johnson & Williams 1993), maydifferent Iglll splice variants of the same gene and different
explain the differences in receptor sizes found in the initiagenes coding for the same Iglll splice variant, allows for
crosslinking studies described above. Finally, variations irseven different receptor possibilities (3 receptor genes
splice site usage may result in the coding for one of thresplice variants [lllb and llic] eackgfr-4=7 possibilites).
possible Iglll domains. Ornitz et al. (1996) determined the specificity of different
One of the most important mechanisms by which FGFFGFs for different receptor isoforms by overexpressing these
receptors determine specificity for different FGFs is byisoforms in Baf3 cells, which do not normally express
alternate exon usage of the Iglll forms. The exons coding foFGFRs, and assaying forHJthymidine incorporation in
the three possible Iglll domains, designated Igllla, Iglllb andthese cells following treatment with different FGFs (see
Igllic, are situated contiguously and in the same order infable 2). Their results convincingly show that diversity in
fgfr-1, fgfr-2 (Johnsoret al. 1991) andfgfr-3 (Chellaiahet FGF signaling is achieved by different FGFs binding to
al. 1994). Thefgfr-4 gene is unique in that there is only one different FGFR splice variants and differerigfr gene
possible form of its Iglll domain (Vainikkat al. 1992). The products.
Igllla splice variant codes for a truncated protein which, as
ﬁt is secreted and is not a transmembran_e protein, cann?éole of FGF-heparin interaction in FGFR
independently transduce an extracelluar signal, although jt .. _..
may act to sequester released FGFs and inhibit FGECUVatIon
signaling. However, differential expression of Iglllb and As part of the search for molecules involved in FGF
Igllic is very important for determining FGF signaling signaling, low and high affinity binding sites for FGF were
specificity. Interestingly, the expression of FGFR-2 isoformdound on the surface of cells in culture. As mentioned above,
of Iglllb and Igllic is restricted to cells of epithelial and Moscatelli (1987) performed a Scatchard analysis of the
mesenchymal lineages respectively (Orr-Urtregfeal. 1993,  binding of [*4]FGF-2 to baby hamster kidney (BHK) cells
Yanet al. 1993, Alaridet al. 1994). Because FGF-7 is known and found two binding sites for FGF: a high affinity binding
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Table 2 Specificity of different FGFs for different receptor isoforms as determined by mitogenic stimulation. The relevant
affinities of FGF-2 and FGF-7 for FGFR1(llic) and FGFR2(lllb) are in bold

FGFR FGF-1 FGF-2 FGF-3 FGF-4 FGF-5 FGF-6 FGF-7 FGF-8 FGF-9
1, lib 100 60 34 16 4 5 6 4 4
1, lic 100 104 0 102 59 55 0 1 21
2, lib 100 9 45 15 5 5 81 4 7
2, llic 100 64 4 94 25 61 25 16 89
3, lib 100 1 2 1 1 1 1 1 42
3, llic 100 107 1 69 12 9 1 41 96
4 100 113 6 108 7 79 2 76 75

Modified from Ornitz et al. (1996).

(Kp=20 pM) which represented binding to FGF receptord=GF signaling, triggering mitogenesis and angiogenesis
themselves, and a low affinity binding4=2 nM). Because (Rapraegeet al. 1991, Aviezeret al. 1994). Based on the
binding to the low affinity sites was competed for by heparinabove observations Klagsbrun and Baird (1991) proposed a
or heparan sulfate, but not by other glycosaminoglycanmodel for the role of cell surface HLGAGs in FGF signaling.
(GAGSs) such as chondroitin sulfate and keratin sulfateFirst, the HLGAGs recruit FGFs to the cell surface,
Moscatelli concluded that this low affinity binding increasing their concentration and making activation of their
represented the binding of FGF to cell surface heparin-likeeceptors more thermodynamically favorable. Secondly, the
molecules. This conclusion was supported by the fact thaiLGAGs induce a conformational shift in either FGFs or
treatment with heparinase abolished 62% of the low affinitytheir receptors such that binding between the two is favored.
binding. Moscatelli also concluded that binding to the low  More recently the thinking has shifted from HLGAGs
affinity sites was not physiologically relevant for FGF inducing a conformational shift to their presentation of FGFs
signaling because saturating FGF-2 with exogenous frei@ a form more likely to activate their receptors. Orrgtizal.
heparin, such that there was none bound to the low affinit§y1992) first proposed that heparin facilitates FGF
sites, had no effect on FGF-2 stimulation of plasminogemligomerization and speculated as to a role this may have in
activator production, an induction mediated by binding to theriggering receptor dimerization and activation. Ornitz and
high affinity receptor. coworkers showed that FGF-induced mitogenic activity is
Yayonet al. (1991) expanded this initial work and came heparin-dependent and that heparin is required for FGF-2
to the conclusion that, on the contrary, cell surface HLGAG®inding to FGFR-1 in a cell-free assay. The dynamics of this
are physiologically significant because they are required focell-free assay also allowed Ornitz and coworkers to argue
the binding of FGF-2 to its high affinity cell surface receptor.that heparin facilitates FGF oligomerization. Spivak-
Yayon et al. found that Chinese hamster ovary (CHO) cellsKroizmanet al. (1994a) supported this argument by showing
expressing a high affinity FGF receptor, FGFR-1, and celthrough isothermal titration calorimetry that FGF-1 forms a
surface HLGAGs could bindf1]FGF-2 while mutant CHO 1:1 complex with the extracellular domain of the FGF
cells that did not express the cell surface HLGAGs could notieceptor. The fact that heparin is capable of binding many
even when they did express FGFR-1. In addition, they foundholecules of FGF also supports the argument that the
that binding to the HLGAG-deficient mutant CHO cells FGF-1-heparin complex can bind several receptors, resulting
could be restored by the addition of heparin or heparain their dimerization and activation. In addition, a synthetic
sulfate. Lindahl and Hook (1978) had already argued thateparin analog, sucrose octasulfate, which binds only one
HLGAGSs were capable of inducing a conformational changd=-GF-1 molecule, is capable of blocking FGF receptor
in proteins to which they bound. Consequently, Yagbral.  dimerization and activation. Consequently, the current
(1991) proposed that both free and cell surface HLGAGsinderstanding of the ability of FGFs to activate their
were capable of imparting a receptor-compatible conreceptors is that they induce receptor dimerization, and that
formational shift on FGF-2 and thereby promote FGF-2this dimerization is facilitated by HLGAGs.
binding to its receptor. This model explained Moscatelli's
observation regarding the competition of FGF-2 off the
cell-surface  HLGAGs with heparin as not being a
competition but rather a substitution of one molecule (celFGF receptors, like other receptor tyrosine kinases, transmit
surface HLGAG) capable of facititating FGFR binding with extracellular signals to various cytoplasmic signal trans-
another molecule (heparin) capable of doing the same thingluction pathways through tyrosine phosphorylation.
It has also been demonstrated that cell surface HLGAGBollowing ligand binding and dimerization, the receptors
not only facilitate binding to FGFR-1, but also to FGFR-2become capable of phosphorylating specific tyrosine residues
(Mansukhaniet al. 1992), and that this binding facilitates on their own and each other’s cytoplasmic tails (Lemmon &

FGF receptor dimerization and activation
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Schlessinger 1994). The ability of FGFRs in a liganded dimebetween Igl and Igll, while Plotnikov’'s theory addresses a
pair to transphosphorylate each other extends to FGFBRimerization stabilized by HLGAGs. As we shall see, the
heterodimers as well as homodimers (Belltal. 1991), trimolecular complex of HLGAG, FGF and FGFR is
allowing for additional complexity in FGF signaling. probably stabilized by numerous interactions between each
Phosphorylated tyrosine residues, in turn, recruit othemember.
signaling molecules to the activated receptors and propagate Early models of the HLGAG-FGF-FGFR complex
the signal through many possible transduction pathwayproposed that the stoichiometry consisted of only one FGF
(Pawson 1995). Consequently, the key step from thenolecule cross-linking two FGFRs with or without the
extracellular to the intracellular signaling pathways isparticipation of HLGAGs. Pantolianeet al. (1994) put
receptor dimerization. forward a model in which single FGF and HLGAG
molecules formed a bridge between two FGFR molecules
resulting in receptor dimerization. Alternatively, Springsr
al. (1994) identified high-affinity (Tyf, Tyr'%, Leu“c
Met) and low-affinity (LyS*>Trp**%) FGFR binding sites
As ligand binding and subsequent dimerization initiallyon FGF, and, based on the bivalent nature of FGF, proposed
determines receptor activation, in order for signals to b¢hat a single FGF molecule could cross-link two FGFRs.
appropriately transmitted a mechanism must be present tdowever, while both of these theories contained parts of the
prevent FGFR dimerization in the absence of FGF. Twaicture, they did not account for the participation of
mutually consistent theories have been proposed to explaLGAG-mediated FGF dimerization and oligomerization in
FGFR dimerization only in the presence of FGF. Ketral. FGFR activation.
(1996) have shown that divalent cations and HLGAGs can An alternative model of Spivak-Kroizmaet al. (1994a)
cooperate to maintain the FGFR in a conformation thaproposed that HLGAGs promote the formation of FGF
restricts dimerization and prevents receptor activation. Wandimers that in turn cross-link FGFRs (see Fig. 4). This model
et al. (1997) identified the sequence that regulates thiselied on the one-to-one interaction between FGF and FGFR
inhibition as being in the extracellular domain of FGFRshown by isothermal titration calorimetry, and the fact that
between Igll and Iglll from GI¥° to Lys'’8, a region which HLGAGs can bind several FGF monomers. In this model
promotes receptor self-association. In the proposed modefiLGAGs cross-link FGFRs by using FGFs as adaptors.
divalent cations and HLGAGS suppress this region’s intrinsidJnfortunately, the Spivak-Kroizman model did not explain
tendency to promote receptor dimerization. Howeverthe essential HLGAG-FGFR interaction in receptor
binding of FGF to FGFR releases this suppression and catimerization (Kanet al. 1993).
thereby promote receptor dimerization. Within the past year three new, very similar, models
Plotnikov et al. (1999) proposed an alternate, though nothave been proposed to explain the HLGAG-FGF-FGFR
inconsistent, mechanism to prevent FGFR dimerization in theomplex (Fig. 5). Venkataramaet al. (1999), Plotnikovet
absence of ligand. There is a region in Igll containing severadl. (1999) and most recently, Staubet al. (2000) have
basic amino acids that is probably important for HLGAGindependently proposed models in which a 2 FGF:2 FGFR
binding to FGFR. Consequently, it may be possible thatlimer is stabilized by the addition of an HLGAG. In these
HLGAGSs themselves could cross-link two FGFRs by bindingmodels each FGFR in the dimer binds one FGF, and the
to this region of Igll. However, Plotnikov and coworkers complex itself is stabilized by HLGAG binding across a
proposed that the acid box, a region between Igl and Igll, isanyon formed by the FGF-FGFR pairs. In each of the
capable of interacting with this basic region of Igll, therebyFGF-FGFR pairs, Igll and Iglll both wrap around a single
preventing HLGAG binding. Following FGF binding, this FGF molecule: Igll binding at Springer's high affinity
inhibition would be lifted and dimerization could occur. binding site (see above) and Iglll binding at the low affinity
However, as there are some splice variants that lack the acsite (Venkataramamt al. 1999) or with other amino acids
box yet exhibit no peculiarities in dimerization, this (Plotnikov et al. 1999, Staubeet al. 2000). Together, these
mechanism may not be absolutely necessary. pairs form a highly positive canyon at the Igll-FGF interface
into which a single HLGAG can bind, thus placing minimal
size restrictions on the HLGAG such that it must span both
pairs in order to dimerize receptors. In addition, the
extracellular domains of each FGFR stabilize the dimer by
It is important to note that in both of the mechanisms todirect interactions, probably at the linker region between Igll
prevent ligand-independent dimerization described abovend Iglll.
different mechanisms are capable of promoting FGFR These three groups differ on a few other possible
dimerization. Kan’s and Wang's model addresses an intrinsiimteractions. For example, Plotnikat al. (1999) also have
tendency for FGFR dimerization mediated by a sequenctne dimer stablized by one FGF binding not only to its own

Inhibition of receptor dimerization in the
absence of FGF

Solving the HLGAG-FGF-FGFR trimolecular
complex
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Figure 4 Spivak-Kroizman and coworkers’ model for FGFR activation. HLGAGs oligomerize FGFs, which in turn cross-link
FGFRs. (Modified from Spivak-Kroizman et al. 1994a.)

FGFR (Il not shown)

Figure 5 Simplification of the model of Venkataraman et al. (1999) and Plotnikov et al. (1999) for FGF-FGFR-HLGAG
interaction and receptor dimerization. (Modified from Venkataraman et al. 1999.)

Downloaded from Bioscientifica.com at 08"‘23‘”1(7?706'26'02AM

www.endocrinology.org
via free access



Powers et al: FGFs and FGF signaling

FGFR’s Igll, but also to the Igll in the adjoining pair. quite similar owing to the high degree of homology at the
However, all three models take into account the interactiommino acid level between different receptor types (Johnson &
between HLGAGSs and both FGFs and FGFRs, as well as th#illiams 1993). In addition, Raffioniet al. (1999) have
numerous interactions between FGFs and FGFRs themselvebown, by using chimeric receptors comprised of the
cytoplasmic domains of FGFR-1, FGFR-3 and FGFR-4
linked to the extracellular domain of the PDGF receptor, that
the principle difference between FGFRs in this model is the
As we described above, the activated tyrosine kinase receptsirength of tyrosine kinase activity, not any differences in
recruits target proteins of the signaling cascade to itsarget proteins (Raffionet al. 1999).

cytoplasmic tail and modifies them by phosphorylation. One  There are seven tyrosine residues in the cytoplasmic tail
way these recruited target proteins may be localized to thef FGFR-1 that can be substrates for phosphorylation**Tyr
activated receptor is through the interaction between theifyrs® Tyr%8® Tyr3 Tyr®% Tyr*® and Tyr®. Tyr®® and
Src-homology 2 (SH2) domains and specific phosphotyrosin€yr®* are important for the catalytic activity of the activated
residues on the activated receptor (Pawson 1995). These SHZSFR and are essential for signaling (Mohammetial.
containing proteins may be substrates for receptori996) (see Fig. 6). Tyt has been shown to bind the SH2
mediated phosphorylation themselves, or they may functiodomain of phospholipase C-gamma (R.@nd is necessary
as adaptor proteins to recruit other target proteins. Tyrosin®r FGFR activation of PLE (Mohammadiet al. 1991).
kinase receptors generally propagate signal transduction bjowever, the other tyrosines can be mutated to
phosphotyrosine-induced conformational changes in thephenylalanine residues, which are not substrates for
target proteins resulting in activation of various catalyticauto-phosphorylation, without loss of mitogen activated
activities. protein (MAP) kinase (MAPK)-activity and mitogenic
signaling in rat L-6 fibroblasts (Mohammaset al. 1996),
putting their roles in FGFR signal transduction in question.
It is interesting to note that a 90-kDa phosphoprotein has
Most studies of FGFR-mediated signal transduction haveeen observed associated with the adaptor molecule Grb2
been carried out using FGFR-1 as the prototypical FGFRollowing activation of both the wild-type and phenlyalanine-
The signaling pathways from different FGFRs are probablynutated receptors. This suggests that FGFR signaling may

FGFR signal transduction

Structure of the FGFR cytoplasmic domain

Figure 6 Signaling through the cytoplasmic domain of FGFR. Symbols for HLGAG and FGF as in Fig. 5.
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not rely only on the phosphotyrosine-SH2 pathway, an ideaubstitution at Ty failed to proliferate and the activity of
we will explore in more detail below. both Erk2 and Jun kinase was suppressed. These results are
in contradiction to those of Mohammast al. (1996), who
determined that Tyf* was not important for mitogenesis.
Perhaps these differences are reflective of differences in
Activated PLG cleaves phosphatidyl-inositol-4,5-bisphos-FGFR signaling intrinsic to different cell types, as
phate to inositol trisphosphate ¢Pand diacylglycerol Mohammadi and coworkers used fibroblasts while Larsson
(DAG). In turn, IR, facilitates the release of calcium storesand coworkers’ results were seen in endothelial cells.
from the endoplasmic reticulum while DAG and calcium
activate PKC. PL§ was identified as a 150-kDa phospho-
protein associated with FGFR following ligand-dependen
activation (Burges®t al. 1990), and this association is due As mentioned above with studies of tyrosine-mutated FGF
to binding between the SH2 domain of PL@nd Tyr® of  receptors, both the wild-type and the mutant receptor lacking
FGFR-1 (Mohammadi et al. 1991). Two groups all non-catalytic tyrosine residues have been shown to
independently mutated this tyrosine to phenylalaninephosphorylate a novel 90-kDa protein, suggesting the
showing that this residue is essential for phosphatidylinositoéxistence of an alternative pathway to that of phospho-
hydrolysis (Mohammadiet al. 1992, Peterset al. 1992). tyrosine recruitment of SH2-containing proteins. This
However, mutation of Tyf® did not affect FGFR-mediated 90-kDa protein was independently identified as SNT-1
mitogenesis, neuronal differentiation (Spivak-Kroizneral.  (Wanget al. 1996) or FRS2 (Kouharat al. 1997) by two
1994), or mesoderm-induction in &enopusanimal cap separate groups who both showed that SNT-1/FRS2 linked
model (Muslinet al. 1994). This implies that either PyC FGFR activation to the Ras/MAPK signaling pathway
signaling is redundant with respect to mitogenesis anémportant for growth factor-induced cell-cycle progression.
differentiation, or that the PLZpathway is important for Activation of SNT-1/FRS2 recruits the adaptor protein
some other function of FGFR signaling. Although the RLC Grb-2/Sos that in turn recruits Ras to the FGFR complex
pathway is not directly involved in cell motility (Langrest ~ (Kouharaet al. 1997). In addition to associating with Grb-2,
al. 1998), it may be involved in some other form of activated FRS2 also binds the protein tyrosine phosphatase
cytoskeletal alteration as the actin-binding protein profillinShp2 (Onget al. 2000). Onget al. (1997) have shown
participates in PLE signaling (Goldschmidt-Clermordt al.  through co-immunoprecipitation that Shp2 associates with
1991). both FRS2 and the docker protein Gab-1. SNT-1/FRS2 is
localized to the inner leaflet of the cell membrane by
myristylation and interacts with FGFR-1 at amino acids
407-433 of the juxtamembrane region (& al. 1998). In
Src is a non-receptor tyrosine kinase that may link FGFRaddition to linking FGFR signaling to the Ras/MAPK
signaling to cortactin (Zhanet al. 1993), a focal pathway, Limet al.(1999) have shown recently that SNT-1/
adhesion-associated protein that binds filamentous actin (WeRS2 can link FGFR activation to atypical protein kinase C
et al. 1991b). This connection would provide an alternateisotypes, although the role this may play in mitogenesis or
pathway to that of PLE for FGFR-mediated cytoskeletal chemotaxis has yet to be characterized.
alterations. However, there are conflicting reports concerning Interestingly, Onget al. (2000) have shown that FRS2 is
the interaction of Src and FGFR. Zhanal. (1994) found a constitutively associated with FGFR1, independent of
direct interaction by immunoprecipitation with recombinantreceptor activation. Nerve growth factor (NGF) receptors
FGFR-1. On the other hand, Langren al. (1995) saw no also utilize FRS2 in their signaling pathways; however
direct interaction and instead proposed that, as thé®*Tyyr  association of FRS2 with NGF receptors is dependent on
Phe® mutant had high levels of phosphorylated Src, theeceptor activation. Consequently, FGFR1 may regulate NGF
PLCy pathway inhibits Src activity. signaling by sequestering FRS2 from liganded NGF receptor.
Thus FGFRs mediate signal transduction by at least two
independent pathways. First, FGFRs utilize the traditional
SH2-linked pathway joining FGFR directly to Pi@nd Crk,
Crk is an SH2/SH3-containing adaptor protein which mayand probably indirectly to Src. Secondly, FGFR is linked to
link FGFR to the downstream signaling molecules Shc, C3GNT-1/FRS2 through an interaction at the juxtamembrane
and Cas, which may in turn propagate a mitogenic signalomain. Regulation of this second pathway has yet to be
from FGFR. Larssomet al. (1999) have shown that Crk binds determined, as it seems to function independently of receptor
via its SH2 domain to Tyf® of the activated FGFR. phosphorylation, although this pathway appears at least
Signaling through Crk has no effect on cell motility, yet superficially analogous to that of the insulin receptor and the
endothelial cells expressing FGFR-1 with a phenylalaninénsulin receptor substrate (IRS)-1 (Yenush & White 1997).

The PLCy signaling pathway

;I’he SNT-1/FRS2 signaling pathway

The Src signaling pathway

Crk-mediated signaling
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Through these, and perhaps other, yet to be defineBGFs in inflammation

pathways, FGFRs mediate the diverse effects of FGFs.  The role of FGFs in inflammation is supported by the
localization of FGF-1 to the synovium of inflammatory
arthritic joints (Sancet al. 1990) and to allographs showing
Biological function of FGFs the histological morphology qf chronic.allograft r_ej.ection
(Zhaoet al. 1993, 1995). The inflammation of arthritis and
chronic rejection is characterized by a proliferation of
lymphocytes. Production of interleukin-2, a powerful
The well-characterized role of FGF-1 and FGF-2 asymphocyte growth factor, has been shown to be stimulated
fibroblast and endothelial cell growth factors (Folkman &py FGF-1 (Byrdet al. 1999), suggesting that FGFs, along
Shing 1992) suggests that a significant biological function ofyith other factors, can induce the migration of inflammatory
FGFs is as positive regulators of angiogenesis. We wiltells. FGFs may also play a role in the initial phase of wound
discuss FGFs as factors promoting tumor angiogenesis in thepair by regulating platelet production, as platelets are also
later section dealing with FGF signaling in cancer; howeverimportant constituents of the inflammatory response. FGF-4
here we will focus on the normal biological role of FGFS.has been shown to stimulate the proliferation of
Angiogenesis plays a significant biological role in woundmegakaryocyte progenitor cells (Koniskt al. 1996) and
healing and exogenous application of FGF-2 has been fourglsF-2 knockout mice have abnormalities in their serum
both to promote skin wound healing in healing-impaired db/platelet levels (Zhowt al. 1998).
db mice (Tsuboi & Rifkin 1990) and to promote healing of
infarcted myocardium following an ischemic insult in both FGFs in repair
canine (Yanagisawa-Miwaet al. 1992) and porcine i . i . .
(Watanabeet al. 1998) models. The _potgnnal role of FGFs |r_1 the_repalr phase is obvious
Wound repair progresses in four phases: inflammationgons'de”_ng the power_ful proliferative effec_:ts they have on
contraction, repair and regeneration. During the initialendothellal cells and fibroblasts. Another important role of

inflammatory response, a fibrin- and fibronectin-rich exudaté:GFs in the repair phase may be the facilitation of

containing numerous inflammatory cells and plateletsendome"al cell migration by regulation of proteolysis and

invades the site of injury. Next, myofibroblasts, that haveadhesmn molecules. FGF-2 has been shown to induce the

probably differentiated from pericytes or mesenchymafjmkinase'type plasminogen activator (UPA) gene in both

stromal cells, act to contract the wound, reducing the area tZ)ndothelial cells (Gualandris & Presta 1995) and fibroblasts

be repaired. The chief hallmark of the repair phase is th Besseret al. 1995). uPA is a serine protease that converts

formation of granulation tissue, a richly vascularizedthe zymogen plasminogen to plasmin, a trypsin-like protease

connective tissue. Granulation tissue is characterized by tﬁ%h'Ch cleaves, among other substrates, the fibrin deposited

migration of endothelial cells and fibroblasts through aby initial clot formation. uPA can be localized to the cell

. . surf means of th PA r r, resulting in
network of noncollagenous extracellular matrix resulting inouriace by means of the u eceptor, resulting a

the formation of new capillaries. Late repair is charac’[erize&’erice_llL”a_r zone of fibrinqusis (Werb 1997), apd _facilitating
by the deposition of collagen and the organization of th he migration of endothelial cells through the fibrin clot.

newly formed blood vessels. During the last phase of woun ,FGEZ may alhso fa(,;:htate ;r;]dotlheh?:] cellhmlgraltl?.n
healing, regeneration, the lost epithelial cells are replaced ring the repair p a;e ot wound healing througn reguration
appropriate. of cell-surface adhesion molecules, most notably w33
There is evidence to suggest that FGFs may play a roldte9rin complex. Expressmr.l of theV/B3 integrin cqmplex )
on the surface of human microvascular endothelial cells is

in at least three of the four phases of wound repair; 4 by treat t with FGF-2 (S | 1994). Th
inflammation, repair and regeneration. FGFs are stored ndicreased by treatment wi -2 (Seppal. ). The

only in the extracellular matix itself, but also in endotheliaIO(VB3 |ntegr|n_ complex, aIsp knowr_1 as the vitronectin
cells (McNeil et al. 1989) and fibroblasts (Wernest al receptor, mediates endothelial cell binding to extracellular

1991). As mentioned above, the release of FGFs from theggmpongnts such as vi.tronec.:tin and fibrinogen. In addlition,
cells during wound repair may in fact be stimulated byexprt_assmn of thex\(BB integrin complex can also IO(_:allze
creation of the wound itself. McNet al. (1989) have shown matr_lx_ metalloproteinases to_the surface of endo_thellal cells
that various growth factors are released by mechanicall “’Y'd'”g another .m(?chanl.sn.w for . .the creation 9f a
wounded endothelial cells and have proposed th ericellular zone of fibrinolysis in addition to that mediated
mechanical force is both a stimulus and a mechanism fot’ UPA (Brookset al. 1996).

FGF-2 release from endothelium. Of course, there is . .

probably also some other signal for FGF release fronk GFs in regeneration

endothelium and the stroma, as angiogenesis is not alwayvidence for a potential role of FGFs in the final phase of
due to a mechanical injury. wound healing, regeneration, comes from studies of renal

Angiogenesis and wound healing
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tubule repair following chemically induced proximal tubule and connective tissues of the limb, while muscles are formed
damage. By means af situ hybridization, Ichimuraet al. by cells that migrate into the developing limb from the
(1996) have localized expression of FGF-7 to interstitial cellsomites. As the limb bud elongates, it forms recognizable
and FGFR-2(llIb), a specific FGF-7 receptor isoform, to theskeletal elements which form from proximal to distal.
tubular epithelium. This segregation of receptor and ligan®utgrowth and patterning of the developing limb has been
expression suggests that FGFs, most notably FGF-7, magund to depend on three distinct signaling centers. One of
facilitate epithelial regeneration by means of a paracringhese is the apical ectodermal ridge (AER), a thickening of
loop, with stromal cells releasing FGF-7 and the targethe ectoderm that runs anterior to posterior on the tip of the
epithelial cells expressing the appropriate receptoimb bud. The AER is chiefly responsible for proximal to
Interestingly, Ichimuraet al. (1996) also noted that the distal development through signaling with FGF family
regeneration of renal tubules closely resembles the late stag@gmbers. A second, the zone of polarizing activity (ZPA), is
of kidney development, in particular the differentiation ofjn the mesenchyme at the posterior margin of the limb bud

epithelium. and is responsible for anterior—posterior axis determination
through signaling with the sonic hedgehdsh) gene. And
FGFs in development the third, the ectoderm at the limb tip which is not part of

. ] ] ~ the AER, the so-called non-ridge ectoderm, is responsible for
FGFs play a role in development even prior to implantationy, sal—ventral patterning through signaling with tnt7a
as FGF-signaling induces cell division of embryonic andgene

extraembryonic cells of the mouse embryo starting as early T.he signals from the AER, ZPA and non-ridge ectoderm

as the ﬁﬁh_ cgll_ division (_Chadat al. 1998)' FGFs als_,o SEEM ¢t on undifferentiated mesenchyme within the limb bud, the
to play a significant role in gastrulation, the formation of the

so-called ‘progress zone'. The progress zone remains at the
three germ layers. FGFs have been shown

d inducing factors ke FGE-3 and FGt|S4bﬁp of the developing limb under the ectoderm and the cells
mesocderm-inducing factors Renopusas ~san “* in the progress zone proliferate as a result of signals from

are capable of inducing mesoderm derived fro@nopus the AER resulting in the elongation of the limb bud. As the

animal pole cells in animal cap experiments (Patezhal. .
P b €xp ( limb bud elongates, the progress zone advances as well,

1989). .The t.emporal and spaﬂal localization of FGF-5Ieaving cells behind which terminally differentiate as skeletal
mRNA in pluripotent embryonic ectoderm and cells forming . . .
elements of the limb. The time of exit from the progress zone

the three primary germ layers during gastrulation implicates . .
FGF-5 as a regulatory factor of gastrulation (Hekettal. Is the key determinant of whether the mesenchymal cells will

1991). In mouse embryos, FGF-8 is required for cells tha{orm proximal or molre distal structures (Summerketial.
1973). Thus, cells in the progress zone are exposed to

have undergone an epithelial-mesenchymal transition to. . L L -
move away from the primitive streak (St al. 1999). In S{gnallng frqm three Q|stlnct sources resulting in pr.OX|maI—
FGF-8 knockout mice this failure in migration results in thed'StaI’ anterior—posterior and dorsal-ventral patterning.
absence of embryonic mesoderm- and endoderm-derivqg@':S in induction of limb buds

tissues, as well as a disturbance in the patterning of the ) o ) .
prospective neuroectoderm. FGFs play an important role in limb bud induction. Coéin

FGFs have also been shown to be relevant iﬁ':ll. (1995) showed that beads soaked in FGF-1, -2 or -4 and

organogenesis, particularly in that of the nervous system, tf¥aced in the flanks of chick embryos induce the formation
lung and limbs. FGF-8 is important in midbrain developmenf €ctopic limb buds which can develop into almost normal

(Crossleyet al. 1996) and cell patterning of the neural plate limbs. It is remarkable that a single growth factor is sufficient
(Ye et al. 1998), while FGF-3 plays an important role in to induce the development of a limb and this is indicative of

induction of the inner ear (Represa al. 1991). FGF-10 the key role FGFs play in limb bud induction as well as in

plays a key role in lung development (Sekieteal. 1999) by ~ Maintenance of limb development. The normal source of the

(Warburton et al. 1999). However, the most fully mesoderm (IM) which lies between the lateral plate

characterized role of FGFs is in limb development. mesoderm and the somites and is composed of nephrogenic
mesoderm (NM) and the Wolffian duct (WD) (Geduspan &
FGFs in limb development Solursh 1992). Crossley and coworkers have shown that

FGFs have been shown to play a significant role in limd=GF-8 is expressed in the developing limb bud and in the
development in chick and mouse model systems. Norma{M, and that its expression in the NM may be due to an
limb development begins as the protrusion of a limb budincharacterized signal from the WD (Crossley & Martin
composed of lateral plate mesoderm and its covering995, Crosslewt al. 199@). Thus, limb bud induction seems
ectoderm (Martin 1998). The mesenchymal cells in the limbdo occur as a result of a signal from the WD, which in turn
bud will eventually differentiate to form the skeletal elementstriggers FGF-8 expression in the NM. FGF-8 is then capable
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of acting on the lateral plate mesoderm and inducing limb  The actions of FGFs in limb bud induction and in the

bud formation. established limb have led to a model for the role of FGFs in
] ) ) ) . induction, initiation and maintenance in limb development
FGFs in proliferation of developing limb (Cohnet al. 1995, Crosslegt al. 1996, Martin 1998). Limb

FGFs also play a key role in the established limb bud as thieud induction is triggered by FGF-8 inducing the expression
proliferative signal from the AER. The dependence of limbof fgf-10. FGF-10 then inducefyf-8 in ectodermal cells
development on an intact apical ectodermal ridge has beeasulting in the formation of the AER. FGFs from the AER
known since 1948, when Saunders showed that removal ofiaintain cell proliferation in the progress zone, while FGF-2
the AER terminated any further limb development (Saunder§~allon et al. 1994), FGF-4 (Laufeet al. 1994) and FGF-8
1948). The application of FGF-4-soaked beads to théCrossleyet al. 199@) induce Shhexpression in the ZPA.
exposed mesenchyme following apical ectodermal ridg@©utgrowth and patterning of the limb then results from the
removal led to essentially normal limb developmentcombined effects of FGF and Shh and their regulation of
(Niswanderet al. 1993), showing that FGF-4 is sufficient to many genes in their target cells, including the HoxD family
replace the AER. However, Fallat al. (1994) showed that of genes.

FGF-2-soaked beads are also sufficient to replace the AER

and, in addition, FGF-2 is the only detectable FGF in chic .

limb bud extracts, suggesting that FGF-2 is the primﬁmOCKOUt studies of FGFs

candidate for the chick limb bud AER signal. TheseThe key role FGFs seem to play in angiogenesis and
observations have led developmental biologists to two keyevelopment might lead one to conclude that animals lacking
functions of the FGF produced by the AER. First, FGFparticular FGFs would manifest serious abnormalities. This
stimulates proliferation of cells in the progress zone, leadings true with thefgf-47- (Feldmanet al. 1995) andigf-8™ (Sun

to limb bud elongation and a pool of cells from which et al. 1999) mutations which are embryonic lethal, while
skeletal elements can differentiate. Secondly, FGF maintairfgf-10"~ mice die at birth due to insufficient lung
sonic hedgehog (Shh) expression in the zone of polarizingevelopment (Sekinet al. 1999). On the other hanégf-27"~
activity (Vogel & Tickle 1993, Crossleyet al. 199&). In  andfgf-67" mice are not only viable, but are phenotypically
addition, Shh can act on cells in the AER to maintain FGF-4ndistinguishable from wild-type animals by gross
expression, resulting in a positive-feedback loop between thexamination (Fioreet al. 1997, Ortegaet al. 1998). This
FGFs and Shh (Laufest al. 1994). The interaction between observation is probably due to regulatory redundancies in
the apical ectodermal ridge and the zone of polarizingorocesses controlled bfgf-2 and fgf-6: thus while certain
activity through FGFs and sonic hedgehog confirms &GFs may contribute to various processes, this does not
molecular link between proximal-distal and anterior-mean that they are necessary for proper regulation, as other

posterior patterning (see Fig. 7). family members may be able to substitute.
Induction Establishment of the Maintenance of outgrowth
AER and ZPA and patterning

~a
9.0/0/00
\AAAAAA

—
Somites T Lateral plate FGFs from the AER maintain Shh induces FGFs maintain cell
mesoderm FGF-4 proliferation and Shh

cell proliferation and induce

Nephr i Surf: .
ephrogenic urface Shh in the ZPA expression

mesoderm ectoderm

Figure 7 Possible roles of FGFs in induction, initiation and maintenance of limb development. (Modified from Martin 1998.)
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This is almost certainly the case with angiogenesis, amesenchyme in the progress zone (Stephens 1988). The
fgf-27~ mice demonstrate only a three-day lag over wild-typeresult is that cells in the progress zone do not leave to form
animals in excisional skin wound repair (Ortegfaal. 1998), more proximal structures and only distal structures are
no alteration in the dynamics of vessel repair followingformed from the limb bud.
mechanical injury (Zhoet al. 1998) and a comparable level The teratogenic metabolites of thalidomide also seem to
of retinal neovascularization in a murine model ofhave antiangiogenic properties. D'’Amatet al. (1994)
oxygen-induced ischemic retinopathy (Ozakil. 1998). On  showed that orally administered thalidomide is an inhibitor
the other hand, control of vascular tone does seem to b&f angiogenesis induced by FGF-2 in a rabbit cornea
affected in theéfgf-2”~ mice. They display decreased vascularmicropocket assay, and given intraperitoneally, thalidomide
smooth muscle contractility (Zhowt al. 1998) and an significantly inhibits FGF-2- and vascular endothelial growth
impaired baroreceptor reflex as elicited by isoproterenol, &ctor (VEGF)-induced corneal neovascularization in a
B-adrenergic agonist (Donet al. 1998). As a result of these mouse model (Kenyoet al. 1997). In addition, thalidomide
two defectsfgf-2”~ mice have a lower mean arterial pressurehas recently been shown to inhibit endothelial cell
than wild-type animals. This suggests that whatever rolgroliferation itself in vitro (Moreira et al. 1999). Taken
FGF-2 may play in angiogenesis, some other factor catogether, these results suggest that thalidomide metabolites
replace it, while with regulation of vascular tone, othermay interfere with FGF signaling; however, the precise
factors cannot compensate for the loss of FGF-2. nature of this interference remains unknown.

One other area where FGF-2 seems to play an
indispensable role is in cortical developmefgf-27~ mice . . .
display a reduction in neuronal density in the motor cortexF GF signaling in cancer
neuronal deficiencies in the cervical spinal cord and ectopigoliowing release into the extracellular environment,
neurons in the hippocampal commissure (Ortegal. 1998).  polypeptide growth factors such as the FGFs bind cell
The neuronal density deficit is probably due to a loss of agyrface receptors that, in turn, can activate many signal
FGF-2-induced increase in the number of rounds of divisioRransduction cascades. These signal transduction pathways
of cortical progenitors (Vaccarin@t al. 1999). Micro- || then activate various genetic programs through the
injection of FGF-2 at embryonic day 15.5 into the cerebrakoncerted regulation of transcription factors, stimulating cell
ventricles of fgf-2"" mice results in an 18% increase in growth by promoting cell cycle progression and inhibiting
cortical volume and an 87% increase in the number Opathways of cell death. All components of this pathway, from
neurons in the adult cortex. the polypeptide growth factors to the transcription factors,

While it is possible that the lack of profound phenotypicare potential oncoproteins. That is, loss of regulation at any
defects infgf-2"" mice is due to compensation by other FGFstep can result in the driving of those downstream
family members, FGF-1 does not seem to be the active factgomponents to promote cell growth beyond control, thus
in this regard. Milleret al. (2000) have recently shown that resuiting in neoplastic growth. Here we will discuss
fgf-1"" and fgf-2"" double knockout mice displayed similar gjterations in both FGFs themselves as well as the FGF
mild phenotypic defects afgf-2" single knockout mice, receptors and the potential roles such alterations may have in
suggesting that FGF-1 is not the factor that compensates feancer. We will also briefly examine the genetic programs

a lack of FGF-2. activated by FGF signaling. Finally, we will discuss the
evidence for a role of FGF signaling in steroid
Thalidomide: limb defects and cancer hormone-dependent cancers.

The discussion of the role of FGFs in limb development is

particularly relevant in light of the newly found use of FGFs in cancer

thalidomide as an antiangiogenic drug in the treatment of

cancer. Thalidomide was first introduced as a sedative in tf@verexpression of secreted FGFs

1950s, but fell out of use when, in 1961, McBride and LenzAs there are no documented activating mutations in FGFs
described a link between limb defects in babies and materndiemselves, the clearest mechanism by which FGFs may
thalidomide use (McBride 1961, Lenz 1962). The mostcontribute to unregulated cell proliferation is by
prominent congenital defect following fetal exposure tooverexpression; thus potential sources for secreted FGFs are
thalidomide metabolites (the parent drug is itself harmlessthe most important target of investigation. Within epithelial
is phocomelia, or shortening of the limbs, suggesting thatumors there are, in the simplest terms, only two possible
thalidomide metabolites interfere with proximal-distalsources of FGFs: the tumor cells themselves or the
patterning in the developing limb bud. The mechanism fosurrounding stromal cells. FGFs may be released from either
this interference seems to be the action of thalidomidef these sources and they may also act on either of these
metabolites in blocking proliferation of limb bud sources; consequently FGFs may act in an autocrine or a
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paracrine manner or both. There are at least thresignaling factors present in the tumor. Such a paracrine
possibilities: first, FGFs may simply be overexpressed ansdignaling pathway would need to be completed by signaling
secreted by the tumor cells themselves; secondly, FGFs malyrough FGFRs in response to FGFs. By overexpressing a
be secreted by the stromal cells in response to a signal frotruncated dominant-negative FGFR-1, Wagatial. (1998)
the tumor cells; and thirdly, FGFs may be secreted by thehowed that two human pancreatic cell lines, Panc-1 and
tumor in response to a signal from non-transformed cells. MIA PaCa-2, are dependent on signaling through FGFR-1
An example of the first possibility, that of FGF secretedfor activation of the MAP kinase cascade, increased
by the tumor cells as an autocrine growth factor and groliferation, and, most importantly, increased tumor
paracrine angiogenic factor, has been shown to occur in tHermationin vivo in response to FGFs.
case of human gliomas (Takahastial. 1992).fgf-2 mRNA In a converse mechanism to that illustrated with FGF-5
has been shown to be expressed in over 94% of human pancreatic cancer, the production of FGF-2 by the
gliomas (Takahastet al. 1990); however, the FGF-2 protein transformed cells in Kaposi's sarcoma seems to be a result
has not been detected in normal brain by immunoof signals from the non-transformed stromal cells. The
histochemistry (Takahashét al. 1992). The expression of transformed cells in Kaposi's sarcoma, so-called ‘spindle
FGF-2 has also been shown positively to correlate with theells’, have been shown to produce and release FGF-2 in
degree of malignancy and vascularity in human gliomasesponse to tumor necrosis factor{TNFa), IL-1 and
(Takahashi et al. 1992). Because FGF receptors areinterferony (INFy) (Samaniegoet al. 1998). Kaposi's
expressed on both the tumor cells and non-tumor cellsarcoma is characterized by an inflammatory cell infiltrate
(Takahashiet al. 1991), it is not surprising that FGF-2 can and TNF, IL-1 and INFy are all released by these activated
act as an autocrine growth factor on the tumor itself, as well-lymphocytes (Samanieget al. 1998). In this situation the
as act to promote angiogenesis in the surrounding stroma. inflammatory cells probably release mediators which cause
The second possibility, that of FGFs secreted bythe tumor cells to oversecrete FGF-2.
non-transformed stromal cells in response to a signal from
the tumor, is illustrated with FGF-5 in pancreatic cancerRelease of sequestered FGFs from the
fgf-5 mMRNA has been localized by situ hybridization to  €xtracellular matrix
cancer-associated macrophages and fibroblasts, yet it is nahother possibility for disregulation of FGF signaling in
detected in fibroblasts in normal pancreatic tissue (Kornmancancer as a result of increased availability of FGFs may be
et al. 1997). Fibroblasts can be induced to express FGF-Bue to the mobilization of FGFs from the ECM. There are
by epidermal growth factor (EGF), PDGF and transformingcurrently two models for the release of FGFs from this ECM
growth factore (TGFa) (Werneret al. 1991) and all of these reservoir: enzymatic cleavage of ECM components, by
factors are overexpressed in human pancreatic cancer tissygsteases or heparanases, resulting in the release of FGFs, or
(Korc et al. 1992, Ebertet al. 1995). This suggests that binding to a carrier protein, which can then deliver FGFs to
FGF-5 is secreted as a paracrine growth factor by théheir receptors (see Fig. 8). Numerous studies have
non-transformed cells in the tumor stroma in response tmvestigated the release of soluble FGFs from the ECM by

FGF-BP-.
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Figure 8 Three possible mechanisms for the mobilization of stored FGFs from the ECM. (Modified from Rak & Kerbel 1997.)
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the digestion of the glycosaminoglycan portion of HLGAGsFGF-BP is upregulated in adult skin during early stages of
through the activity of heparanases (Vlodavskyal. 1988, carcinogenesis as well as in squamous cell carcinoma (SCC)
Bashkin et al. 1989, Moscatelli 1992), and recently the and some colon carcinoma cell lines (Czubagkal. 1997,
mammalian gene for heparanase has been isolatédirtz et al. 1997). Depletion of FGF-BP in human SCC
independently by Vlodavsket al. (1999) and Huletet al.  (ME-180) and colon carcinoma (LS174T) cell lines through
(1999). They have shown expression of this gene at ththe use of FGF-BP targeting ribozymes decreases growth and
mRNA and protein levels in metastatic human and rat celangiogenesis in a xenograft tumor model (Czubagkal.
lines as well as in samples of human breast, colon and livek997). These observations have led to the possibility that
carcinomas. Interestingly, expression of the heparanase geregulation of FGF-BP may be just as important as direct
seems to correlate with invasive phenotype of several humaegulation of FGF production because of the ability of
breast cancer cell lines: the non-metastatic cell line MCF-FGF-BP to mobilize the FGF reservoir. In fact, retinoids may
does not express the heparanase gene, the moderatabt to inhibit growth of SCC cell linen vitro through the
metastatic cell line MDA-MB 231 showed moderate levelsdown-regulation of FGF-BP levels (Liaudet-Coopnetnal.
of heparanase activity and gene expression, while the highli997) and phorbol ester promotion of skin cancer may be
metastatic cell line MDA-MB 435 had high levels of through a stimulatory effect at the FGF-BP promoter (Harris
heparanase activity and gene expression. In addition, loet al. 1998).
metastatic murine T-lymphoma and melanoma cells
transfected with the heparanase cDNA developed the abili
to metastasize to lung and liver, while the parent cells di
not display this phenotype. The ability of heparanases t®isregulation of FGF signaling as a result of alterations at
release bound stores of FGFs, which can then triggahe level of the receptor has been shown to occur in four
angiogenesis, is consistent with the observed role gbossible forms: inappropriate expression, point mutations,
heparanases in promoting metastasis. Thus, by regulatirsplice variations and genomic alterations. While not all of
expression of heparanases some tumors may be able tteese alterations are associated with human cancer, we will,
mobilize FGFs from the ECM. nevertheless, briefly consider each one of these possibilities
The studies of Saksela & Rifkin (1990) provide a goodin turn. FGFRs have also been shown to be overexpressed in
in vitro example of the regulation of FGF release bycomparison to normal tissues by immunohistochemistry of
proteolysis of the protein backbone of HLGAGs. They havebrain (Morrisonet al. 1994), breast (Yoshimuret al. 1998),
shown that plasmin release$|FGF-2 bound to the ECM prostate (Giriet al. 1999), thyroid (Shinguet al. 1998),
secreted by bovine capillary endothelial (BCE) cells inmelanoma (Ahmeet al. 1997) and salivary gland (Myoken
culture. This mechanism may allow for a positive-feedbaclet al. 1996) tumor samples. With most of the examples of
loop, as FGF-2 is capable of increasing plasminogeneverexpression of FGFRs in cell lines and tumor samples,
activator activity in BCE cells (Saksel&t al. 1987). one or more FGF is often also expressed, creating the
Plasminogen added to a culture of BCE cells with thepossibility for autocrine FGF signaling. Causes for such
addition of FGF-2 results in an increased release of labeleoverexpression are largely uncharacterized; however the role
FGF-2 from the ECM (Saksela & Rifkin 1990). Thus, FGF-20of chromosomal translocation described below is certainly
release can be increased by the stimulation of proteolytione such mechanism.
activity in the pericellular environment through the activity There is a wealth of data supporting the existence of
of FGF-2 itself. activating point mutations of FGFRs, but such mutations
A second mechanism for the regulation of FGF releasdave only been found in developmental defects such as
from the ECM may be through the activity of a carrier skeletal dysplasias (Webstetral. 1996) and craniosynostotic
protein that shuttles FGFs from their site of storage to FGEyndromes (Mangasariat al. 1997, Churet al. 1998, Gripp
receptors. The FGF-binding protein (FGF-BP) is a 17-kDaet al. 1998). In these cases, point mutations may occur in the
protein originally isolated from the human epidermoidextracellular, transmembrane or kinase domains and all such
carcinoma cell line A431 which binds FGF-1 and FGF-2 inmutations result in ligand-independent activation of the
a non-covalent, reversible manner (Wet al. 1991a). FGFRs (Neilson & Friesel 1996). While such mutations
Transfection of the human adrenal adenocarcinoma cell lin&ould seem to be possible mechanisms leading to cancer
SW-13, which expresses FGF-2, with an expression vectatevelopment, none has been shown to be involved in human
for FGF-BP results in a malignant phenotype as determinedancer.
by colony formation in soft agar and the growth of tumors  An alteration in post-transcriptional processing has also
in nude mice (Czubayket al. 1994). FGF-BP is known to been shown to occur with FGFR-3, but as is the case with
be tightly regulated during development: high levels haveoint mutations, this alteration has an unknown role in
been detected in skin and intestine perinatally, yet it ilwuman cancers. A splice variant of FGFR-3 has been
downregulated in adult tissues (Kuez al. 1997). However, reported in breast epithelial cells that is missing exons 7 and
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8, which code for the transmembrane domain, yet has aoverexpressed as a result of MMTYV insertion upstream of its
intact kinase domain and is located in the nucleus (Johnsgromoter (Dicksoret al. 1984). However, it is uncertain how
et al. 1995). While the nuclear localization of some membersmportant this overexpression actually is in mammary tumor
of the FGF family themselves raises the possibility of adevelopment, as overexpression of FGF-3 mRNA is not
completely novel autocrine signaling pathway in the nucleugpowerfully transforming by itself (Basilico & Moscatelli
the role of nuclear localization of this FGFR-3 splice variantl992), probably, like FGF-1 and FGF-2, because of
is unclear. inefficient secretion (Kiefeet al. 1993). Howeverfgf-3 is
Finally, gene rearrangments have also been shown tonsistently expressed in  tumorigenic, but not
lead to ligand-independent activation of FGFRs. Anon-tumorigenic, clones of human colon cancer cell lines
constitutively active form of FGFR-2 has been found in a ra{Galdemarckt al. 1995), suggesting that it may be necessary,
osteosarcoma cell line (Lorenet al. 1996). In this cell line, although not sufficient, for some tumors.
chromosomal rearrangement leads to the alteration of the fgf-4 was isolated by screening genes from human
C-terminus of the FGFR-2 protein as a result of fusion to a&ancers themselves for a transforming effect on 3T3
novel gene designated FGFR activating gene 1 (FRAG1Jibroblasts (Sakamotet al. 1986, Delli Bovi & Basilico
The FGFR-2-FRAG1 fusion protein seems to form1987), attesting to its mitogenic capability. In addition,
constitutive dimers resulting in autophosphorylation of theperhaps because FGF-4 is efficiently secreted, it has been
FGFR-2 kinase domains and activation of the FGF signalinghown to transform fibroblasts by establishing an autocrine
pathway. Another chromosomal translocation in humatoop (Delli Bovi et al. 1987, Talarico & Basilico 1991).
myeloid cells has also been shown to result in activation ofnterestingly, an amino-terminal truncated FGF-4 mutant has
the FGF signaling pathway. Human myeloid cells containindeen shown to bind its receptor more tightly than the full
the 1(4;14)(q16.3;9q32.3) translocation have been shown tiength protein (Bellost&t al. 1993); however, this form has
have increased expression of FGFR-3 resulting in the@ot been shown to be more oncogenic.
activation of an FGF autocrine loop, as determined by fgf-5 was identified by screening tumor cell lines for
blocking antibodies to FGF-4, a principle ligand of FGFR-3sequences capable of transforming 3T3 cells (Zkaral.
(Otsukiet al. 1999). 1988). In fact, thefgf-5 gene was identified because the
juxtaposition of a retroviral transcriptional enhancer element
resulted in FGF-5 overexpression (Zhahal. 1988). Like
Genetic programs of tumor growth FGF-4, FGF-5 is also efficiently secreted, suggesting that

. . . ,:GF-S-induced transformation is due to overexpression.
FGFs may activate genetic programs which promote cell

growth by at least one of three general mechanisms: first, §GFs as angiogenic factors
mitogens for the tumor cells themselves, secondly, b

promoting angiogenesis to supply a growing tumor, ané:
thirdly, by inhibiting apoptosis and allowing tumor cells to
continue to grow beyond normal constraints.

GF-1 and FGF-2 are well-defined pro-angiogenic molecules
Folkman & Shing 1992). In addition, FGF-3 and FGF-4
have been shown to induce angiogenesis/ivo in chick
chorioallantoic membrane assays (Wellsteih al. 1992,
Costaet al. 1994, Yoshidaet al. 1994). Two other FGFs,
FGFs as mitogenic factors FGF-5 and FGF-7, also seem to possess pro-angiogenic
FGF-1 and FGF-2 were initially isolated based on theimproperties. FGF-5 co-localizes with VEGF in epiretinal
ability to stimutate incorporation oflfiJthymidine in 3T3 membranes (Schneeberget al. 1997), is expressed by
fibroblasts, suggesting that they are powerful mitogenidovine epithelial cellsn vitro (Keithahnet al. 1997), and its
factors. However, it is important to separate the concept aéxpression in choroidal neovascular membranes is associated
adding an exogenously produced protein to that ofvith age-related macular degeneration (Kita@kal. 1997);
overexpressing the gene itself. While FGF-1 and FGF-2 arkowever it remains to be definitively identified as an
potent mitogens in their own right, overexpres$gfil and angiogenic factor. FGF-7, although widely thought of as an
fgf-2 cDNAs are only powerful transformants for fibroblastsepithelial cell mitogen, has been shown to indugevivo
if a signal sequence is inserted in tHerégion of the cDNA;  neovascularization in the rat cornea (Gilés al. 1999). To
otherwise they are only weakly transforming (Basilico & date, however, the role of all the other FGFs as angiogenic
Moscatelli 1992). This suggests that inefficient secretion mafactors remains undefined.
limit the potential of FGF-1 and FGF-2 to transform cells
efficiently. This also suggests that a mutation which allowed"GFs as antiapoptotic factors
the efficient secretion of FGF-1 or FGF-2 might beBcl-2 is an antiapoptotic protein initially found to be
oncogenic; however, as mentioned above, such a mutatimverexpressed in human follicular lymphomas (Tsujimeto
has never been observed. al. 1985). The possibility that FGF-2 may participate in the
fgf-3 was initially identified as a gene which is regulation of apoptosis through bcl-2 was first suggested by
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Murai et al. (1996) because neutralizing antibodies to FGF-2netastasis in nude mice (McLeskey al. 1993, Kernet al.
were found to induce apoptosis in human glioma cell lined994). As this alteration is not due to changes in estrogen
overexpressing FGF-2, and this apoptosis could be inhibiteceptor levels (McLeskegt al. 1998), it is likely that the
by the overexpression of bcl-2. FGF-2 was shown td=GF autocrine loop acts downstream from an estrogen signal.
upregulate expression of bcl-2 in B cell chronic lymphocyticln order to determine if FGF functions as an autocrine growth
leukemic cell lines resulting in a delay in fludarabine-inducedactor in mediating the estrogen-independent growth of
apoptosis (Koniget al. 1997). In addition, FGF-1 has been FGF-1 overexpressing cells in nude mice, these cells were
shown to upregulate bcl-2 expression in the humarransfected with an FGFR-1 vector encoding a truncated
SH-SY5Y neuroblastoma cell line (Ragueneizal. 1999). dominant negative FGF receptor (Zhaagal. 1998). The
There appears to be a different story in other cancer cedixpression of the dominant negative receptor inhibited the
lines, as FGF-2 has been shown to downregulate expressiability of the FGF-1 overexpressing cells to form tumors in
of bcl-2 and actually promote apoptosis in MCF-7 cellsthe absence of estrogen in ovariectomized nude mice. This
(Wang et al. 1998). Clearly, the exact role of FGFs in suggests that FGF-1 acts as an autocrine growth factor in
apoptosis remains to be fully elucidated. order to promote estrogen-independent tumor formation in
this model. Importantly, disruption of the FGF autocrine loop
did not abolish the formation of tumors in mice
supplemented with estrogen or tamoxifen, perhaps because
Epithelium whose growth is regulated by endogenous steroidf a synergy between estrogen-promoted mitogenicity and a
hormones can give rise to tumors that, like the parent tissuparacrine FGF-1 effect.
are also dependent on steroid hormones for growth. The situation in prostate appears to be slightly more
However, as these tumors progress, they may beconmmplicated. Isolated epithelial and stromal cells from
independent of steroid hormones for growth, limiting thenormal rat prostate and androgen-responsive tumor models
effectiveness of anti-hormonal therapies for their treatmentre themselves androgen-independent for growth (McKeehan
This is particularly important with breast or prostate canceret al. 1984). Instead, their growth is dependent on various
in which the tumor may progress from a steroid-dependemiolypeptide growth factors, suggesting that the function of
to a steroid-independent phenotype, rendering iandrogen on prostate epithelium may be indirectly mediated
unresponsive to hormonal therapies. An attractive hypothesisy other growth factors (McKeehaat al. 1984). Co-culture
to explain the progression to steroid independence is that tha# prostate epithelial and stromal cells revealed androgen-
tumor acquires the ability to constitutively express autocrinesensitive growth by the epithelial cells, while the stromal
growth factors previously induced by the steroid hormoneells were unresponsive (Yaret al. 1992). These
itself. There is evidence in some cancer models thabbservations can be explained by the finding that FGF-7 is
particular FGFs may function as autocrine growth factore@xpressed by prostate stromal cells in response to androgen
capable of conferring steroid independence. treatment, but not by prostate epithelial cells (Yenal.
Such a function has been demonstrated in SC-3 cells, 8992). Because prostate epithelial cells express FGFR-2(l1Ib)
murine cell line derived from the mouse mammary(Miki et al. 1992), the receptor specific for FGF-7, this
carcinoma, Shionogi 115, whose growth is markedlysuggests that in the normal prostate, androgens regulate
increased by treatment with androgens. Kagaal. (1995) epithelial cell growth by inducing FGF-7 expression in the
demonstrated that this androgen-dependent growth &romal cells. FGF-7 may then act as a paracrine growth
mediated by the simultaneous induction of FGF-8 andactor on the epithelial component owing to its expression of
FGFR-1. Sateet al. (1993) showed that blockade of FGF-8 FGFR-2(llIb). Recently, FGF-10 has also been identified as
activity by antisense oligonucleotides blocks androgena potential paracrine mediator of the androgen signal in the
induced growth of SC-3 cells (Satt al. 1993), suggesting prostate (Luet al. 1999).
that FGF-8 plays a key role in mediating the effect of = The progression of androgen-dependent to androgen-
androgens on this cell line. In addition, expression of théndependent prostate cancer may be due to yet another
FGF-8 cDNA in androgen-dependent cells facilitates theimdditional FGF signaling pathway. Injection of a mixture of
conversion to an androgen-independent phenotype, yet is nstromal and epithelial cells from a rat prostate tumor model
in itself sufficient to induce it (Kogat al. 1995), suggesting into rats resulted in the formation of non-malignant,
the important role of simultaneous expression of the receptdlifferentiated, slowly growing tumors (Yaet al. 1993).
in order to complete the autocrine loop. However, in the absence of stromal cells, the tumors were
An FGF-mediated autocrine loop has also beemmalignant, poorly differentiated and grew rapidly (Yenal.
demonstrated in human breast cancer. Either FGF-1 d993). This independent and aggressive growth was
FGF-4 overexpression in the estrogen-dependent humatcompanied by two important changes in gene expression
breast cancer cell line MCF-7 induces an estrogenwhich appear to establish an autocrine signaling loop. First,
independent phenotype as determined by tumor growth arttie cells switched their expression of FGFR-2 from the Illb
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isoform to the lllc isoform, which binds FGF-2 but not repair and tumor angiogenesis, as numerous proteolytic
FGF-7, and secondly, they began to express FGF-2 itsefnzymes and heparanases are activated during these
(Yan et al. 1993). This suggests that in prostate cancerprocesses. And with the FGF-BP model, we have a
androgen-dependent growth relies on FGF-7, and perhapsechanism for FGF signaling that may be appropriate
FGF-10 also, as a paracrine growth factor, yet the switch tashenever finely tuned regulation of FGF signaling is
androgen independence may result from the activity ofequired. Clearly, tumor development may be facilitated by
FGF-2 as an autocrine growth factor. the disregulation of these mechanisms for FGF release
through the inappropriate expression of proteases,
heparanases or FGF-BP. Future studies of the regulation of
these mechanisms will be required to elucidate further the
With all the information of the FGF family and its receptorsrole of FGF signaling in cancer.
described above, we can see a basic mechanism for FGF
ac_t_ion. FGF is produceql by cells, enters the extracellulargzeferences
milieu and eventually binds to and activates cell surface
receptors on target cells. Receptor binding triggers a sign&laronson SA, Bottaro DP, Miki T, Ron D, Finch PW, Fleming TP,
transduction cascade mediated by protein phosphorylation,ﬁ:z ;;]I,s-(r)?)tlLoer m%vg\‘(gtb:‘cigelmggif';e(;?:;%;ﬁ; gg""th factor.
culminating Ir.] alteratlon? n gene _expressmn. However, Ong\cland P, Dixon M, Peters G & Dic)lison C 1990 Subcellular fate
aspect of this mechanism '$ stillunclear, nam_ely. what of the Int-2 oncoprotein is determined by choice of initiation
happens between FGF secretion and receptor activation. Wegqqon.Nature 343 662—665.
know that FGFs are secreted through either the classicabo H, Kitagawa Y, Fujishima A, Matsuura Y & Katsube Y 1991
secretory pathway, or, in the case of FGF-1, -2 and -9, by Crystal structure of basic fibroblast growth factor at 1.6 A
some as yet uncharacterized ER-Golgi-independent pathway.resolution.Journal of Biochemistryl 10 360-363.
Upon release, FGF quickly becomes associated with théhmed NU, Ueda M, Ito A, Ohashi A, Funasaka Y & Ichihashi M
HLGAGs in the ECM. This association may afford FGF 1997 Expression of flbroblast growth factor receptors in

, . . naevus-cell naevus and malignant melanomelanoma
protection from proteolysis, as well as creating a local posearcty 299-305.
reservoir of growth factors. However, the association of FGRjarid ET, Rubin JS, Young P, Chedid M, Ron D, Aaronson SA &
with ECM HLGAGS is a sticky point, as it is unclear how Cuhna GR 1994 Keratinocyte growth factor functions in
FGF can then localize to the cell surface and activate the epithelial induction during seminal vesicle developm&NAS
FGFR. There are two mutually compatible mechanisms for 911074-1078. o
how FGF may activate the FGFR from its association witff"tirlegggB:g;"er G 1977 The phagokinetic tracts of 3T3 celisll
the ECM. First, FGF bound tq the ECM may not actually beAntoine M, Reimers K, Dickson C & Kiefer P 1997 Fibroblast
sequestered and may be available to cell surface receptors. liyro\h tactor 3, a protein with dual subcellular localization, is
a cell comes in contact with this FGF-primed ECM, the targeted to the nucleus and nucleolus by the concerted action of
signaling pathway can be activated, thus allowing for a strict two nuclear localization signals and a nucleolar retention signal.
spatial regulation of FGF signaling. A second mechanism is Journal of Biological Chemistr7229475-29481.
that this store of FGFs can be rapidly mobilized throughfrakawa T, Yueh-Rong H, Schiffer SG, Tsai LB, Curless C & Fox
proteolysis, the activity of heparanases, or the activity of a ™V 1989 Characterization of a cysteine-free analog of

. . . recombinant human basic fibroblast growth fac&iochemical
secreted binding protein, FGF-BP. Proteolysis and and Biophysical Research Communicatidréd 335-341.

heparanolysis are attractive mechanisms because they allg\kawa T, Wen J & Philo JS 1994 Stoichiometry of heparin
the possibility that a large amount of FGF can be released in binding to basic fibroblast growth factohrchives of
conjunction with HLGAGs. This is important because Biochemistry and Biophysic208 267-273.
HLGAGsS are required components of the activated receptdirmelin HA 1973 Pituitary extracts and steroid hormones in the
complex along with FGFs. The FGF-BP mechanism is alsg control of 3T3 cell growthPNAS70 2702-2706.

. . - . . waezer D, Hecht D, Safran M, Eisinger M, David G & Yayon A
attractive in the light of our unpublished observation tha : .

, 1994 Perlecan basal lamina proteoglycan promotes basic

FGF-2 binds \_Ne” to FGF-BP or to HLGAGS but not to both fibroblast growth factor-receptor binding, mitogenesis, and
at the same time. Thus FGF-BP may pick up FGF from the angiogenesisCell 79 1005-1013.
ECM and carry it to the cell surface where it is dropped offBaird A & Klagsbrun M 1991 Nomenclature meeting report and
to cell surface HLGAGS. In turn, the cell surface HLGAGs recommendations January 17 19%hnals of the New York
could present FGF to the FGFR and participate in the Academy of Scienc&S88xiii—xvi.
complex as well. It is possible that each of these mechanisnfird A, Schubert D, Ling N & Guillemin R 1988 Receptor- and
. . . . . . . . heparin-binding domains of basic fibroblast growth facRMAS
is operating at different times and in different situations. 85 2324-2328
With the first mechanism, FGF may signal from the ECM tOgagpkin p, Doctrow S, Klagsbrun M, Svahn CM, Folkman J &
promote chemotaxis and cell migration during development. viodavsky | 1989 Basic fibroblast growth factor binds to

The second model may explain FGF signaling during wound subendothelial extracellular matrix and is released by

Conclusion
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