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Summary

Polypeptide growth factors bind to the extracellular domains of cell surface receptors, triggering
activation of receptor-intrinsic or receptor-associated protein kinases. Although this central thesis
is widely accepted, one family of proteins, the fibroblast growth factors (FGFs), have for more
than a decade attracted a research “counter-culture” looking for direct FGF actions inside cells.
Goldfarb discusses how the search for alternative signaling pathways is moving mainstream with
the help of two recent publications reporting specific intracellular targets for FGF and FGF-like
proteins.

Following the original purification and cloning of acidic FGF (FGF-1) and basic FGF
(FGF-2) more than 15 years ago, additional vertebrate fibroblast growth factors (FGFs)
encoded by 22 genes have been identified on the basis of their 25 to 55% sequence
homology to the prototypic FGFs within a core domain of 120 to 130 residues (1, 2). Most
of these proteins are known to bind the ectodomains of FGF receptors, promoting receptor
dimerization and receptor tyrosine kinase activation (3), which in turn induces and sustains
the activation of the SHP2/RAS/ERK signaling pathway, as well as other pathways (Fig. 1).
Genetic studies in mice, frogs, flies, and worms along with studies in cultured fibroblasts,
myoblasts, and neurons have demonstrated that receptor-mediated induction of the SHP2/
RAS/ERK pathway is a central, evolutionarily conserved mechanism by which FGFs elicit a
broad spectrum of biological activities, including cell growth, differentiation, and
morphogenesis (4-15).

Two findings have driven some investigators to consider additional mechanisms of FGF
action. First, FGF ligand/receptor complexes are internalized, leading to the accumulation of
receptor, ligand, or both in intracellular compartments, including perinuclear vesicles and
the nucleus proper (16-20). It has been suggested that receptors deliver FGFs to internal
sites, where they can interact with other targets to trigger biological responses (17, 21).
Although several lines of indirect evidence have been put forth to support this model, no
postuptake FGF target proteins have been identified to date. It has also been suggested that
FGF receptors translocate to the nucleus to promote FGF-mediated biological responses (22,
23). Evidence for this model is also indirect and not yet substantiated by identification of
nuclear protein targets for receptors.

Second, some FGFs have poor or no classical secretion signal motifs and reside largely in
the cytoplasm or nucleus of the producing cell. These include FGF-1, FGF-2, higher
molecular weight (HMW) variants of FGF-2 and FGF-3, and the four fibroblast growth
factor homologous factors (FHFs), which were also designated as FGF-11 through FGF-14
(24-29). In somes cases, intracellular localization of FGFs may provide stores of ligand to
be released for extracellular activity by cell death or by nonclassical secretory mechanisms
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(30). But in the case of HMW FGF-3 and the FHFs, novel intracellular protein targets have
been identified which may account for specialized biochemical and biological functions for
these factors (31, 32).

Murine Fgf3 messenger RNAs are translated into two protein isoforms through initiation at
an AUG methionine codon or an upstream, in-frame, CUG leucine codon (26). The CUG
codon is, in fact, the preferential site of translation initiation on Fgf3 mRNA transcribed
from one of the gene’s two promoters. The methionine-initiated isoform has a NH,-terminal
hydrophobic leader which directs the protein into the secretory pathway, whereas the
leucine-initiated HMW isoform is partitioned into two pathways: it can employ either the
aforementioned, recessed hydrophobic signal for secretion or, alternatively, utilize multiple
nuclear localization sequences to traffick to the nucleus (33) (Fig. 2). Much of the nuclear
FGF-3 is concentrated in nucleoli, and this localization is governed by motifs in the central
and COOH-terminal portions of the protein (34). Whereas transfection-mediated expression
of secreted FGF-3 in fibroblasts or epithelial cells promotes DNA synthesis and cell
proliferation through activation of FGF receptors, engineered exclusive expression of the
nucleolar HMW FGF-3 strongly inhibits the G4/S transition and proliferation (34). Human
Fgf3 mRNA bears CUG codons in-frame and upstream of the classical initiator AUG, and
the nuclear and nucleolar localization motifs are present, suggesting that the complex
biosynthesis and trafficking of FGF-3 is evolutionarily conserved.

Reimers et al. recently reported the identification of a 39 kD nucleolar protein, NoBP
(Nucleolar Binding Protein), as an FGF-3-interacting protein (31). Human NoBP, isolated in
a yeast two-hybrid screen using FGF-3 as the bait, is identical to the previously described
Epstein Barr Virus Nuclear Antigen Binding Protein-2 (EBP2) (35) and nucleolar p40 (36).
NoBP overexpression in fibroblasts increases the rate of cell proliferation, and induces
growth in serum-poor medium (31). Although the mechanism by which NoBP influences
growth is uncertain, the function of a highly related yeast protein, Ebp2p, has been
characterized. Ebp2p also localizes to nucleoli and is required for ribosome biosynthesis and
cell growth (37). Specifically, Ebp2p promotes exonucleolytic processing of yeast 27S-A
pre-rRNA to 275-B pre-rRNA, an essential step in the synthesis of 23S and 5.5S rRNAs.
The 200 amino acid segment of yeast Ebp2p necessary for rRNA processing is the region
bearing sequence homology to human NoBP (37). These findings suggest that mammalian
NoBP may enhance ribosome synthesis to support cell growth (Fig. 2).

FGF-3 appears to localize to nucleoli through its strong affinity for NoBP. FGF-3’s
nucleolar localization in vivo and interaction with NoBP in the yeast two-hybrid assay both
require sequences in the FGF core homology region together with the uniqgue COOH-
terminal tail of the growth factor (31). The ability of nucleolar FGF-3 to inhibit cell growth
may result from its ability to bind and inactivate NoBP, since NoBP overexpression
counteracts the growth suppressive effect of nucleolar FGF-3 in mammary epithelial cells
(31) (Fig. 2). For what benefit would a cell which synthesizes and secretes growth-inducing
FGF-3 also produce an intracellular growth-suppressive isoform? As suggested by Reimers
et al., nucleolar FGF-3 may be designed to inhibit the autocrine activity of secreted FGF-3,
restricting the growth factor to paracrine stimulation.

Reimers et al. paint a preliminary picture of intracellular FGF-3 action, and several
fundamental questions must still be answered. Most importantly, does endogenously
expressed nucleolar FGF-3 in cells and tissues function analogously to the transfected,
overexpressed protein? Does nucleolar FGF-3 inhibit ribosome synthesis through NoBP?
What is the structural basis for FGF-3/NoBP interaction? These questions notwithstanding,
FGF-3 has now been shown to mediate distinct signals through interactions with
extracellular and intracellular binding partners.
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FHF coding sequences were originally identified in cDNA database searches, with the
encoded proteins bearing sufficient sequence homology to FGFs to originally warrant their
assignment as new growth factors (FGF-11 through FGF-14) (27-29). They are most
prominently expressed in developing and mature neurons in the central and peripheral
nervous systems. However, FHFs have not displayed biological activities ascribed to FGFs,
nor have they been shown to bind or activate the known FGF receptors. Furthermore, FHFs
lack secretion signal sequences and have been detected within the cytoplasm of brain and
dorsal root ganglia neurons (27, 38), as well as within the cytoplasm and nucleus of FHF-
transfected cultured cells (27, 29).

Schoorlemmer and Goldfarb (32) have now demonstrated that the mitogen-activated protein
(MAP) kinase scaffold protein Islet Brain-2 (IB-2) is an intracellular target for FHF action.
FHFs interacted with IB-2 in yeast two-hybrid assays, and FHF/IB-2 complexes were seen
in transfected mammalian cells. More importantly, endogenous FHF-1/IB-2 complexes were
detected in lysates of adult rat cerebellum and untransfected rat insulinoma cells. FHF/IB-2
interaction is highly specific, because intracellular FGF-1 did not complex with IB-2, nor
did FHFs bind the related scaffold protein JIP-1b(IB-1). FHF interaction with IB-2 requires
the FGF core homology sequence together with the COOH-terminal extension unique to
FHFs (32).

IB-2 and the related JIP-1b(IB-1) each assemble a signaling module by bringing together
multiple protein kinases. JIP-1b(1B-1) interacts with leucine zipper/mixed lineage kinases
DLK and MLK-3, the MAP kinase kinase MKK-7, and the c-Jun NH,-terminal kinase
(JINK) family of MAP kinases (39). These kinases are known to form the phosphorylation/
activation cascade DLK(or MLK-3)/MKK-7/JNKs. In cotransfection experiments,
JIP-1b(I1B-1) facilitates INK activation by MKK-7 or, indirectly, by MLK-3 (39). It is likely
that JIP-1b(IB-1) helps assemble these kinases into a module for activation by still unknown
biochemical stimuli. IB-2 was also reported to interact with the same kinases as does
JIP-1b(IB-1) (40). However, Schoorlemmer and Goldfarb failed to detect substantial
interaction of 1B-2 with JNKs. Rather, IB-2 interacted with a different MAP kinase, p383, in
transfected cells, and this interaction was strongly potentiated by FHFs. These findings
suggest that FHFs are cofactors for IB-2 in its assembly of the kinase cascade DLK(or
MLK-3)/MKK-7/p386 (32).

The biological functions of these scaffold-assembled signaling modules are unknown.
However, IB-2 and JIP-1b(1B-1) also associate with both the light chain of the molecular
motor kinesin and with specific transmembrane cell-surface proteins, including amyloid
precursor protein and the lipoprotein receptor ApoER?2 (41-44). Furthermore, interference
with kinesin function blocks the accumulation of JIP-1b(I1B-1), DLK, and the ApoER2
receptor at distal processes of cultured neurons (43). These findings suggest that the MAP
kinase scaffold proteins are molecular bridges between a microtubule motor and specific
secretory vesicle-associated receptor cargoes (Fig. 3). An intriguing possibility is that the
kinases assembled on JIP-1b(IB-1) and on IB-2 (with the help of FHFs) may regulate steps
in the process of vesicle transport.

In summary, although most members of the FGF family function by binding and activating
FGF receptor tyrosine kinases, some members interact with and modulate intracellular
proteins. This category now includes FGF-3, which has dual function as extracellular ligand
for receptors and as nucleolar binding partner for NoBP, and the FHFs, which may act
exclusively inside cells.

Mechanistically, how can FGFs and FHFs interact with such an unrelated set of targets? The
solved structures of several FGFs have revealed a 12-stranded B-trefoil fold adopted by the

Sci STKE. Author manuscript; available in PMC 2011 November 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goldfarb

Page 4

core homology domain, thereby suggesting that all proteins in the FGF family have similar
tertiary structures (45-47). The FGF B-trefoil promotes FGF receptor dimerization by
simultaneously interacting with binding surfaces on two different receptor ectodomains (48,
49). The putative p-trefoil folds are also required for FGF-3/NoBP and FHF/IB-2
interactions (31, 32). Are there structural similarities in the assembly of these complexes
compared to that formed by FGFs with receptors, or has evolution merely adopted the
common FGF fold for a diverse set of protein-protein interactions? The answer lies with
future structural solutions of the new FGF-target complexes.

Several findings suggest the existence of additional intracellular targets for FGFs and FHFs.
First, as is the case for FGF-3, HMW FGF-2 isoforms display nuclear and nucleolar
localization (24, 25). Furthermore, transfection-mediated overexpression of HMW FGF-2
enhances proliferation of fibroblasts under serum-poor conditions in a manner seemingly
independent of FGF receptor engagement (50, 51). A candidate binding partner for FGF-2,
termed FIF (FGF2-interacting factor), has recently been characterized (52). FIF is a nuclear
protein that complexes with HMW FGF-2 in vivo and does not interact with other FGFs.
FIF’s biological and biochemical functions are unknown, and it remains to be determined
whether FIF is a mediator of HMW FGF-2 biological activity. Second, Let-756, one of the
two FGFs in the nematode C. elegans, partially localizes to the nuclei and nucleoli of
expressing cells in vivo (53), suggesting that this FGF may also have an additional
intracellular function. Third, the FHFs are expressed during embryogenesis in several tissues
where IB-2 is not, including craniofacial and limb bud mesenchyme, cardiac myocytes,
nephrogenic tubules, and connective tissue (28, 54, 55). If these additional sites of
expression are physiologically significant, FHFs may be acting there through other
uncharacterized target proteins.
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Fig. 1.

FGF receptors signal through the evolutionarily conserved SHP2/RAS/ERK pathway to
mediate biological responses. FGF receptor activation induces FRS2(SNT) tyrosine
phosphorylation (black circles), which in turn induces recruitment of Grb2/SOS and SHP2.
These initial events promote the sustained activation of RAS and the ERK kinase cascade
leading to changes in gene transcription (47, 10-15, 56). Drosophila does not have
FRS2(SNT) proteins, but may use a different protein, DOF, as the transducer from receptor
to RAS/ERK activation (8, 9). Activation of phosphatidylinositol-3~ kinase, STAT-1, and
Src tyrosine kinase by FGF receptors also contribute to certain FGF-induced biological
responses (57-60).
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Fig. 2.

Model for intracellular HMW FGF-3 function. The competing actions of multiple intrinsic
trafficking motifs direct HMW FGF-3 either into the secretory pathway or to the nucleus
(26, 33). Nuclear HMW FGF-3 probably achieves its final nucleolar localization through
interaction with NoBP, and FGF-3 may act as an inhibitor of NoBP proliferative activity
(31). While the biochemical function of NoBP is uncertain, the homologous protein in yeast
promotes maturation of ribosomal RNA precursors (37).
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Fig. 3.

Model for intracellular FHF function. FHFs bind to the MAP kinase scaffold protein IB-2 in
neural and endocrine cells (32). IB-2 binds the kinases DLK and MKK-7 (40), and FHFs
may serve as cofactors for recruiting a MAP kinase, p385 (32). IB-2 and the related scaffold
JIP-1b(IB-1) also associate with the light chain of the microtubule (MT) motor protein
kinesin (43) and with specific transmembrane proteins on secretory vesicles (SV), including
amyloid precursor protein and the lipoprotein receptor ApoER2 (41-44). The assembly of
all these proteins into a single complex is hypothetical.
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