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I.  Introduction and summary. 

The FGF signaling system is a ubiquitous cellular sensor of local environmental 

changes and mediator of cell-to-cell communication with broad roles in development 

and organ homeostasis in the adult.  Through interaction of heparan sulfate (HS) with 

both activating FGF polypeptides and transmembrane FGF receptor (FGFR) tyrosine 

kinases, the system is rigorously modulated by tissue architecture.   Diversity and cell- 

and tissue-specificity of signaling results from the combinatorial oligomerization of a 

family of twenty-three FGF homologues, diverse oligosaccharide motifs within HS 

chains of proteoglycans and a plethora of ectodomains resulting from splice variations 

from four genes coding for four intracellular tyrosine kinases. 

 

II. The FGF polypeptides.  FGF homologues are single heparin-binding polypeptides 

and share a homologous core split by areas of less homology [1,2]. The heparin-binding 
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property reflects the intimate association of the polypeptides with HS chains of 

proteoglycans in the extracellular matrix.   The core sequence is flanked by unique N- 

and C-terminal sequences.  N- and C-termini of the homologous core are important in 

receptor and HS interactions and the unique N-terminus outside the core in fine 

structural arrangements of the oligomeric FGFR signaling complex [3,4].  Most FGFs 

are translated with a conventional secretory signal peptide at the N-terminus, however, 

FGF1, FGF2 and several other homologues do not although they appear in the external 

environment. This has fueled interest in novel mechanisms of FGF exit from cells as 

well as intracellular signaling [5]. Of the 23 homologues, the structures of FGF1, FGF2, 

FGF4, FGF7 and FGF9 have been determined.  Crystal structures indicate that the 

FGFs share a remarkably similar three-dimensional structure characterized by a 

conserved hydrophobic patch that interacts with FGFR, and a unique heparin-binding 

surface that differs dramatically among FGFs [6].  Functional analysis by site-directed 

mutagenesis indicates that heparin binding, FGFR binding and biological activity are 

intimately associated [2,6,7].  The specificity of an individual FGF is likely determined by 

a composite of the unique heparin-binding domain and side-chain interactions with the 

ectodomain of a specific oligomeric HS-FGFR tyrosine kinase complex. 

 

III. The FGFR tyrosine kinases. FGFs elicit activity through activation of 

transmembrane FGF receptor tyrosine kinases in partnership with HS proteoglycans.  

The FGFR monomer is comprised of a single polypeptide chain that has a glycosylated 

extracellular ligand-binding domain, a transmembrane domain flanked by 

juxtamembrane sequences and an intracellular tyrosine kinase followed by a C-terminal 
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domain (Fig. 1). The intracellular juxtamembrane region may be a determinant of 

conformational activation and interaction of the intracellular domain with membrane-

bound substrates [4].  C-terminal to the intracellular juxtamembrane domain is the 

relatively conserved tyrosine kinase sequence domain comprised of ATP binding and 

catalytic subdomains.  Within the kinase domain is a kinase repression/derepression 

regulatory sequence in which are two of the three functional tyrosine 

autophosphorylation sites [2,8,9].  Extending from the C-terminus of the kinase domain 

is a less conserved region among the four FGFR containing a third functional tyrosine 

autophosphorylation site.  

     The extracellular domain of the transmembrane FGFR kinase consists of two or 

three immunoglobulin (Ig)-like modules.  Ig module II or III of FGFR independently bind 

heparin or HS, and in complex with affinity-selected heparin or HS independently bind 

an FGF [2,10,11].  Heparin-module II complexes bind a wider spectrum of FGFs than Ig 

module III-heparin complexes [10,11].  However, only one FGF binds to a monomeric 

ectodomain comprised of Ig modules II and III [3,4,10,12].  Ig modules II and III 

cooperate both within monomers and across dimers with cellular HS to confer specificity 

for FGF [2,3,12]. The FGFR forms ligand-independent dimers or higher order oligomers 

on the cell surface that is dependent on the sequence between Ig modules II and III 

[13]. A highly conserved sequence domain rich in basic amino acids within the N-

terminus of Ig module II is required for the interaction with heparin and HS [3,14].  

Mutations in this domain significantly affect both heparin- and FGF-binding, and 

activities of the FGFR complex [14].  N-terminal to Ig module II is an alternatively-

spliced sequence rich in serines and acidic residues called “the acidic box.”   When 
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present, alternatively-spliced Ig module I modifies the affinity for both heparin and FGF 

[15].  The exon coding for the acidic box sequence is always included whenever Ig 

module I is present.  The acidic box sequence between Ig modules I and II may be a 

structural requirement as well as a functional element which contributes to reduction of 

affinity for both HS and FGF by Ig module I [3,15]. 

 

III. Heparan sulfate (HS).  Pericellular matrix HS participates in rigorous control of the 

FGFR signaling system at multiple levels exceeding anticoagulation in complexity and 

impact on biological processes.  The independent interaction of matrix HS with FGFs 

affects location and trafficking within tissues, access to the FGFR signaling complex, 

and lifetime and stability by protection against proteases [2,6].  Structure-function 

analyses and co-crystal structures of FGF1 and FGF2 with heparin oligosaccharides 

indicate that the heparin-binding domain of FGF is a composite domain contributed by 

distal sequence residues and formed by secondary and three dimensional structure 

[6,16].   Of the 23 FGF homologues, only co-crystal structures of FGF1 and FGF2 with 

heparin oligosaccharides have been determined.  Although a variety of carbohydrate-

like electrolytes interact, affinity purification and structural analysis indicates that a 

hexameric heparin oligosaccharide exhibiting at least 2-O sulfation and both 2-O and 6-

O sulfation is required for highest affinity interaction of heparin oligosaccharides to 

FGF2 and FGF1, respectively [2,6,17].  Crystal structures of FGF4, FGF7 and FGF9 

have also been determined, but attempts at co-crystallization with simple 2-O and 6-O 

sulfated 6 to 12-mer oligosaccharides have failed [6].  Differing heparin-binding domains 

suggest specific requirements in respect to composition and length of interactive 
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oligosaccharide [6].  As predicted by the unique heparin-binding domain of FGF7 

relative to FGF1 and FGF2, a longer heparin oligosaccharide that exhibits anticoagulant 

activity and the presence of a 3-O sulfate is required to interact with and protect FGF7 

against protease [6].  

     In the absence of FGF, the FGFR ectodomain forms a binary complex with heparin 

with a Kd of 10 nM that is competent to bind FGF in absence of additional heparin or 

cellular HS [2,10,18-20].  The strict dependence of FGF binding on heparin/HS and the 

high affinity formation of a functional, specific complex of FGFR with heparin/HS 

requires the presence of extracellular concentrations of divalent cations [18].  Similar to 

FGF7, only the fraction of heparin or HS that binds to antithrombin and has anti-Factor 

Xa activity (anticoagulant heparin/HS) exhibited functional high affinity binding to FGFR 

in absence of FGF [6,20].  An antithrombin-binding species of syndecan-1 from 

premalignant prostate epithelial cells, whose HS chains form a binary complex with 

isolated recombinant FGFR1 Ig module II, is rare and present at an estimated 10,000 

molecules per cell [21].  The independent and specific interaction of heparin and HS 

with the FGFR ectodomain protects it against proteolysis, stabilizes it and may 

represent the composite complex into which FGF binds [2,14,18,19].  A partnership 

between the FGFR isotype and the rare and specific HS that binds FGFR from mixtures 

determines specificity of a binary complex for a particular FGF [2,10,19,22].    

 

IV. The oligomeric FGF-FGFR-HS signaling complex. It is generally agreed that 

activity and/or access to substrates of the FGFR tyrosine kinase is repressed by a 

flexible structural domain whose tyrosine phosphorylation by a neighboring FGFR 
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kinase within a dimer or higher order oligomer releases the repression [2,9].  The order 

of assembly, the stoichiometry, the conformation of the inactive and active complex of 

FGFR ectodomains, HS chains and FGF and how the interactions are transmitted to 

promote intracellular kinase-substrate interactions is unclear.  A monomeric unit of the 

FGFR complex is generally agreed to be a composite ternary complex of one FGF, one 

FGFR and one heparin/HS chain in which the sugar chain in a specific orientation 

concurrently interacts with heparin-binding domains from both FGFR and FGF [2,3,12].  

However, prediction of how monomeric units come together to trans-activate the 

intracellular kinases is complicated by models from dimeric crystal structures derived 

from the same FGF, FGFR ectodomain and artificial heparin-derived oligosaccharide in 

which the second unit of the dimer is fundamentally different [3,12] (Fig. 1).  One 

structure suggests a symmetrical complex that arises from back-to-back interaction of 

two identical ternary complexes of FGF, FGFR and heparin/HS [3].  This dimer 

consisting of FGF, FGFR and heparin/HS with stoichiometry of 2:2:2 is stabilized by 

secondary interactions between FGF in one ternary unit and FGFR in the other unit, 

FGFR-FGFR contacts, and each heparin chain that spans both FGFR.  Another 

structure [12] suggests that the ternary complex of FGF, FGFR and heparin/HS recruits 

a second complex of FGF and FGFR through the single chain of heparin/HS.  The 

heparin/HS chain binds asymmetrically to an FGF bound independent of heparin/HS to 

a second FGFR.  The net result is a heteropentameric complex with overall 

stoichiometry of 2 FGF: 2 FGFR: 1 heparin/HS chain with minimal direct contacts 

between the two face-to-face FGFR.  The dimeric complex is stabilized simply by the 

sugar chain bridge between one ternary unit and FGF bound to the second unit.  In both 
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models, sustained derepression of the active sites of the monomeric FGFR kinases by 

trans-phosphorylation was proposed to be limited by concentration and distance of both 

ecto- and intracellular domains (full length FGFR) that is overcome in the two step 

dimerization reaction stabilized by both HS and FGF.  The basis for the widely divergent 

crystal structures among the same three subunits is unclear.  It is likely a consequence 

of the artificial and simple sulfated heparin oligosaccharides available for crystallization 

studies, sensitivity of specific heparin interactions with FGF and FGFR to electrolyte 

conditions, and difficulty in dissection of specific and non-specific interactions among 

heparin, FGFR and FGF at high concentrations of the heparin polyelectrolyte.     

     An alternative model of the oligomeric FGFR signaling complex that unifies 

biochemical, structural and functional data to date has been proposed [2,4,10,18-20].  

This model proposes a pre-existent inactive, unliganded complex of two FGFR 

ectodomains interacting back-to-back upstream of Ig module III while anchored to a 

proteoglycan core through two HS chains.  HS chains interact with both a primary 

heparin-binding domain on Ig module II, but also extend across the dimer to interact 

with Ig module III on the adjacent partner (Fig. 1).  Specific functional HS binding to 

FGFR in contrast to non-specific electrolyte interaction is divalent cation-dependent and 

requires rare oligosaccharide motifs properly spaced within the HS chain.  Divalent 

cations and HS cooperate in the ectodomain to conformationally restrict the kinase-

substrate relationship between intracellular domains, and maintain dependence of 

activity of the complex on the binding of FGF or other perturbations of the external 

matrix HS-FGFR relationship [2,18].  Docking of activating FGF into composite sugar-

protein sites formed by Ig modules II and III of the pre-existent inactive complex or other 
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perturbations of the FGFR-HS relationship is transmitted to the intracellular kinase 

domains to overcome conformational restrictions that limit activity and access to 

substrates.   Transmission of conformational change across dimers and to the 

intracellular juxtamembrane and ATP binding site of the kinase is enhanced by the 

bivalent contact of FGF with both FGFR within the dimer [4].  In this model, HS chains 

of matrix proteoglycans play a central role in negative control of pre-existent unliganded 

kinase complexes, the requirement and specificity for FGF, the cell context-specificity of 

FGF signaling, and integration of signaling with tissue matrix remodeling.     

 

V.  Intracellular signal transduction by the FGFR complex. Despite its ubiquity and 

broad spectrum of biological activities, there are large gaps in knowledge of how the 

FGFR kinases access substrates, activate them and transmit extracellular changes to 

intracellular signal pathways. Up to seven phosphorylated tyrosines in the FGFR 

intracellular domain have been reported, but only three or possibly as few as two sites 

that are conserved among the four FGFR have been clearly linked to 

repression/derepression of kinase activity and interaction with a substrate [2,8].  Among 

the autophosphorylation sites, tyrosine 653 and possibly 654 in concert is important for 

derepression of the FGFR1 kinase.  Autophosphorylated Tyr766 in the COOH-terminus 

interacts directly with PLCγ through its SH2 domains and is required for PLCγ 

phosphorylation and pathways connected to it [8].  However, Tyr766 and the activation 

of PLCγ appear to be dispensable for FGFR1-elicited cellular responses including 

mitogenesis, neuronal differentiation, mesoderm induction, induction of urokinase-type 

plasminogen activator and chemotaxis.  Although Tyr766 is not essential for the 
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mitogenic activity of the FGFR, it is required for the age-dependent acquisition of the 

proliferative response to FGFR1 and FGFR1-dependent activation of the MAP kinase-

signaling pathway in premalignant epithelial cells [23].  

     The activation of the MAP kinase-signaling pathway has been implicated in most 

FGFR1 responses studied to date. Phosphorylation of one or more membrane-

anchored SUC1-associated neurotrophic factor (SNT) (also called FRS2 for FGF 

Receptor Substrate 2) proteins by the FGFR1 kinase recruits and activates the 

GRB2/SOS1 complex that then interacts with ras to activate the MAP kinase signaling 

pathway [24,25]. The quantity and quality of phosphorylation of SNT1 is both FGFR 

isotype- and cell type-specific [26].  Similar to FGF- and HS-specificity and specific 

structural arrangements within the extracellular domain of FGFR oligomers [2,4,10,13], 

the differential phosphorylation of SNT1 by FGFR appears only to occur in intact cells 

and is dependent on cell membrane context [26]. The differential phosphorylation of 

SNT1 both in quality and quantity may be involved in determination of the signaling 

specificity of FGFR isotypes. Cell membrane and cytoskeletal context likely determines 

FGFR isotype- and cell type-specific conformational relationships between the FGFR 

kinases and intracellular membrane-anchored substrates just as they determine 

relationships among the FGFR ectodomain, matrix HS and FGF. 

     The kinase domains of the four FGFR isotypes exhibit greater than 80% homology 

[2].  In some systems the four FGFR isotypes elicit similar and redundant effects on cell 

responses and activate similar downstream signal transducers [27-30].  In others, 

individual isotypes exhibit dramatically different effects on cell phenotype, some of 

which are in opposition.  The quantity of or sustained signaling from a single isotype can 
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also affect quality of the response.  For example, although FGFR1 and FGFR3 

intracellular domains appear redundant in eliciting neurite outgrowth in PC12 neural 

cells [30], only the FGFR1 kinase elicits neurite outgrowth when the FGFR ectodomain 

is utilized [31]. The FGFR3 kinase failed to sustain outgrowth and ras-dependent gene 

expression, but instead induced neural specific gene expression pathways that were 

ras-independent [32].  In bladder [33], prostate [34,35] and salivary tumor epithelial cells 

[36], the resident FGFR2 kinase promotes homeostasis and suppresses the tumor 

phenotype.  This is in contrast to ectopic FGFR1 that appears in malignant tumors.  The 

appearance of FGFR1 in premalignant epithelial cells initially does not drive malignancy 

and activate signaling pathways associated with tumor phenotype.  However, chronic 

activity over time causes activation of pathways that promote tumor progression and 

support the malignant state [23,34].    

     For more details on the role of the FGF family in specific biological systems and the 

diverse signaling pathways perturbed by the FGF signaling system, readers are referred 

to specialized reviews [1,2,24-25,37,38]. 
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