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Biology and Pathology of Rho GTPase, PI-3 Kinase-Akt and MAP
Kinase Signaling Pathways in Chondrocytes

Frank Beier1 and Richard F. Loeser2,*

1 Department of Physiology and Pharmacology, Schulich School of Medicine and Dentistry,
University of Western Ontario; London, ON, Canada; N6A 5C1
2 Section on Molecular Medicine, Department of Internal Medicine, Wake Forest University
School of Medicine, Winston-Salem, NC 27157

Abstract
Chondrocytes provide the framework for the developing skeleton and regulate long-bone
growththrough the activity of the growth plate. Chondrocytes in the articular cartilage, found at the
ends of bones in diarthroidial joints, are responsible for maintenance of the tissue through
synthesis and degradation of the extracellular matrix. The processes of growth, differentiation, cell
death and matrix remodeling are regulated by a network of cell signaling pathways in response to
a variety of extracellular stimuli. These stimuli consist of soluble ligands, including growth factors
and cytokines, extracellular matrix proteins, and mechanical factors that act in concert to regulate
chondrocyte function through a variety of canonical and non-canonical signaling pathways. Key
chondrocyte signaling pathways include, but are not limited to, the p38, JNK and ERK MAP
kinases, the PI-3 kinase-Akt pathway, the Jak-STAT pathway, Rho GTPases and Wnt-β-catenin
and Smad pathways. Modulation of the activity of any of these pathways has been associated with
various pathological states in cartilage. This review focuses on the Rho GTPases, the PI-3 kinase-
Akt pathway, and some selected aspects of MAP kinase signaling. Most studies to date have
examined these pathways in isolation but it is becoming clear that there is significant cross talk
among the pathways and that the overall effects on chondrocyte function depend on the balance in
activity of multiple signaling proteins.
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Chondrocytes are the cells present in various types of cartilage and are responsible for the
growth and maintenance of the tissue. Chondrocytes are unique cells in that they are often
asked to perform multiple functions, including matrix synthesis and matrix degradation, that
in other tissues are performed by more than one cell type (for example bone formation by
osteoblasts and bone resorption by osteoclasts). The formation and removal (i.e. remodeling)
of cartilaginous tissues requires regulated cell proliferation, growth, synthesis of
extracellular matrix proteins, production and activation of matrix degrading enzymes, and in
some cases matrix calcification and cell death. Two types of chondrocytes that have
received the most attention in terms of how these processes are regulated are growth plate
and articular chondrocytes and it has been found that a large number of signaling pathways
control their activity. A PubMed search of chondrocytes and cell signaling reveals over 2000
publications with over 200 papers published in 2009 alone. Space limitations do not allow us
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to discuss all of the relevant chondrocyte signaling pathways and several have been covered
in recent reviews [Bobick and Kulyk, 2008; Luyten et al., 2009; Teixeira et al., 2008; Yoon
and Lyons, 2004]. Here we focus on signaling pathways in growth plate and adult articular
chondrocytes that include the Rho GTPases, the PI-3 kinase-Akt pathway and selected
aspects of MAP kinase signaling.

RHO GTPases IN CARTILAGE DEVELOPMENT AND ARTICULAR
CARTILAGE

Recent years have seen a number of studies implicating small GTPases of the Rho family in
both chondrocyte differentiation and the physiology of articular chondrocytes. These
proteins act as molecular switches, cycling between an active, GTP-bound and an inactive,
GDP-bound form [Heasman and Ridley, 2008; Vega and Ridley, 2008]. Cycling between
the two forms is regulated by dozens of other proteins, in particular guanine nucleotide
exchange factors (GEFs) and GTPase activating proteins (GAPs) (Fig. 1). GEFs activate
Rho GTPases by replacing GDP with GTP while GAPs increase the intrinsic GTPase
activity of Rho proteins and thereby accelerate their inactivation. Activity of GEFs and
GAPs in turn is controlled by many cell surface receptors, including tyrosine and serine/
threonine kinase receptors, G protein-coupled receptors and integrins. Rho GTPases are of
particular interest in chondrocytes because of their role in connecting signals from the
extracellular matrix to the actin cytoskeleton and cellular morphology, which in turn appear
to control cellular activities such as cell cycle progression, gene expression and apoptosis
[Woods et al., 2007a]. RhoA, Rac1 and Cdc42 are the prototypes of the three main families
of Rho GTPases, and their roles in chondrocytes have been studied to some degree, though
not exhaustively.

RhoA promotes fibroblastoid cell shape and the formation of actin stress fibers transversing
the cell. Normally chondrocytes are rounded or polygonal and display characteristic cortical
actin organization while the formation of actin stress fibers, at least in vitro, has been
associated with de-differentiation of chondrocytes to a fibroblast-like phenotype. Therefore,
it was not unexpected to find that overexpression of RhoA inhibits both early
chondrogenesis and hypertrophic chondrocyte differentiation, while inhibition of RhoA, or
the immediate downstream kinases ROCK1/2, promotes chondrocyte maturation [Kumar
and Lassar, 2009; Wang et al., 2004a; Woods and Beier, 2006; Woods et al., 2005]. The
effects of RhoA/ROCK signaling on chondrogenesis appear to be mediated by regulation of
both expression and activity (e.g. phosphorylation) of Sox9, the central transcriptional
regulator of chondrogenesis. Regulation of Sox9 expression by Rho signaling appears to
occur, at least in part, at the level of Sox9 transcription. However, the specific transcription
factors connecting ROCK to the Sox9 promoter have not been identified. In addition, Rho
signaling also controls the expression of Sox5 and Sox6, which act in concert with Sox9 to
control chondrogenesis.

In contrast to RhoA, Rac1 and Cdc42 promote early and late chondrocyte differentiation in
vitro, partially through activation of p38 MAP kinases [Kerr et al., 2008; Wang and Beier,
2005; Woods et al., 2007b]. Cartilage-specific inactivation of the Rac1 gene in mice using a
Col2Cre driver line resulted in increased perinatal lethality, dwarfism, skeletal deformities
such as kyphosis, and disorganized growth plates [Wang et al., 2007]. A similar reduction in
the size of long bones was seen when Rac1 was inactivated using a limb-specific Cre driver
line [Suzuki et al., 2009]. At the cellular level, the main phenotype of Rac1-deficient
chondrocytes was a reduction in cellular proliferation, likely due (at least in part) to lower
expression of the cell cycle promoter cyclin D1 [Wang et al., 2007]. Preliminary data
suggest that the reduction in cyclin D1 expression is secondary to upregulation of ATF3 (G.
Wang and F. Beier, in prep.), a transcription factor that suppresses activity of the cyclin D1
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promoter in chondrocytes[James et al., 2006]. Hypertrophic differentiation appeared to be
less affected, and expression of some hypertrophic markers was upregulated, which was
somewhat unexpected in light of the published in vitro data and highlights the need for in
vivo loss-of-function studies to determine the role of these proteins in the physiological
context of intact cartilage. In addition, cartilage-specific ablation of Rac1 resulted in
increased apoptosis. In contrast to Rac1, no in vivo models for the study of RhoA or Cdc42
function in cartilage have been published.

Not surprisingly, several roles of the Rho/ROCK pathway in articular cartilage have been
described, but studies on the other family members in the mature joint are still lacking.
Recent manuscripts demonstrated activation of chondrocyte RhoA by diverse stimuli such as
transforming growth factor α [Appleton et al., 2010], the cytokine interleukin 1α
[Novakofski et al., 2009] and dynamic compression [Haudenschild et al., 2008], while
insulin-like growth factor 1 was reported to repress RhoA activity [Novakofski et al., 2009].
ROCK inhibition by the pharmacological inhibitor Y27632 increased Sox9 expression in
articular chondrocytes [Tew and Hardingham, 2006], similar to the effects observed during
chondrogenesis. In agreement with these data, inhibition of RhoA by the toxin C3
transferase also increased expression of Sox9 and its target genes collagen II and aggrecan
in articular chondrocytes [Novakofski et al., 2009]. However, in other studies RhoA/ROCK
activation by dynamic compression resulted in direct phosphorylation and activation of Sox9
by ROCK [Haudenschild et al., 2010; Haudenschild et al., 2008]. In yet another study, we
recently demonstrated that transforming growth factor alpha (TGFα) activates RhoA and
downstream pathways in chondrocytes, both in monolayer culture and three-dimensional
explant culture. Inhibition of Rho or ROCK blocked the induction of stress fiber formation
and blocked the increase in cell number in response to TGFα, but did not affect the TGFα
repression of Sox9 expression [Appleton et al., 2010]. Most interestingly, the ROCK
inhibitor Y27632 blocked the collagen II and aggrecan degradation mediated by TGFα in
explant cultures, suggesting the potential therapeutic application of this inhibitor in
osteoarthritis. This occurred despite upregulation of MMP-13 expression in response to
Y27632 both in this study and in embryonic micromass cultures [Wang et al., 2004a],
suggesting the involvement of additional targets of ROCK signaling. For example, it will be
of interest to examine whether Rho signaling controls the expression, localization or activity
of tissue inhibitors of metalloproteinases (TIMPs) or additional proteins involved in the
activation of MMP13 and other proteases in cartilage.

All together, the somewhat contradictory results from the various studies summarized here
clearly indicate the need for a deeper understanding of the function of the Rho/ROCK
pathway in articular cartilage. One potential explanation for the discrepancy in results is that
the role of Rho/ROCK in articular cartilage is context-dependent, both with regards to
culture conditions (e.g. two- versus three-dimensional cultures) and the presence of specific
growth factors and cytokines. We have described similar context-dependency during
chondrogenesis [Woods and Beier, 2006]. Overall, available data clearly point to the need
for more in vivo studies, where cells embedded in an authentic extracellular matrix are
exposed to appropriate growth factors and experience physiological biomechanical loads.

A possible role of Rho signaling in articular cartilage and osteoarthritis also emerged from a
completely different line of research. RhoB is a close relative to RhoA, inducing similar
biological responses. Interestingly, two manuscripts suggest an association of a single
nucleotide polymorphism in the promoter region of the human RhoB gene with
osteoarthritis in some patient populations [Mahr et al., 2006; Shi et al., 2008], while another
study could not replicate this association [Loughlin et al., 2007]. These findings raise the
possibility that altered expression of RhoB could contribute to OA, at least in some subsets
of patients, but further studies are required to resolve this issue.
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Numerous open questions on the role of Rho GTPases in cartilage development and
osteoarthritis remain. There is an urgent need to define the downstream pathways connecting
Rho GTPases to their various cellular responses, as well as the upstream events and players
(e.g. receptors, GEFs and GAPs) linking GTPases to specific extracellular signals. The role
of additional Rho family members in cartilage have to be addressed, in particular since
microarray data show that several of them undergo changes in expression during
chondrocyte differentiation in vitro and in vivo [James et al., 2005; James et al., 2010].
Maybe most importantly, in vivo models (e.g. tissue-specific knockout mice) for genes other
than Rac1 have to be described, ideally including specific gene inactivation in adult articular
cartilage and arthritis models. Finally, the value of drugs targeting Rho pathways in the
treatment of OA or other forms of arthritis needs to be studied. Based on results in explant
culture [Appleton et al., 2010] and the fact that ROCK inhibitors are under active
investigation for a plethora of other diseases [Olson, 2008], Y27632 and related compounds
are strong candidates for these purposes. However, in light of the caveats described above
and the discussed discrepancies in the literature, more research is clearly required before any
such agents can be seriously considered for the treatment of cartilage disorders or
osteoarthritis.

INTEGRIN LINKED KINASE: AN ADDITIONAL MEDIATOR OF
EXTRACELLULAR MATRIX SIGNALING IN CHONDROCYTES?

The consequences of cartilage-specific Rac1 deletion [Wang et al., 2007] resembled those of
inactivation of the gene for β1 integrin in chondrocytes [Aszodi et al., 2003], further
supporting the model that Rho GTPases are important mediators of extracellular matrix
signaling in chondrocytes. Two groups reported the phenotypes of cartilage-specific deletion
of another gene involved in integrin signaling, integrin-linked kinase or ILK [Grashoff et al.,
2003; Terpstra et al., 2003]. These mice display similar phenotypes as the two lines
described above, including dwarfism, disorganized growth plates, reduced chondrocyte
proliferation and lower levels of cyclin D1. Therefore, it seems plausible that β1 integrin,
Rac1 and ILK act in the same pathway in cartilage, but this model has not been proven by
either biochemical or genetic means. Moreover, despite the obvious importance of ILK in
cartilage development, no follow-up studies on this role or on a possible function of ILK in
articular cartilage have been published. Finally, it should be mentioned that it is a matter of
ongoing debate whether ILK exerts its biological roles through its kinase activity or through
other, kinase-independent mechanisms [Wickstrom et al., 2010].

THE PI-3 KINASE-AKT PATHWAY
ILK has, however, been implicated in another signaling pathway whose importance in both
developing and articular cartilage is becoming increasingly evident, the phosphoinositide-3
(PI-3) kinase-Akt pathway [Delcommenne et al., 1998]. PI-3 kinase and its downstream
kinases Akt1-3 are activated by a large number of receptors, but most notably by tyrosine
receptor kinases such as the insulin-like growth factor 1 receptor (IGF1R) (Fig. 2). They
control a large number of cellular functions including proliferation, differentiation, matrix
synthesis and survival in a cell type-specific manner.

During cartilage development, the majority of published studies suggest that PI-3 kinase
signaling is required for normal hypertrophic cell differentiation and endochondral bone
growth. For example, the PI-3 kinase inhibitor LY294002 blocks both basal growth and the
anabolic effects of parathyroid hormone, C-type natriuretic peptide and IGF1, respectively,
in explant cultures [Harrington et al., 2010; MacRae et al., 2007; Ulici et al., 2008]. In tibial
explants, this growth retardation is accompanied by a significant shortening of the
hypertrophic zone of the growth plate [Ulici et al., 2008], indicating that PI-3 kinase is
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required both for cellular growth and hypertrophy and potentially for survival of
hypertrophic chondrocytes. In cell systems, PI-3 kinase has been shown to act both upstream
and downstream of the transcription factor Runx2 to promote chondrocyte hypertrophy
[Fujita et al., 2004], providing a molecular basis for the observed effects in explant culture.
Genome-wide gene expression analyses of the effects of LY294002 on embryonic
chondrocytes further supports the role of PI-3 kinase signaling in chondrocyte hypertrophy
[Ulici et al., 2010]. However, at least one study found the opposite effect where PI-3 kinase-
Akt blocked terminal differentiation [Keisuke et al., 2008].

The reasons for this discrepancy in findings are unknown. However, in vivo results support
the differentiation-promoting activities of the PI-3 kinase pathway in developing cartilage.
Most notably, overexpression of an activated form of Akt in the cartilage of transgenic mice
promoted chondrocyte differentiation whereas overexpression of a dominant-negative form
delayed this process [Rokutanda et al., 2009]. Determination of the specific roles of the three
Akt genes in cartilage has been less successful. While Akt1-deficient mice are smaller than
controls, they only show very subtle changes in their growth plates [Kawamura et al., 2007;
Ulici et al., 2009], suggesting that Akt2 and/or Akt3 partially compensate for Akt1 in
chondrocyte differentiation. The main difference found in one study [Ulici et al., 2009] was
a delay in formation of secondary ossification centers, possibly secondary to reduced levels
of MMP14. On the other hand, cartilage-specific inactivation of PTEN, the main
phosphatase counteracting PI-3 kinase activity, leads to profound defects in skeletal
development as shown by three independent studies [Ford-Hutchinson et al., 2007; Hsieh et
al., 2009; Yang et al., 2008]. These mice showed skeletal overgrowth, consistent with over-
activation of the PI-3 kinase pathway. Growth plates were disorganized and showed
accelerated hypertrophic differentiation of chondrocytes. Strikingly, the primary and
secondary ossification centers of these mice fused, an event that does not normally occur in
wild type mice (in contrast to humans). In addition, cartilage-specific loss of PTEN, which is
an important tumor suppressor in many tissues, also resulted in formation of lipoma and
enchondroma-like features. Overall, the phenotype of these mice supports a model where
PI-3 kinase-Akt signaling promotes chondrocyte hypertrophy and endochondral bone
growth while PTEN is a physiological antagonist or break to these activities.

In adult articular cartilage, PI-3 kinase-Akt signaling promotes matrix synthesis and
chondrocyte survival. Expression of constitutively active Akt in human articular
chondrocytes resulted in significant increases in proteoglycan synthesis, type II collagen
synthesis and expression, as well as Sox9 expression [Yin et al., 2009]. Inhibition of PI-3
kinase-Akt signaling has been shown to inhibit chondrocyte proteoglycan synthesis and
reduce chondrocyte survival [Cravero et al., 2009; Oh and Chun, 2003; Starkman et al.,
2005; Yin et al., 2009]. Recently, we found evidence for increased expression of an Akt
inhibitor called TRB3 (tribbles homolog) in human osteoarthritic cartilage [Cravero et al.,
2009]. TRB3 is a pseudokinase that contains a truncated kinase domain and binding of
TRB3 to Akt inhibits Akt phosphorylation and activation, resulting in reduced chondrocyte
proteoglycan synthesis and survival [Cravero et al., 2009]. Endoplasmatic Reticulum stress
was shown to stimulate TRB3 expression, providing a mechanism for reduced PI-3 kinase-
Akt signaling and subsequent matrix synthesis under stress conditions.

In chondrocytes, a key activator of the PI-3 Kinase-Akt pathway is IGF-I. With increasing
age and during the development of osteoarthritis, chondrocytes produce less matrix in
response to IGF-I and display a reduced survival response to IGF-I, suggesting a state of
IGF resistance [Loeser, 2009]. Compared to cells from young animals, aged equine
chondrocytes demonstrated less Akt phosphorylation in response to IGF-I while ERK
phosphorylation did not differ [Boehm et al., 2007]. When comparing chondrocytes isolated
from normal adult cartilage to those from OA tissue, we noted significantly less activation of
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the PI-3 kinase-Akt pathway in OA cells in response to IGF-I. In contrast, ERK was
transiently phosphorylated in normal cells after IGF-I treatment and constitutively
phosphorylated in OA cells [Yin et al., 2009]. Inducing oxidative stress in normal cells
resulted in changes in signaling that mirrored that seen in untreated OA cells, suggesting that
oxidative stress in OA chondrocytes was responsible for inhibiting IGF-I activation of the
PI-3 kinase-Akt pathway. In support of this, treatment of OA chondrocytes with anti-
oxidants restored the activation of Akt and the subsequent increase in proteoglycan
production.

Another mechanism for altered PI-3 kinase-Akt signaling in OA chondrocytes may be a
reduced level of the protein deacetylase SirT1 in OA [Gagarina et al., 2010]. Restoration of
SirT1in OA chondrocytes by transfection was shown to activate the IGF type I receptor and
subsequent downstream phosphorylation of PI-3 kinase, PDK1, and Akt as well as mTOR, a
downstream target of Akt. The ability of SirT1 to activate this pathway appeared to be
related to down-regulation of the phosphatase PTP1B which was found to be increased in
OA chondrocytes. Repression of PTP1B by SirT1 improved chondrocyte survival consistent
with the survival promoting activity of the PI-3 kinase-Akt pathway in chondrocytes.

The PI-3 kinase-Akt pathway has been shown to regulate the response of articular
chondrocytes to ligands in addition to IGF-I. TGF-β was shown to increase the
phosphorylation of Akt, but unlike IGF-I, where Akt phosphorylation is noted within
minutes of stimulation, TGF-β induced phosphorylation of Akt was not detected until about
4 hours [Qureshi et al., 2007] consistent with an indirect mechanism of activation, perhaps
through induction of an autocrine loop. Inhibition of PI-3 kinase, Akt, or mTOR was found
to block the ability of TGF-β to stimulate expression of the tissue inhibitor of
metalloproteinase-3. In another study, the cytokines oncostatin M (OSM) and IL-6
(combined with sIL-6R) where shown to stimulate Akt phosphorylation within 20 minutes
of treatment and this was blocked with the PI-3 kinase inhibitor LY294002 [Litherland et
al., 2008]. Blocking PI-3 kinase also inhibited the ability of IL-1+OSM to induce
collagenase activity through inhibition of MMP-1 and MMP-13 expression. A role for the
p110α subunit of PI-3 kinase and for Akt1 in this process was suggested by the results of
siRNA experiments. These studies demonstrate that activation of the PI-3 kinase-Akt
pathway can have either anabolic or catabolic effects that are ligand-dependent and indicate
that additional studies are needed to identify the pathways that cross-talk with the PI-3
kinase-Akt pathway resulting in these differential effects. In addition, TGFα induced Akt
phosphorylation in chondrocytes; inhibition of PI-3 kinase activity by LY294002 blocked
TGFα-induced chondrocyte proliferation, but further increased the stimulation of MMP13
mRNA levels by this growth factor [Appleton et al., 2010]. These data provide further
support for the concept of context-specific activity of the PI3-kinase-Akt pathway in
cartilage.

A recent study [Fukai et al., 2010] has examined the development of OA-like changes in Akt
−/− mice. As noted above, the Akt1 deficient mice exhibited dwarfism which appeared to be
related to reduced calcification in the growth plates. When OA was induced in 8-week old
mice by medial collateral ligament transection with removal of the medial meniscus, no
difference in cartilage degradation was noted between wild-type and Akt1deficient mice at 8
weeks after surgery. However, the Akt1−/− mice formed fewer osteophytes suggesting a
role for Akt1 in the endochondral ossification process that results in osteophytes formation.
Since OA was induced in very young dwarf mice the relevance of these findings to adult
human OA is not clear and suggest further work is needed including inactivation of Akt in
adult mice after skeletal development has been completed.
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The downstream effects of Akt activation are mediated by several Akt substrates. One of
them is the kinase mTOR (mammalian target of rapamycin). Inhibition of mTOR resulted in
decreased bone growth and hypertrophy in rat metatarsal cultures as well as in vivo, possibly
due to reduced expression of indian hedgehog, a key regulator of chondrocyte differentiation
[Chanika et al., 2008]. Thus, mTOR inhibition resulted in similar effects as blockade of PI-3
kinase or Akt signaling, which was also supported by another publication [Rokutanda et al.,
2009]. However, a third in vivo study using application of the mTOR inhibitor rapamycin in
rats also showed reduced bone growth, but in this case through a reduction in chondrocyte
proliferation, without effects on the hypertrophic zone and with increased expression of
indian hedgehog [Sanchez and He, 2009]. Reasons for these seemingly contradictory
findings could include dose-specific effects of rapamycin or different maturation stages of
the employed models. In adult articular chondrocytes, inhibition of mTOR resulted in
significant inhibition of IGF-I mediated proteoglycan synthesis [Starkman et al., 2005].
Therefore, the available data support a critical role of mTOR downstream of PI-3 kinase-Akt
in cartilage development and likely in adult cartilage homeostasis as well.

PI-3 kinase-Akt also signal through numerous other substrates that could contribute to their
effects on cartilage, including glycogen synthase kinase 3 (GSK3), FoxO transcription
factors and others. While many of these have been implicated in cartilage development, they
are often also involved in other pathways (for example, GSK3 in Wnt signaling), and their
specific contributions to PI-3 kinase signaling are therefore less well defined. Elucidation of
the exact connections between these pathways and identification of critical target genes are
urgent tasks for the future. In addition, and similar to the Rho GTPases discussed above, in-
depth analyses of appropriate in vivo models (including double- or triple KO mice and
tissue-/stage-specific KO models) will also be required to fully understand these pathways
and to potentially utilize this information therapeutically.

MITOGEN ACTIVATED PROTEIN KINASES
MAP kinases including ERK, JNK, and p38 have been implicated in the regulation of
chondrocyte signaling in developing and adult articular cartilage. They are activated by a
diverse array of receptors that include various receptor tyrosine kinases, G-protein coupled
receptors, cytokine receptors, and integrins. Depending on the ligand initiating the signaling
and the context in which activation occurs, the MAP kinases regulate multiple processes that
include chondrocyte proliferation, cartilage matrix remodeling (synthesis and/or
degradation), and cell death. There is evidence for activity of all three MAP kinases in the
pathological state of osteoarthritis. Levels of phosphorylated JNK [Clancy et al., 2001; Fan
et al., 2007] and p38 [Fan et al., 2007] were higher in human OA cartilage compared to
normal while phosphorylated ERK was found in both OA and normal cartilage. Importantly,
each of the MAP kinases has more than one isoform expressed by chondrocytes but there
has been little investigation of isoform specific functions or a determination of which
isoforms might be more important in pathological states.

Like most cell types, chondrocytes express both ERK1 and ERK2. Knockout studies in mice
have not been very informative with regards to function of individual ERK genes in
cartilage. While ERK1-deficient mice have a subtle phenotype with no obvious skeletal or
growth abnormalities [Pag et al., 1999], ERK2 null mice die early in development because
of trophoblast deficiencies[Saba-El-Leil et al., 2003]. Activation of ERK1/2 through
expression of constitutively active MEK1 resulted in achondroplasia-like dwarfism in mice
[Murakami et al., 2004].

Chondrocytes express the MAP kinases JNK1 and JNK2 and deletion of either isoform has
not been reported to be associated with a skeletal phenotype. Overexpression of activated
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MKK6, an upstream activator of p38, in cartilage of transgenic mice resulted in dwarfism,
inhibition of both chondrocyte proliferation and differentiation, and a delay in primary and
secondary ossification[Zhang et al., 2006]. Inhibition of p38 by cartilage-specific expression
of a dominant-negative construct that interferes with p38 activation (type IIA collagen-p38
DN, isoform specificity not known) resulted in death shortly after birth in homozygotes due
to deficient endochondral bone formation while heterozygotes had reduced limb length but
lived a normal lifespan [Namdari et al., 2008]. When the DN p38 heterozygotes were
examined at 1 year of age, they were found to have articular cartilage defects in the knee
joints not seen in wild-type controls, indicating that life-long p38 deficiency was detrimental
to articular cartilage.

In adult articular chondrocytes, MAP kinase activation has been associated with increased
expression of matrix metalloproteinases (MMPs) and aggrecanases. Induction of matrix
degrading enzymes by various cytokines [Fan et al., 2007; Mengshol et al., 2000;
Sondergaard et al., 2010], by type II collagen binding to the discoidin domain receptor [Xu
et al., 2007] and by fibronectin and collagen fragments [Loeser et al., 2003] requires MAP
kinase activation. The majority of stimuli that mediate cartilage matrix destruction activate
more than one specific MAP kinase, but inhibition of a single MAP kinase is often sufficient
to inhibit the increased MMP or aggrecanase expression. For example, stimulation of the
chondrocyte α5β1 integrin by fibronectin fragments activates all three major MAP kinases
(ERK1/2, p38α, and JNK1/2) while inhibition of any one of the three is sufficient to inhibit
fibronectin fragment stimulation of MMP-13 expression [Forsyth et al., 2002; Loeser et al.,
2003]. Similar to fibronectin fragments, stimulation of MMP-13 by bFGF required activity
of ERK, p38, and JNK [Im et al., 2007; Wang et al., 2004b], while IL-1 stimulation of
MMP-13 required p38 and JNK but not ERK [Mengshol et al., 2000]. These findings are
consistent with the hypothesis that expression of matrix degrading enzymes is under tight
control such that multiple switches (signaling proteins) must be on in order to induce MMP
expression. This would explain why a stimulus that only activates one MAP kinase, such as
ERK activation by IGF-I, is not sufficient to induce MMP expression. In addition to the
regulation of catabolic signaling, certain MAP kinases are also involved in the regulation of
chondrocyte anabolic activity, although most often this is a negative regulation. IGF-I
stimulates transient ERK1/2 phosphorylation which in normal chondrocytes declines at
around 30 minutes after stimulation when IL-1 stimulation of ERK phosphorylation is still
active [Starkman et al., 2005]. Inhibition of ERK phosphorylation using MEK inhibitors can
increase chondrocyte proteoglycan synthesis [Starkman et al., 2005], while activation of
ERK by constitutively active MEK significantly decreases proteoglycan synthesis, aggrecan
expression, and Sox9 expression [Yin et al., 2009]. LPS activation of toll-like receptor 4 can
also inhibit chondrocyte proteoglycan synthesis, and under these conditions inhibition of
p38, but not ERK, partially restored it [Bobacz et al., 2007]. In contrast, the down-regulation
of type II collagen and aggrecan expression by IL-6 plus sIL-6R was blocked by JAK/STAT
but not ERK inhibition [Legendre et al., 2003]. The latter finding should be interpreted with
some caution, however, since the use of PD098059 only partially inhibited IL-6/sIL-6R
activation of ERK.

Importantly, none of the described pathways (or any of the pathways not covered here) acts
in isolation. Numerous pathways are activated in a cell at any given time, and crosstalk
between pathways, positive and negative feedback loops and integration of multiple signals
all contribute to ultimately determine the behavior of the cell. In addition, many signaling
proteins that are regulated by phosphorylation have multiple serine/threonine and/or tyrosine
sites which control the activity of the protein and which can be activated by different
pathways.

Beier and Loeser Page 8

J Cell Biochem. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



An example of pathway cross-talk is the IGF-I regulation of matrix synthesis by adult
articular chondrocytes. IGF-I stimulation of normal articular chondrocytes results in rapid
(within minutes) and prolonged (at least 60 minutes) Akt phosphorylation and transient (5–
30 minute) ERK phosphorylation [Yin et al., 2009]. Activation of PI-3 kinase-Akt signaling
by IGF-I requires upstream activation of IRS-1 at activating tyrosine sites. Sustained ERK
phosphorylation seen in OA cells or in normal cells under conditions of oxidative stress,
inhibits Akt phosphorylation through phosphorylation of IRS-1 at inhibitory serine residues
(S312 and S616) [Yin et al., 2009]. The balance of PI-3 kinase-Akt to ERK MAP kinase
activation can control the chondrocyte’s production of matrix proteins such as
proteoglycans. Conditions which favor PI-3 kinase-Akt activation will promote matrix
synthesis while those favoring ERK activation over PI-3 kinase-Akt will be inhibitory.

We are far from a comprehensive understanding of the complex interactions among cell
signaling pathways and their spatial and temporal dynamics, making further research into
this area a high priority. Because of the complexities involved, a systems biology approach
will be needed in order to integrate large data sets of cell signaling proteins and their
activities under various conditions. This approach is just beginning to be used to study the
interactions of multiple signaling pathways involved in cancer and the knowledge gained
from such work, in particular the computational methods developed, may be applicable to
the study of signaling ways in chondrocytes. The eventual goal will be to discover key nodes
in cell signaling pathways that could be targeted with small molecule inhibitors to restore
the balance in signaling that is disrupted in pathological conditions of cartilage such as
osteoarthritis.
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Fig. 1.
Rho GTPase signaling. Numerous cell surface receptors regulate the activity of guanine
nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) which in turn
control activity of Rho GTPases. GTP-bound Rho GTPases are the active forms and bind to
downstream effectors, including ROCK1/2 and p38 kinases. These in turn control cellular
events such as actin and microtubule dynamics, gene expression and cell cycle progression.
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Fig. 2.
Signaling through the PI-3 Kinase-Akt pathway. Several different types of receptors can
activate PI-3 kinase-Akt signaling through upstream mediators including ILK, Src, and
IRS1/2. PI-3 kinase can directly activate Akt or indirectly through activation of PDK1 via
the conversion of PIP2 to PIP3 which is mediated by PI-3 kinase. Akt phosphorylates
numerous downstream signaling proteins resulting in positive regulation of mTOR and
negative regulation of GSK-3, FKHR, and Bad among other targets. Inhibition of PI-3
kinase-Akt signaling includes ERK1/2 and JNK1/2 inhibition of IRS-1 as well as Akt
inhibition by TRB3. Not shown is the regulation of these pathways by phosphatases which
include PTEN, SHP-2, and PP2A, among others.
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