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Abstract

Osteoarthritis (OA) and degenerative disc disease (DDD) are similar diseases involving the
breakdown of cartilage tissue, and a better understanding of the underlying biochemical processes
involved in cartilage degeneration may allow for the development of novel biologic therapies
aimed at slowing the disease process. Three members of the fibroblast growth factor (FGF)
family, FGF-2, FGF-18, and FGF-8, have been implicated as contributing factors in cartilage
homeostasis. The role of FGF-2 is controversial in both articular and intervertebral disc (VD)
cartilage as it has been associated with species- and age-dependent anabolic or catabolic events.
Recent evidence suggests that FGF-2 selectively activates FGF receptor 1 (FGFR1) to exert
catabolic effects in human articular chondrocytes and IVD tissue via upregulation of matrix-
degrading enzyme production, inhibition of extracellular matrix (ECM) accumulation and
proteoglycan synthesis, and clustering of cells characteristic of arthritic states. FGF-18, on the
other hand, most likely exerts anabolic effects in human articular chondrocytes by activating the
FGFR3 pathway, inducing ECM formation and chondrogenic cell differentiation, and inhibiting
cell proliferation. These changes result in dispersed chondrocytes or disc cells surrounded by
abundant matrix. The role of FGF-8 has recently been identified as a catabolic mediator in rat and
rabbit articular cartilage, but its precise biological impact on human adult articular cartilage or
IVD tissue remains unknown. The available evidence reveals the promise of FGF-2/FGFR1
antagonists, FGF-18/FGFR3 agonists, and FGF-8 antagonists (i.e., anti-FGF-8 antibody) as
potential therapies to prevent cartilage degeneration and/or promote cartilage regeneration and
repair in the future.
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Osteoarthritis (OA) and degenerative disc disease (DDD) are prevalent diseases involving
the degradation of cartilaginous tissues. Despite an increase in research efforts focused on
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understanding the pathogenesis of these two conditions, many of the underlying biochemical
processes involved in cartilage degeneration remain largely unknown. Recent literature has
focused on uncovering specific cell signaling cascades that positively or negatively affect
cartilage homeostasis in both OA and DDD, with the intention of developing novel therapies
aimed at slowing and/or reversing cartilage degradation.

The fibroblast growth factor (FGF) family has been implicated in the regulation of both
articular cartilage and intervertebral disc (VD) homeostasis. This large family of
structurally related proteins binds heparin and heparan sulfate [Friedl et al., 1997] and
modulates the growth, migration, differentiation, and survival of a wide variety of cell types.
Specifically, three members of the FGF family, fibroblast growth factor-2 (FGF-2, also
known as basic FGF), FGF-18, and more recently, FGF-8, have been implicated as pertinent
contributing factors in cartilage homeostasis.

FGF-2 IN ARTICULAR CARTILAGE

FGF-2 is produced endogenously in cartilage and has been proposed to be sequestered by
perlecan, a heparan sulfate proteoglycan (HSPG) localized in the extracellular matrix (ECM)
of articular cartilage [Vincent et al., 2007]. Upon cartilage injury, FGF-2 is released from its
bound matrix and subsequently activates the ERK signaling pathway [Vincent et al., 2002].
Studies on FGF-2 from a variety of species have yielded contradictory results with regards
to production of ECM in articular cartilage homeostasis, and the specific role of FGF-2 on
cartilage homeostasis remains controversial.

A succession of studies has determined that FGF-2 functions as a catabolic inducer in
human adult articular cartilage. FGF-2 triggers proteoglycan depletion in cartilage explants,
and inhibits long-term proteoglycan accumulation in articular chondrocytes in both in vitro
(alginate beads) and ex vivo (organ culture of human articular cartilage explants) studies [Im
etal., 2007; Yan et al., 2011]. Moreover, FGF-2 potently antagonizes bone morphogenetic
protein-7 (BMP-7) and insulin-like growth factor-1 (IGF-1)-mediated proteoglycan
production in human articular cartilage [Loeser et al., 2005]. In articular chondrocytes,
FGF-2 elicits an array of transcriptional responses. Most notably, FGF-2 induces matrix
metalloprotease-13 (MMP-13), the most potent collagen-type Il degrading enzyme in
articular cartilage, resulting in collagen breakdown [Wang et al., 2004; Im et al., 2007].
FGF-2 also suppresses the aggrecan gene, and promotes the expression of aggrecanases (i.e.,
ADAMTS-5, a disintegrin-like and metalloprotease with thrombospondin motifs), substance
P, neurokinin 1 receptor, and tumor necrosis factor (TNF) receptor [Alsalameh et al., 1999;
Im et al., 2008; Yan et al., 2011]. Further, the concentration of FGF-2 in synovial fluid
samples of OA patients is approximately twice that of normal healthy knee joints and may
contribute to upregulation of vascular endothelial growth factor (VEGF) and
neovascularization, suggesting a catabolic role of FGF-2 in cartilage homeostasis and OA-
induced hyperalgesia [Im et al., 2007; Yan et al., 2011].

Recent studies elucidating the receptor expression profiles of FGF-2 have helped to increase
our understanding of its catabolic potential in OA. Human adult articular chondrocytes
express all FGF receptor (FGFR) subtypes (FGFR1-4), with significantly higher
concentrations of FGFR1 and FGFR3 compared to FGFR2 and FGFR4 [Yan et al., 2011].
While FGF-2 has been found to activate both FGFR1 and FGFR3, its catabolic activities
were recently found to be specifically mediated by FGFR1 [Yan et al., 2011]. The binding
of FGF-2 to FGFRL1 leads to receptor phosphorylation, which in turn activates two critical
signaling mediators, Ras and Protein kinase C delta (PKCS8) [Yan et al., 2012]. These
molecules then integrate their signaling inputs into the Raf-MEK1/2-ERK1/2 cascade to
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regulate target gene expression [Yan et al., 2012]. In parallel, p38, and JNK pathways are
also activated by PKCS [Im et al., 2007]. All three mitogen activated protein kinase
(MAPK) subgroups (ERK, p38, and JNK) converge on the transcription factor EIK-1, which
transactivates MMP-13 [Muddasani et al., 2007], ultimately promoting cartilage
degradation. FGF-2 signaling also results in the activation of AP-1 and RUNX2, the latter of
which may account for ADAMTS-5 induction [Wang et al., 2004; Im et al., 2007] (Fig. 1A).
In human OA cells compared to healthy cells, FGFR1 expression is increased with a
concomitant suppression of FGFR3 [Im et al., 2007; Yan et al., 2011], suggesting a
pathological link between FGF-2, FGFR1, and OA, and a relative anabolic role of FGFR3
signaling.

Interestingly, the role of FGF-2 in human articular cartilage appears to contradict its role in
murine cartilage. It has been reported that FGF-2 ablation leads to accelerate spontaneous
and surgical-induced OA development, which can be rescued by administration of
recombinant FGF-2 [Chia et al., 2009]. It was then proposed that FGF-2 acts as an intrinsic
chondroprotective growth factor in murine OA. Successes in cartilage repair using FGF-2 or
combinative agents including FGF-2 have also been reported in different animal models
[Chuma et al., 2004; Yokoo et al., 2005; Ishii et al., 2007; Madry et al., 2010; Maehara et
al., 2010]. Such discrepancies inspired the question of whether the function of FGF-2 in
articular cartilage differs fundamentally between species.

Initial insight into the species-dependent role of FGF-2 was recently provided by findings
from our group. Using a progressive OA murine model, we demonstrated that FGF-2
promotes proteoglycan deposition in both femoral and tibial cartilage, which is consistent
with previous reports [Chia et al., 2009; Li et al., 2012]. The molecular basis for FGF-2-
mediated anabolic effects apparently involves the FGFR expression profile in murine
cartilage. In contrast with the human profile (predominant expression of FGFR1 and
FGFR3), murine FGFR2 and FGFR4 are predominantly expressed, and FGFR3 is barely
detectable in healthy knee joint articular cartilage [Li et al., 2012]. Surgical induction of OA
in murine cartilage reduces the expression of all FGFR subtypes, but FGF-2 local injection
markedly induces FGFR3 expression, which is opposite to the human scenario [Yan et al.,
2011; Li et al., 2012]. The anabolic role of FGFR3 in cartilage has also been demonstrated
in the context of FGF-18 signaling [Davidson et al., 2005; Moore et al., 2005]. Moreover, a
recent study using FGFR1 conditional knockout mice demonstrated that FGFR1 deficiency
attenuated cartilage degeneration [Weng et al., 2012]. The protective effect of FGFR1
blockade on articular cartilage was associated with reduction of MMP-13 expression [Weng
et al., 2012]. Together with our findings, these data suggest that FGF-2 probably mediates
PG production via FGFR3 signaling in murine models.

Taken together, it is possible that, via upregulating FGFR3, FGF-2 activates anabolic
processes in murine cartilage, in contrast to the FGF-2-mediated catabolic activation of
FGFR1 in human cartilage. In the murine model, despite the increased proteoglycan
deposition, FGF-2 does not significantly alleviate joint pain, while it does appear to promote
angiogenic activity and infiltration of inflammatory cells [Li et al., 2012]. In addition to its
species-dependent effects, the chondroprotective activity of FGF-2 in animal models seems
appears to be age-dependent as well, suggesting its proposed potential in cartilage repair
may be more restricted [Yamamoto et al., 2004]. Based on these findings, we argue contend
that FGF-2 should not be deemed a worthy biological treatment candidate in human OA
therapy.

FGF-2 IN THE INTERVERTEBRAL DISC

Similar to its role in articular cartilage, the role of FGF-2 in the IVD has yet to be clearly
elucidated as the literature has yielded contradictory results depending on tissue type. FGF-2
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has been identified as an anabolic mediator of disc homeostasis via an FGF-2-mediated
stimulation of proteoglycan synthesis in a canine 1VD tissue culture system [Thompson et
al., 1991] and upregulation of cell proliferation in rat discs [Nagano et al., 1995]. Tsai et al.
[2007] analyzed the effects of FGF-2 on bovine nucleus pulposus (NP) cell growth and
differentiation cultured in monolayer and alginate and reported FGF-stimulated increases in
sulfated proteoglycan synthesis, lower aggrecan turnover, and differentiation of NP cell
phenotype by maintaining responsiveness to transforming growth factor-p (TGF-p).

In contrast, findings from our laboratory [Li et al., 2008] and others [Peng et al., 2006],
suggest that FGF-2 serves primarily a catabolic role in disc homeostasis. Peng et al. [2006]
first demonstrated highly upregulated FGF-2 and FGFR1 expression in painful degenerated
human spine disc cells compared to normal cells, providing a striking similarity to our
findings on FGFR expression profiles in articular cartilage [Im et al., 2007; Yan et al.,
2011]. In the bovine IVD, FGF-2 released by chondrocytes after mechanical injury induces
catabolism by stimulating MMP-13 production, inhibiting proteoglycan synthesis, and
antagonizing the well-known anabolic activity of BMP-7 [Li et al., 2008]. Our results also
suggest that FGF-2 stimulates an overall increase in proteoglycan synthesis in bovine NP
tissue [Li et al., 2008], similar to results reported by Tsai et al. [2007]. However, after
normalization to cell number, both dimethylethylene blue (DMMB) and 3°S-sulfate
incorporation results suggested that, per cell, total proteoglycan accumulation and synthesis
significantly decreased with FGF-2 stimulation in a dose-dependent manner, revealing a
negative regulatory function of FGF-2 in spine cartilage homeostasis.

Interestingly, FGF-2 may play an important role in the spontaneous resorption process of
degenerative or herniated 1\VVD tissue via stimulation of angiogenesis and/or inflammatory
cytokines that aid in cartilage destruction [Minamide et al., 1999; Melrose et al., 2002;
Walsh et al., 2004; Tolonen et al., 2006]. Minamide’s group used a rabbit disc sequestration-
type model to emulate 1'\VD herniation in vivo and reported that epidural injection of FGF-2
stimulates increased angiogenesis, increased speed of disc resorption, and increased number
of inflammatory cells compared to control (saline) [Minamide et al., 1999]. Tolonen et al.
[2006] postulated that FGF-2 contributes to the resorption of herniated disc tissue by
regulating matrix-degrading enzyme expression such as collagenase, stromelysin, and
plasminogen activator. Melrose et al. [2002] further emphasized the role of FGF-2 in the
repair process after VD injury. In an ovine annular injury model, immunoreactivity for
FGF-2 and TGF-f was positive in the outer third of the annulus fibrosus (AF),
corresponding to the region of trauma, which reached maximum levels 12 months after
injury and diminished by 26 months. The presence of FGF-2 was associated with
angiogenesis and fibroblast infiltration around the defect, and immunoreactivity was
strongly associated with regions of the annular lesions undergoing matrix reorganization,
consistent with an active repair response mediated in part by FGF-2.

Based on these findings, one could suggest multiple roles of FGF-2 in disc homeostasis
depending on the stage of degeneration and type of disease process. In normal or recently
injured disc tissue, FGF-2 may act as a catabolic mediator, stimulating MMP-13 expression,
suppressing proteoglycan synthesis, and inducing disc degeneration. However, these same
properties may be beneficial after disc herniation, stimulating degradation of herniated tissue
and encouraging spontaneous disc resorption. Indeed, it is possible that FGF-2 exhibits
similar activities in articular cartilage and the 1D, and the lack of current evidence
supporting beneficial effects of FGF-2 in human cartilage prevents the authors from
supporting its use as a biological treatment strategy for DDD.
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In contrast to the controversial role of FGF-2 in articular cartilage and the VD, FGF-18 is a
well-known anabolic growth factor involved in chondrogenesis as well as osteogenesis
depending on cell types, in addition to articular cartilage repair [Liu et al., 2002; Ohbayashi
et al., 2002; Ellsworth et al., 2002; Davidson et al., 2005; Moore et al., 2005]. Local delivery
of adenovirus expressing FGF-18 into the pinnae of nude mice induced the formation of
auricular cartilage, type 1l collagen, proteoglycan accumulation, and chondrocyte
proliferation [Ellsworth et al., 2002]. Systemic delivery of pharmacologic doses of FGF-18
to rats via a single intravenous injection stimulated expansion of various cartilage depots,
including the rib-sternum junction, trachea, spine, and articular cartilage within a 2-week
period [Ellsworth et al., 2002]. Similarly, overexpression of FGFR-18 induced a dramatic
enlargement of bronchial cartilage expressing type Il collagen in lung tissue [Whitsett et al.,
2002].

Moore et al. [2005] were the first to study the potential for in vivo cartilage repair by
FGF-18 via intra-articular injection in a rat meniscal tear model of OA. A series of FGF-18
injections starting 21 days after surgical damage induced a dose-dependent increase in de
novo cartilage formation and a reduction in cartilage degeneration in the tibial plateau of OA
rats in vivo, demonstrating potent anabolic effects of FGF-18. Further, FGF-18 has been
suggested to facilitate the chondrogenic activity of BMPs via suppression of noggin
expression, a naturally occurring inhibitor of BMP signaling [Reinhold et al., 2004]. Noggin
expression may play a vital role in helping to explain the opposite roles of FGF-18 and
FGF-2 in human cartilage. Li et al. [2008] reported that stimulation of bovine IVD cells with
FGF-2 induced a dose-dependent increase in noggin gene expression, suggesting that the
increase in noggin may be one mechanism by which FGF-2 antagonizes the effects of the
well-known anabolic factor BMP-7 (otherwise known as OP-1). Therefore, the stimulation
(via FGF-2) or suppression (via FGF-18) of noggin may serve as one potential mechanism
for the contrasting effects mediated by these two growth factors in cartilage homeostasis.

Previous evidence revealed that FGF-18 activates FGFR2—4 in mature articular cartilage and
murine pinnae [Chang et al., 2000; Ellsworth et al., 2002]. More recent data from our
laboratory [Im et al., 2007; Muddasani et al., 2007; Yan et al., 2011] and those from others
[Davidson et al., 2005] indicate that FGF-18 signals selectively through the activation of
FGFR3 in human articular chondrocytes and mice. The FGFR3-FGF-18 interaction
suppresses cellular proliferation, promotes limb mesenchymal cell differentiation, and exerts
anabolism in articular cartilage, as opposed to the FGFR1-FGF2 interaction. Both FGFR1
and FGFR3 activate the MAPK signaling cascades in human adult articular chondrocytes.
Interestingly, FGFR1-mediated MAPK activation leads to the activation of RUNX2 and
Elk-1, two critical transcription factors involved in the expression of multiple MMPs,
aggrecanases and chondrocyte hypertrophy, whereas FGFR3-mediated MAPK signaling
appears to activate a different set of downstream transcription factors that lead to
chondroprotective outcomes (Fig. 1B). Previously, we demonstrated that the FGFR1-FGF2
pathway antagonizes BMP7 and/or IGF-1 in articular cartilage regeneration, whereas the
FGF-18-FGFR3 axis promotes BMP7-induced cartilage regeneration, in part, by
suppression of noggin, a naturally occurring inhibitor of BMP7 signaling that is stimulated
by BMP7 itself as a negative feedback [Im et al., unpublished data].

Mutation studies have further revealed the importance of FGFR3-FGF-18 signaling. Mice
lacking FGF-18 exhibit malformations in cartilage and bone, including delayed closure of
calvarial sutures, enlargement of the proliferating and hypertrophic zones in the growth plate
of long bones, defects in joint development, and delays in osteogenic differentiation [Liu et
al., 2002; Ohbayashi et al., 2002]. Many of the common forms of dwarfism are caused by
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activating mutations in FGFR3 [Naski et al., 1998], suggesting that in the growth plate of
long bones, FGFR3 is a negative regulator of chondrocyte proliferation. However, Iwata et
al. [2000] reported that signaling through FGFR3 could both promote and inhibit
chondrocyte proliferation depending on the stage of development. FGF-18 signaling through
FGFR3 may enhance chondrocyte proliferation in immature committed chondrocytes, even
though it is well established that signaling through FGFR3 inhibits chondrocyte proliferation
and differentiation in the mature proliferating chondrocyte zone of the growth plate
[Ellsworth et al., 2002; Liu et al., 2002]. This suggests that signaling through FGFR3 has a
biphasic role during chondrocyte development: first promoting chondrocyte proliferation at
early embryonic stages; and later acting to suppress chondrocyte proliferation. This
paradoxical effect on proliferation supports a model in which chondrocytes at different
stages of development may switch their cellular responsiveness to FGFR3-FGF-18
signaling from a mitogenic response early in development to a non-mitogenic response later
in development [Liu et al., 2002, 2007].

Previous work has already identified FGFR3 signaling as a key regulator of chondrocyte
function in chondrogenesis in the developmental stage. Nevertheless, the role of FGFR3 in
adult articular cartilage and cartilage degeneration remains largely unknown and highly
understudied area. Ellsworth et al. [2002] reported significant anabolic effects of FGF-18 on
human articular cartilage homeostasis via increased chondrocyte proliferation and ECM
production both in vivo and in vitro, and found that proliferation of cells expressing FGFR3-
(Iic) or FGFR2-(IlIc) was increased after incubation with FGF-18. The expression of
FGFR18, FGFR3-(llic) and FGFR2-(I1lc) mRNA was localized to chondrocytes of human
articular cartilage by in situ hybridization, suggesting a potential role of FGFR2 or FGFR3
in FGF-18-mediated human articular cartilage homeostasis. Valverde-Franco et al. [2006]
noted that the absence of signaling through FGFR3 in chondrocytes in vivo leads to a similar
degeneration of articular cartilage in mice as that seen in human OA. In the joints of
FGFR3~/~ mice, the absence of signaling leads to premature cartilage degeneration and early
arthritis, demonstrated by excessive breakdown of aggrecan and type 11 collagen, increased
expression of MMP-13, cellular hypertrophy, and increased loss of proteoglycan at the
articular surface compared to control. Their results identified FGFR3 as a critical anabolic
regulator of articular cartilage metabolism and a potential pathway for early intervention in
degenerative joint disease. Similar findings from our laboratory reveal that treatment of
human adult articular chondrocytes with FGF-18 for 21 days in alginate beads stimulates the
activation of FGFR3 rather than FGFR1 and leads to increased PG deposition compared to
cells treated with FGF-2 [Yan et al., 2011], and similar results were observed using bovine
spine disc cells [Im et al., unpublished data].

Collectively, these studies suggest that activation of FGFR1 exerts anti-anabolic and
catabolic biological effects in human adult articular cartilage, represented by fibroblast-like
cell proliferation, inhibition of ECM production, and upregulation of matrix-degrading
enzyme production. On the other hand, activation of FGFR3 via, for example, stimulation
with FGF-18 exerts anabolic effects in human articular chondrocytes as reflected by
increased cell-associated matrix formation and promotion of cell viability, leading to
dispersed chondrocytes surrounded by abundant ECM instead of clusters of cells seen after
stimulation with FGF-2 (Fig. 1). To date, the precise signaling pathway and molecular
mechanisms mediated by FGFR3-FGF-18 axis in human adult articular cartilage and IVD
homeostasis has yet to be elucidated. More recently, Su et al. [2010] successfully generated
FGFR3 conditional knockout mice. This knockout mouse is expected to be valuable for the
studies on the functional role of FGFR3 in adult articular cartilage in vivo.

J Cell Biochem. Author manuscript; available in PMC 2013 June 22.



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

1duasnuey Joyiny vd-HIN

Ellman et al.

FGF-8

Page 7

FGF-8 was discovered from a conditioned medium of an androgen-dependent mouse
mammary tumor cell line. Based on its structural similarities to other FGF gene products, it
was classified as a member of the FGF family [Tanaka et al., 1992]. Four different isoforms
of FGF-8 have been discovered in humans (FGF-8a, FGF-8b, FGF-8e, and FGF-8f), and
FGF-8 can bind to three distinct transmembrane tyrosine kinase receptors (FGFR2-11IC,
FGFR3-llic, and FGFR4) [Blunt et al., 1997]. FGF-8 has been shown to play a pivotal role
in embryogenesis and morphogenesis [Ohuchi et al., 1994]. In particular, FGF-8 expression
during gastrulation is involved in limb and face morphogenesis in mice [Mahmood et al.,
1995] and chicks [Crossley et al., 1996]. It has also been found to be a regulator of ectopic
bone and cartilage formation by breast cancer cells [Valta et al., 2006] and synovial sarcoma
cells [Ishibe et al., 2005].

In mature cartilage, however, the role of FGF-8 has only recently been published in the
literature. Uchii et al. [2008] studied the effects of FGF-8 in both a rabbit and rat joint OA
model using in vitro and in vivo techniques. In contrast to absent or minimal expression of
FGF-8 in cartilage of healthy rabbit knees (sham control animals), the authors noted
significantly increased expression of FGF-8 in proliferative fibroblast-like synovial cells of
partially meniscectomized rabbit knees, suggesting a pathological role of FGF-8 in
experimental OA conditions. Using in vitro analyses in the same model, they reported that
degradation of the ECM was promoted in the presence of FGF-8 and this degradation was
enhanced when combined with interleukin-1 (IL-1). FGF-8 also induced the production of
MMP-3 and prostaglandin E2 (PGE2) in rabbit articular chondrocytes [Uchii et al., 2008],
both critical regulators of ECM degradation and OA [Li et al., 2009]. Importantly, FGF-8-
mediated catabolic effects were dose-dependently suppressed by the addition of neutralizing
anti-FGF-8 antibody.

Further, using two different in vivo OA models in rat knee joints (intra-articular FGF-8
injection model, and monoiodoacetic acid-induced arthritis (MIA) injection model), FGF-8
induced a dose-dependent increase in sulfated glycosaminoglycan (S-GAG) in synovial fluid
via cartilage degradation, and again these results were suppressed by the addition of anti-
FGF-8 antibody [Uchii et al., 2008]. The authors postulated that targeting FGF-8 (e.g., using
anti-FGF-8 antibody) might be a potential therapeutic approach in the treatment of OA in
the future. Additional studies are warranted to further elucidate the pathological role of
FGF-8 in human adult articular cartilage as well as IVD homeostasis, including the
downstream signaling cascades and FGFR profile utilized by FGF-8.

FUTURE DIRECTIONS

Decades of research have implicated important, yet at times controversial, roles of FGF
family members in cartilage and 1'VD homeostasis. In particular, future investigations are
warranted to resolve the confusion over the role of FGF-2 in cartilage degeneration.
Although it has been shown in murine models that FGF-2 stimulates PG deposition with a
concurrent increase in FGFR3 expression, direct evidence is needed to substantiate the link
between FGFR3 and FGF-2-mediated anabolic action in this model. A feasible way to
address this question is to utilize a conditional FGFR3 knockout model to examine whether
FGF-2 exerts the same effect on PG production in FGFR3™/~ mice. Results from such
experiments would shed further light on the mechanistic basis for species-dependent FGF-2
action in articular cartilage.

In addition, our current understanding of the interplay between FGF-2 and BMP7/IGF-1
remains inadequate. One of the prospective foci on this topic is to delineate the signaling
crosstalk between the FGF-2 and BMP7/IGF-1 pathways. In chondrocytes, FGF-2 activates

J Cell Biochem. Author manuscript; available in PMC 2013 June 22.



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

1duasnuey Joyiny vd-HIN

Ellman et al.

Page 8

multiple signaling axes, including all three MAPK subgroups (ERK, p38, JNK), and NFxB
[Im et al., 2007; Muddasani et al., 2007]. These pathways may interfere with BMP7-induced
Smad signaling via (i) alteration of sumoylation level of Smad4; (ii) phosphorylation of
Smad1 linker region; or (iii) induction of negative regulators of BMP7 signaling, such as
inhibitory Smad (Im et al., unpublished data). However, the interaction between FGF-2 and
IGF-1 seems more puzzling. Raf-1 (activated by FGF-2) has been identified as a substrate
negatively regulated by Akt (activated by IGF-1) [Zimmermann and Moelling, 1999],
whereas our findings suggest that FGF-2 signaling can override IGF-1-mediated PI13K/Akt
signaling [Loeser et al., 2005]. Therefore, it remains to be determined whether FGF-2
antagonizes IGF-1 through delayed induction of negative regulators, rather than direct
crosstalk between immediate signaling pathways.

In contrast to the controversial status of FGF-2 biology, FGF-18 may be a promising
candidate in OA therapy. A phase Il trial using recombinant FGF-18 is currently underway
[Beenken and Mohammadi, 2009]. Much anticipation surrounds this trial, because current
OA therapeutic regimens lack disease-modifying drugs that interfere with cartilage
degradation at the most basic biochemical level. The potential success of FGF-18 therapy,
therefore, may demonstrate the feasibility and potential therapeutic capacity of biological
therapy in OA and DDD.

To date, research on the roles of FGFs in cartilage and IVVD have been limited to three well-
characterized members, namely FGF-2, FGF-18, and FGF-8. The FGF family is now
comprised of 23 recognized members, many of which remain functionally obscure. Recent
discoveries regarding the bioactivities of FGF-8 piloted our exploration into this uncharted
area. A preliminary step to globally appreciate the FGF biology in cartilage and IVD tissue
would be to perform expression profiling in these cell populations under healthy and
diseased conditions, which will likely generate a shortlist of members for further
characterization.

CONCLUSION

Current clinical treatment strategies for cartilage degenerative diseases such as OA and
DDD fail to interfere with underlying biochemical processes involved in disease
progression, and recent literature has begun to elucidate the potential for disease-modifying
biological agents to slow or reverse cartilage degradation. Three members of the FGF
family, FGF-2, FGF-18, and FGF-8, have been implicated as contributing factors in
cartilage homeostasis. FGF-2 and FGF-8 have been found to induce catabolic effects in
human cartilage, while FGF-18 demonstrates anabolic effects in similar tissues. Differences
in activity may be due to receptor expression, or other unknown signaling pathways, in a
variety of tissues. Nevertheless, the available evidence reveals the promise of FGF-2/FGFR1
antagonists, FGF-18/FGFR3 agonists, and FGF-8 antagonists (i.e., anti-FGF-8 antibody) as
potential therapies to prevent cartilage degeneration and/or promote cartilage regeneration
and repair in the future.
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BMP bone morphogenetic protein

DDD degenerative disc disease

DMMB dimethylmethylene blue

ECM extracellular matrix

FGF fibroblast growth factor

FGFR fibroblast growth factor receptor

HSPG heparan sulfate proteoglycan

IGF-1 insulin-like growth factor-1

IL-1 interleukin-1

IVD intervertebral disc

MAPK mitogen activated protein kinase

MIA mono-iodoacetate

MMP matrix metalloprotease

NP nucleus pulposus

OA osteoarthritis

OP-1 osteogenic protein-1

PGE2 prostaglandin E2

PKCs protein kinase C delta

SGAG sulfated-glycosaminoglycan

TGFB transforming growth factor-beta

TNF tumor necrosis factor

VEGF vascular endothelial growth factor
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Fig. 1.

Schematic model of FGF-2 and FGF-18 signaling pathways in articular cartilage and 1VD.
A: FGF-2 binds to both FGFR1 and FGFR3 with high affinity. The phosphorylation of
FGFR1 triggers Ras and PKCS$ activation, which converge on the Raf-MEK1/2-ERK1/2
axis. Active ERK1/2 utilizes at least two critical transcription factors, EIk-1 and RUNX2, to
upregulate an array of genes including MMP-13, ADAMTS-4, ADAMTS-5, COL10A1, and
VEGF. In parallel, PKC? also activates p38 and JNK, which act in concert with ERK1/2 to
promote ECM degeneration and inhibition of anabolic activities. The binding of FGF-2 to
FGFR3 may counteract the FGF-2-induced catabolic pathway, similar to that utilized by
FGF-18. Therefore, the ratio of FGFR3/FGFR1 is a key to the biological outcome of FGF-2.
B: FGF-18 specifically binds to FGFR3, which in turn activates MAPK and Akt pathways.
The MAPK pathway differs from those in FGF-2 signaling, because neither Elk-1 nor
RUNX2 is activated as a result. The Akt pathway may enhance PG deposition and account
for the anabolic activity of FGF-18.
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