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Abstract

In the context of OA disease, NF-xB transcription factors can be triggered by a host of stress-
related stimuli including pro-inflammatory cytokines, excessive mechanical stress and ECM
degradation products. Activated NF-kB regulates the expression of many cytokines and
chemokines, adhesion molecules, inflammatory mediators, and several matrix degrading enzymes.
NF-«kB also influences the regulated accumulation and remodeling of ECM proteins and has
indirect positive effects on downstream regulators of terminal chondrocyte differentiation
(including B-catenin and Runx2). Although driven partly by pro-inflammatory and stress-related
factors, OA pathogenesis also involves a “loss of maturational arrest” that inappropriately pushes
chondrocytes towards a more differentiated, hypertrophic-like state. Growing evidence points to
NF-«B signaling as not only playing a central role in the pro-inflammatory stress-related responses
of chondrocytes to extra- and intra-cellular insults, but also in the control of their differentiation
program. Thus unlike other signaling pathways the NF-«xB activating kinases are potential
therapeutic OA targets for multiple reasons. Targeted strategies to prevent unwanted NF-xB
activation in this context, which do not cause side effects on other proteins or signaling pathways,
need to be focused on the use of highly specific drug modalities, SiRNAs or other biological
inhibitors that are targeted to the activating NF-«xB kinases IKKa or IKK@ or specific activating
canonical NF-«xB subunits. However, work remains in its infancy to evaluate the effects of
efficacious, targeted NF-«B inhibitors in animal models of OA disease in vivo and to also target
these strategies only to affected cartilage and joints to avoid other undesirable systemic effects.

Keywords
Cartilage; chondrocytes; homeostasis; hypertrophy; inflammation; osteoarthritis; NF-xB; IKKs

INTRODUCTION

Osteoarthritis, the rheumatic disease with the highest prevalence and economic impact, is a
degenerative malady driven, in part, by signaling mechanisms induced by stress- and
inflammation-induced factors [1-5]. These factors activate normally quiescent chondrocytes,
the unique cell component in cartilage, which are then no longer able to maintain tissue
homeostasis [6]. In cartilage development and at the post-natal growth plate, chondrocytes
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undergo terminal differentiation and hypertrophy [1,7,8] with various signaling pathways
and transcription factors playing stage-specific roles in chondrogenesis [7,9]. Endochondral
ossification is the final outcome of the “chondrogenic program”, which begins with
chondroprogenitor proliferation from mesenchymal stem cells and ends in cartilage matrix
calcification [7]. During the course of hypertrophy, due to exacerbated environmental stress
associated with ECM remodeling, chondrocytes also succumb to programmed cell death
{PCD/apoptosis} [7]. Indeed, the de-regulated/disorganized chondrocyte differentiation
observed in OA cartlage has been proposed as a “developmental model” for OA
pathogenesis [5,10]. This is because many of the alterations observed in OA diseased cells
appear to mimic or re-capitulate the pattern of chondrocyte differentiation in fetal
skeletogenesis including ECM remodeling, matrix calcification, apoptosis and proliferation
[10]. It is essential in this context to always bear in mind that the degenerative,
uncoordinated events associated with OA disease should not be equated with highly
regulated developmental programming [5]. However the co-opting of components and
reaction parameters of normal chondrocyte differentiation in OA disease may provide
important, telling insights into its causes and possible therapy.

Alterations in ECM structural integrity or in effectors of progression to hypertrophy can lead
to OA pathology [11] and this has been illustrated in murine models of OA disease. The
importance of the fine protein network and stability of the ECM in joint mechanical
flexibility and cartilage health with age is well documented in studies of cho/+ (Colllal-
haploinsufficient), Col9al 7~ (type 1X collagen-deficient) and Timp3 7~ mice, which
present age-dependent cartilage degeneration similar to that of OA patients [12-14]. Careful
analysis of the articular chondrocytes of cho/+ mice revealed that the OA pathology is
associated with up-regulation of discoidin domain receptor 2 (DDR2), (a receptor for native
type Il collagen), which enhances MMP-13 expression in regions where the collagen
network has been denuded of proteoglycans [15,16]. DDR2 and MMP-13 up-regulation
were also associated with the extent of cartilage damage in human knee joints [17].
Importantly, surgically induced OA disease models in mutant mice have also implicated
aggrecanase-2/ADAMTS5 [18], DDR2 [16], Runx2 [19] and, more recently, MMP-13 [20]
as endogenous effectors/mediators linked to the onset and/or severity of OA joint disease
[21]. In addition, the enforced activation of B-catenin signaling in the articular chondrocytes
of adult mice was recently been shown to lead to premature chondrocyte differentiation and
the development of an OA-like phenotype [22]

This review will focus on the NF-«xB signaling pathways in OA disease: (1) how elevated
canonical NF-xB signaling in OA chondrocytes contributes to cartilage degeneration in OA
by affecting a number of downstream processes (particularly in response to extrinsic stress
and inflammatory signals), (2) how NF-«xB signaling may contribute to hypertrophic-like
differentiation of chondrocytes in OA and (3) how up-todate strategies for inhibiting NF-xB
and the IKK complex may be considered for therapy of OA.

NF-k Bs and their signaling complexes

Members of the NF-«B transcription factor family orchestrate a wide range of stress-like
inflammatory responses, regulate developmental programs and cellular differentiation and
control the growth and survival of normal and malignant cells [23-26]. Selectivity as well as
redundancy in NF-xB mediated transcriptional control arises from the assembly of
homodimers and heterodimers of 5 different NF-kB proteins (RelA/p65, RelB, c-Rel,
NFxB1/p105 and NFxB2/p100). NF-xB dimers are sequestered in the cytoplasm and their
transcriptional activities blocked by one of three small inhibitory NF-xB proteins (1xBa,
IxBp, IxBe) or the larger precursor proteins p105 (NFxB1) and p100 (NFxB2). Finally,
Bcl-3 and IxB( are atypical IxB-like proteins, reported to have both stimulatory and
inhibitory effects on specific NF-xB subunits or target genes, and are associated with DNA
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bound p50 homodimers and p50/p52 heterodimers. Like RelA/p65, RelB and c-Rel, Bcl-3
also has a transcriptional activation domain (reviewed in [26]). Proteins p100 and p105 are
precursors of the mature DNA binding NF-xB p52 and p50 subunits, respectively and also
function in their unprocessed forms as NF-«kB inhibitors via their carboxy-terminal 1xB-like
domains (referred to as IxBd and 1kBy proteins, respectively). Recent biochemical
experiments have revealed that preformed NF-kB subunits interact with p105 (also called
IxBy in its IxB inhibitory mode) and p100 (IxB3) in two ways [25,27]: (1) by direct binding
of the Rel homology domains (RHDs) of p105 and p100 to the RHDs of preformed NF-«xB
partner proteins and (2) by the carboxy-proximal 1kB ankyrin (ANK) repeat domains of
p100 and p105 binding to preformed NF-«xB dimers. Although the three small inhibitory 1B
proteins would appear to have analogous functions, they have been found to act in
temporally distinctive ways depending on their degradation and resynthesis [28]. Moreover,
findings with cells lacking each of the three IkBa proteins indicate that their mechanisms of
action are only partly due to NF-xB cytoplasmic sequestration as opposed to inhibiting NF-
kB transcriptional activity [29]. In the cytoplasm, the classic, (so called canonical), NF-xB
signaling module immediately reacts to almost all pro-inflammatory and stress-like
responses. Canonical NF-xB heterodimers are activated by the site specific amino-terminal
phosphorylation of IkBa by the IKK (inhibitor of NF-xB kinase) signalosome complex that
targets it for ubiquitination and subsequent proteosomal destruction, thus resulting in the
nuclear translocation of activated NF-xB heterodimers (predominantly p65/Rel A-p50) and
the activation of their specific target genes. The NF-xB p50 precursor protein, p105, is
constitutively processed by the 20S proteosome and is also subject to IKK inducible
processing, which is ubiquitination independent [30].

The IKK complex consists of two serine-threonine kinases, IKKa and IKKp, and NEMO/
IKKYy, a regulatory or docking protein that facilitates IKK complex assembly and regulates
the transmission of upstream activating signals to IKKo and IKK [26,31,32]. Figure (1)
depicts the different types or classes of IKK-driven NF-«xB signaling pathways in cells.
IKKp is almost always the IkBa kinase that activates NF-kB-dependent immediate stress-
like responses in vivo, although IKKa can also takes on this role in response to specific
signaling pathways [33] and the latter also occurs, at least to some degree, under conditions
of IKK} inhibition [34]. Moreover, in contrast to the positive pro-inflammatory IKKp,
IKKao has been suggested to attenuate or resolve acute inflammatory responses by more
than one mechanism [35-37].

IKKa, not IKK, is specifically required for the activation of the so-called non-canonical or
alternate NF-«xB pathway [24,26,38]. In response to several specific extracellular inducers
(including LT, CD40L and BAFF), NIK (NF-kB inducing kinase) activates IKKa, which
targets p100/NF«B2 for site specific phosphorylation, flagging it for ubiquitination and
subsequent proteosomal processing. When first described this IKKa dependent pathway was
solely believed to liberate RelB/p52 NF-«xB heterodimers, whose target genes regulate
various stages of adaptive immunity, cellular survival, and differentiation programs [24,38]
{see Fig. (1)}. However, p100 homodimers (acting as 1xBd modules) were recently shown
to restrain Rel A/p50 and RelB/p50 heterodimers in large ternary complexes [25]. In these
ternary complexes one of the two IxBd domains is believed to inhibit the Rel DNA binding
domain of the p52 homodimer in the complex, while the second IxB& domain acts in trans to
inhibit the RelA/p50 or RelB/p50 heterodimer {as shown for the p100:p100/RelA-p50
ternary complex in Fig. (1)}. Similar high-molecular-weight, inhibitory NF-xB complexes
were also recently identified for p105 (IxBy) together with other preformed NF-«xB subunits
[27]. Interestingly, in response to NIK/IKKa-dependent non-canonical stimuli, the Rel A/p50
heterodimers liberated by p100/1xB& complexes could then activate some of the same genes
as the canonical pathway but in a delayed manner. Thus as a direct target of the canonical
pathway, p100 could integrate canonical and non-canonical signals resulting in functional
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cross-talk between pro-inflammatory/stress-like responses and developmental stimuli [25].
Moreover, in the absence of a non-canonical stimulus, p100, which is also far more stable
than IxBa, could then act as a constitutive, negative feedback modulator that attenuates or
limits persistent, pathogenic canonical NF-«xB stimuli mediated by TLRs [39]. Finally,
extracellular stimuli resulting in cellular responses that probably require sustained or long-
lasting NF-«kB induction activate canonical and non-canonical NF-xB heterodimers by
eliciting IkBa degradation and p100 processing; and some specific signals also coordinate
the deployment of both NF-kB activation pathways at the level of p100 processing
[25,40-43].

Functions of IKKa independent of NF-kB signaling

IKKo has a number of in vivo functions as a serine threonine kinase acting outside the NF-
kB pathway {reviewed in [32,44]}. In established fibroblastic cells, IKKo functions as a
nucleosomal kinase that enhances the transcription of NF-kB target genes {reviewed in
[44]}.Independent of the NF-xB signaling, IKKa also regulates effectors of the cell cycle,
apoptosis, determinants of the DNA damage response and the expression of specific tumor
suppressors [44-47].

In murine embryonic development, IKKa is essential for keratinocyte differentiation
[48-50], but independent of NF-«B activation and its kinase activity [51]. Loss of IKKa is
perinatally lethal probably due to the absence of a functional stratum corneum in IKKa
knockout (KO) mice, thereby leaving the internal organs unprotected from the external
environment [48]. Due to a total block in keratinocyte differentiation to produce a cornified
layer, IKKa KO mice present a bottle-shaped body morphology with limbs and tails
wrapped in a thick, sticky epidermal tissue preventing their extension from the body trunk
[48]. IKKa KO mice do not have major changes in the pattern and size of proximal limb
elements and have normal numbers of lumbar and thoracic vertebrae with overall skeletal
development and cartilage formation intact. However, IKKa KO embryos exhibit a number
of specific developmental abnormalities including: abnormal curvature of the distal limb
elements; deformed phalanges; a cleft secondary palate and deformed incisors; bifurcated
xiphoid process; split sternebra 6; and shorter and kinked, though functional, sternal bands,
probably due to incomplete and asymmetric ossification [48-50]. IKKoAAAA knock-in
mice, in which alanines replace Serl”6 and Ser8 T loop activating phosphorylation sites,
are morphologically normal and fertile [52,53]. Thus, in conjunction with the fact that p52/
p100 KO mice have no embryonic defect [54,55], the IKKa-dependent, non-canonical NF-
kB pathway is not required for normal mouse development.

Subsequent work revealed that the abnormal skeletal development of IKKa KO mice was
due to failed epidermal differentiation, which disrupted normal epidermal-mesodermal
interactions [56]. Even though normal skeletal development was restored in IKKa—/— mice
by rescuing IKKa expression only in the epidermis (CK14-Ikka mice), the newborn mice
died 2 days after birth from a suckling defect due to a fused esophagus, which was caused
by the lack of expression of the basal keratinocyte-specific CK14-lkka transgene in that
particular stratified epithelial tissue [56]. Abnormally high levels of specific FGFs
(including FGFs 8 and 18), which accumulate in IKKa KO mice, were the cause for the
skeletal abnormalities [56], probably due to collateral effects of specific FGFs on BMP
signaling leading to localized alterations in chondrogenesis or ossification [56-60]. Thus
taken together, these published findings have ruled out an essential role for IKKa in
chondrogenesis during development. However, since CK14-lkka mice die several days after
birth [56], it remains unknown if IKKa influences articular chondrocyte homeostasis in the
joints of normal adult mice or their progression to hypertrophy at the post-natal growth plate
and, more specifically, if the presence or absence of IKKa protein in adult articular
chondrocytes affects the onset or course of OA disease.
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NF-kB canonical signaling in OA disease

Although chondrocytes are quiescent in normal cartilage, they may be activated by
inflammatory mediators, mechanical stress, matrix degradation products, and age-related
advanced glycation end products (AGES), leading to a phenotypic shift and to the aberrant
expression of inflammation-related genes that cause the imbalance between catabolic and
anabolic responses characteristic of OA chondrocytes [61]. Aging is one of the risk factors,
if not the major one, that determine OA development, since the aged or senescent
chondrocytes show a differential activity when compared to healthy, or normal cells [62].
The characteristic features of aging chondrocytes include epigenetic modulations that lead to
de-regulated gene expression, exacerbated and sustained NF-xB activation and MMP
production after IL-1 stimulation [63-65], and also increased accumulation and expression
of both AGEs and the AGE receptor, RAGE [66-68]. Indeed, RAGE signals through the
canonical NF-xB pathway to trigger the expression of metalloproteinases (MMPs),
prostaglandin E2 (PGE2), nitric oxide (NO), and type X collagen [69-72] in chondrocytes,
leading to increased cartilage degradation and chondrocyte hypertrophy in OA cartilage. In
addition, pro-inflammatory factors produced directly by the OA chondrocytes and other
joint tissues contribute to the exacerbation of the cartilage erosion and loss of function.
Among those pro-inflammatory factors, interkeukin-1 and tumor necrosis factor (IL-1p and
TNFa) play major roles in cartilage degradation by evoking a cascade of events leading to
both increased catabolism and chondrocyte hypertrophy [61,73,74]. More recently, different
reports have shown a link between the activation of Toll-like receptors (TLRs) and disease
in OA cartilage [75]. Indeed, chondrocytes express TLRs 1-9 [76], but predominantly TLR2
[77], with increased levels in OA cartilage compared to normal cartilage and up-regulation
by IL-1p and fibronectin [77,78], accounting for a positive feedback pro-inflammatory loop
that promotes cartilage catabolism. Other reports indicate that the levels of both TLR2 and
TLR4 are up-regulated in OA cartilage lesional areas [78] and that stimulation of
chondrocytes with peptidoglycan and LPS, ligands of TLR-2 and 4, respectively, increases
the expression of MMP-1, 3, and 13, as well as NO production, in a manner dependent on
NF-xB [78,79].

Among the downstream signaling pathways triggered by the inflammatory factors, the NF-
kB pathway stands as the central regulator of their catabolic actions, mediating crucial
events in the inflammatory responses of chondrocytes and leading to extracellular matrix
(ECM) damage and cartilage erosion [74,80,81]. Indeed, the NF-xB pathway is essential for
the chondrocytes to express inflammation-related genes, including MMP-1, 3 and 13,
inducible nitric oxide synthase (iNOS/NOS-2), IL-6, IL-1, TNFa, cyclooxygenase (COX)-2
[75,80,82], and transcription factors such as ELF3/ESE-1 [83]. Figure (2) illustrates some of
the more prominent effects of NF-«xB activation on inflammation and the hypertrophic-like
conversion of articular cartilage chondrocytes in the context of OA disease.

A number of biomechanical and inflammatory insults can lead to iINOS overexpression in
different cell types, including chondrocytes [84]. OA chondrocytes overexpress iNOS [85]
and its product, NO [86], indicating that this proinflammatory mediator could contribute to
OA disease by amplifying and perpetuating the catabolic processes triggered by
inflammatory stimuli. Indeed, NO activates MMPs, increases proteoglycan degradation,
reduces the production of IL-1 receptor antagonist (IL-RA) and mediates chondrocyte
apoptosis [84]. Accordingly, studies in vivo have indicated that iNOS blockade protects
from cartilage degradation. Namely, iNOS-deficient mice are protected from experimental
arthritis [87] and in vivo iNOS inhibition results in attenuation of OA progression
accompanied by reduced MMP activities [88]. As for iNOS, an inflammatory modulator
such as IL-1f, TNFa, LPS or mechanical overload is required for COX2 expression
(reviewed in [89]). After induction, COX-2 participates in the sequential enzymatic
reactions that lead to the synthesis of PGE2, which, by binding to the EP2 and EP4 PGE2
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receptors present in the joint tissues, play a major role in cartilage degradation and OA
progression [89]. For example, PGE2 participates in IL-1B3-induced MMP-2 expression and
activation [90] and induces apoptosis [91] in articular chondrocytes. Moreover, depending
on dose and specific redox derivatives, NO can also have negative, as well as positive
effects on OA progression, with specific NO derivatives sustaining NF-xB activation in
response to pro-inflammatory stimuli and other forms of NO inhibiting its induction
(reviewed in [84]).

ELF3 (also called epithelial-specific ETS factor, or ESE-1) is a member of the ETS family
of transcription factors [92,93] whose expression is mostly restricted to epithelial-derived
tissues during normal conditions but highly induced by IL-1, TNFa or LPS in non-epithelial
cells [83]. ELF3 induction relies on the nuclear translocation of canonical NF-xB subunits
and subsequent transactivation of the ELF3 promoter via a high affinity proximal NF-xB
binding site [83,94]. After induction, ELF3 acts as a central mediator of the inflammatory
responses triggered by IL-1, TNFo and LPS [83] transactivating iNOS [94] and COX-2 [95]
promoters by direct binding to two or more functional ETS sites, and cooperating with NF-
kB. Moreover, ELF3 transactivates the IL-6 promoter and modulates the IL-6 expression
induced by LPS in vivo [96]. In chondrocytes, ELF3 accounts for the IL-1-mediated
repression of the type Il collagen promoter by binding to at least two tandem ETS sites
upstream of -131bp [97]. In addition, ELF3 protein levels are higher in OA chondrocytes
[97]. We recently found that ELF3 participates in the IL-1-induced MMP-13 expression in
chondrocytes, where it transactivates the MMP-13 promoter by direct binding to proximal
ETS binding sites (M. Otero et al., in preparation), accounting for the molecular interplay on
AP-1 and PEA3/ETS sites in the positive regulation of the MMP-13 promoter [98].

In addition to the deregulated cytokine activities, NF-xB participates in the chondrocyte
catabolic responses to ECM degradation products and mechanical stress. The imbalanced
chondrocyte homeostasis during OA leads to cartilage erosion and release of ECM matrix
components that, in turn, are recognized by specific cell surface receptors and trigger
inflammatory responses, aggravating and perpetuating the cartilage erosion. Indeed, NF-xB
mediates the chondrocyte activation triggered by fibronectin fragments leading to the
increased expression of inflammatory cytokines, MMPs or chemokines and other proteins
[99]. Moreover, injurious mechanical stress (i.e. overloading or mechanical stress of high
magnitude) is a major risk factor for OA, because chondrocytes via cell surface
mechanoreceptors activate the same signaling pathways as those induced by IL-1 and TNFa,
including NF-xB activation and translocation, and expression of proinflammatory genes
[100,101]. Since these pathways also induce or amplify the expression of cytokine genes, it
remains controversial whether inflammatory cytokines are primary or secondary regulators
of cartilage damage and defective repair mechanisms in OA.

Chondrocyte homeostasis and evidence of its disruption by progression towards a
hypertrophic-like differentiated state in OA disease

Avrticular cartilage is defined as “permanent”, as opposed to the “temporary” cartilage
anlagen, which functions as a template for bone development. The status of chondrocytes in
normal articular cartilage is actively maintained by survival mechanisms that prevent these
cells from progressing along a terminal differentiation pathway, but that fail in aging or OA
[102]. OA, chondrocytes display a phenotype of terminally differentiated cells, with
increased expression of hypertrophy markers, such as MMP-9, MMP-13, COL10A1, and
alkaline phosphatase [103], which are then followed by signs of terminal differentiation,
such as VEGF, osteocalcin, apoptosis and matrix calcification. In fact, the differentiation
reprogramming of chondrocytes towards a hypertrophic phenotype during OA has been
proposed as a “developmental model” for the disease [10].
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Type X collagen, a marker of the hypertrophic chondrocyte that is normally absent in adult
articular cartilage, has been detected in certain stages in OA or in atypical sites in OA
cartilage [1,104]. In addition to COL10A1, which encodes type X collagen, and MMP13,
other genes associated with growth plate development, such as MMP9 and Indian hedgehog
(IHH) are expressed in the vicinity of early OA lesions [11]. Surprisingly, decreased levels
of Sox9 mRNA, the master switch for the COL2A1-expressing chondrocyte, are detected
near the lesions [11], and the expression of this factor, which is required for activation of
COL2A1 transcription, does not localize with COL2A1 mRNA in adult articular cartilage
[105].

Control of chondrocyte differentiation in vitro and in vivo

During in vitro expansion, chondrocytes gradually lose type 11 collagen expression [106],
but maintain or regain their differentiated phenotype in high density monolayer or 3-
dimensional culture conditions, which mirror their spherical shape in vivo [4,107], thus
providing model systems to dissect chondrocyte regulatory parameters that are altered in
differentiation and also stress-related responses. Moreover, by recapitulating steps in
endochondral ossification, chondrocytes in micromass cultures also exhibit phenotypic
plasticity akin to mesenchymal stem cells undergoing chondrogenesis [3].

Chondrogenesis in vivo is orchestrated, in part, by Sox9 and Runx2, two pivotal
transcriptional regulators that determine the fate of chondrocytes to remain within cartilage
or undergo hypertrophic maturation prior to ossification [7,9]; and is subject to complex
regulation by interplay among the FGF, TGFB, BMP and Wnt signaling pathways
[7,108-110]. To drive expression of target genes, TGF and BMP signaling pathways
operate by inducing the nuclear translocation of Smads2/3 and Smads1/5, respectively. The
delicate balance between TGFp and BMP signaling influences the chondrocyte maturation
program, whereby TGFp-regulated Smads2/3 act to maintain articular chondrocytes in an
arrested state and BMP-regulated Smads1/5 accelerate their differentiation {reviewed in
[102,103,111]}. Sox9, the master chondrocytic transcription factor, has a biphasic behavior
with highest expression in proliferating chondrocytes and opposing positive and negative
effects on the early and late stages of chondrogenesis, respectively [7,9,112-114]. Two
related proteins, Sox5 and Sox6, which are targets of Sox9 itself, enhance the central role of
Sox9 in chondrogenesis; together they function as architectural HMG-like chromatin
proteins and enhancers of chondrocyte-specific genes, including Col2A1, Col9 and AGC
(aggrecan) [9,112,114,115]. The essential role of BMP signaling in chondrocyte maturation
via type I receptors, BMPR1A and BMPR1B, is due in part to their redundant capacity to
drive chondrogenesis via Sox9, Sox5 and Sox6 [116].

Additional complexity in the onset and control of the terminal phase of chondrogenesis
derives from findings on the opposing effects of Sox9 and B-Catenin (the downstream
nuclear effector of canonical Wnt signaling) [117-121] and on Runx2, which drives the
terminal phase of chondrogenesis [7,122] and is subject to direct inhibition by Sox9 [123].
The equilibrium between Sox9 and -catenin can also have an important influence on
chondrocyte homeostasis. Sox-9 was originally shown to inhibit -catenin activation and
also to increase its proteOsome-mediated degradation [120]. Wnt/B-catenin signaling plays a
key role in facilitating chondrocyte differentiation, and intermediates of this key signaling
pathway are increased in OA [119,124-126]. Elevated levels of intranuclear Sox-9 have
more recently been shown to increase p-catenin destruction by stabilizing its degradation
complex [127].
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Chondrocyte hypertrophic differentiation can be driven by the NF-k B pathway

A link between inflammation and inappropriate differentiation has been proposed via the
effects of IL-8/CXCL8 and GROo/CXCL1 [128]. Expression of these chemokines is
increased in OA chondrocytes [129] following IKK activation, an event that does not
necessarily require delivery of an inflammatory stimulus, but that can be triggered by ECM
degradation fragments [99] or other stimuli of the chondrocyte microenvironment. In vitro
studies in conjunction with microarray and computational analysis have shown that
production of these chemakines is NF-xB dependent [130]. IL-8/CXCL8 and GROo/
CXCL1 were able to induce in vitro expression of hypertrophy markers (COL10AL,
MMP-13 and alkaline phosphatase), as well as matrix calcification. Noteworthy, up-
regulated IL-8 and GROa also result in increased activity of chondrocyte transglutaminases
(TGs) in a p38-dependent manner. TG2 is essential for chondrocyte hypertrophic
differentiation and calcification [128], acting as a molecular switch for hypertrophic
conversion when bound to external GTP [131,132]. Moreover, IL-8 has also been found to
promote chondrocyte hypertrophy by modulating chondrocyte expression of the type 111
sodium-dependent inorganic phosphate (Pi) co-transporter “phosphate transporter/retrovirus
receptor 1 (PiT-1) [133]. Terkeltaub has provided an extensive review of these and other
collaborative factors that influence the progression of growth arrested chondrocytes to a
hypertrophic-like state in OA disease [134]

Importantly, pro-inflammatory activation of the canonical NF-kB pathway can also facilitate
chondrocyte differentiation towards a hypertrophic-like state by affecting the activities of
pivotal regulatory factors. Activation of NF-xB was shown to inhibit mesenchymal
chondrocytic differentiation through the transcriptional and post-transcriptional down-
modulation of Sox9 mMRNA [135,136]. Thus it follows from the different effects of Sox9 in
the chondrogenic program that chronic NF-«xB activation in OA chondrocytes could inhibit
the early pre-hypertrophic phase, while simultaneously promoting the terminal hypertrophic
phase. In the context of cartilage, Sox9 is not the only downstream target affected by pro-
inflammatory, NF-«xB-activating stimuli. Indeed, pro-inflammatory, NF-«xB-activating,
stimuli also activate the expression of pro-hypertrophic regulatory factors such as BMP-2
and Growth arrest and DNA damage inducible (GADD) 458.

BMP-2 promotes chondrocyte terminal differentiation by regulating the expression of type
X collagen, MMP-13 and alkaline phosphatase [137-139]. The NF-«kB subunits p50 and p65
bind to sites in the —2712/+165 BMP-2 promoter region resulting in its transactivation in
growth plate chondrocytes [140]. In articular chondrocytes, TNFa induces the expression of
BMP-2 via NF-«xB and p38 interaction [141]. In addition, BMP-2 is up-regulated in OA
cartilage [142], suggesting a role for BMP-2 in OA disease by controlling chondrocyte
anabolism or by triggering the expression of genes that lead to a hypertrophic phenotype,
such as GADD458 [138,143].

GADD450 is induced by both BMP-2 and NF-xB (p65/p50) in chondrocytes [138]. In turn,
GADDA450 modulates stress-responsive MAP kinases by binding to MTK1 to activate
MAP2Ks, such as MKK6 or MKK3, transducing signals to p38 and JNK [144-146]. In
chondrocytes, GADD450 increases MMP-13 promoter activity via JNK activation [138] and
enhances C/EBPB-mediated transactivation of the type X collagen promoter via MTK1/
MKK?3/6/p38 (Otero, M and Goldring, MB in preparation). Moreover, GADD45p is one of
the factors contributing to the imbalance in matrix remodeling in OA cartilage by
suppressing COL2A1 gene expression [143]. Interestingly, both C/ebpp and Gadd458
knockout mice show delayed growth plate hypertrophic chondrocyte differentiation along
with decreased Mmp13 and type X collagen expression [138,147]. In addition, C/ebpg
haploinsufficient mice are protected from experimental OA development, showing lower
cartilage degradation and type X collagen expression [147]. Together, these findings suggest
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a role for GADDA458 in chondrocyte hypertrophy and OA-related processes by driving the
expression of MMP13 and type X collagen coordinately with C/EBPp. Finally, GADD45f3
has been proposed to contribute to the homeostasis of normal and early OA articular
chondrocytes as an effector of cell survival [143]. .

In other recent work, we investigated the roles of IKKa and IKK in articular cartilage
homeostasis by ablating their expression in primary human articular chondrocytes (derived
from OA patients) with targeted shRNA-expressing retroviruses [148]. Primary human OA
chondrocytes in micromass cultures were employed as a convenient means to elicit their
progression towards a more hypertrophic-like differentiated state. Because ECM remodeling
is the dominant rate-limiting process culminating in chondrocyte hypertrophy, we focused
our attention on the potential influences of IKKo and IKKp on the amounts and
ultrastructural organization of the main ECM components, collagens and aggrecan, in
micromasses established from control and IKK knock-down {KD} chondrocytes. Stable
knockdown of IKKa or IKKB compromised ECM remodeling by different mechanisms to
different extents. IKKa KD resulted in the accumulation of collagen fibers, fibrils and
aggrecan, while IKKp KD more strongly enhanced the deposition of modified proteoglycans
[148]. The enforced expression of a phosphorylation- and degradation resistant IxBa. super-
repressor produced similar results as IKKB KD. Moreover, other differential IKK effects
included higher levels of Sox9 protein in IKKB KD cells, whereas IKKo KD resulted in
Runx2 suppression. Sox9 protein levels were somewhat lower in the absence of IKKa even
though modest increases in COL2A1 mRNA were observed in either IKKp- or IKKa,
deficient chondrocytes [148]. Articular chondrocytes of IKKo KD micromasses appeared to
be blocked at the pre-hypertrophic, periarticular stage by multiple criteria including smaller
cell size, extensively organized ECM {particularly with respect to type Il collagen
deposition}, higher viability, and scant evidence of calcium deposition or mineralization
[148]. Importantly, knockdown of IKKp, but not IKKa, compromised the pro-inflammatory
induction of MMP13 RNA and protein, while IKKa. ablation severely compromised
MMP-13 activity, as assessed by the absence of Col2-3/4C neo-epitopes in IKKa KD cells
[148]. Our more recent findings indicate that IKKa may act independent of its kinase
activity and NF-xB in this in vitro context and it also appears to influence MMP-13 and
aggrecanase activities at least in part by controlling TIMP3 protein levels [149] (Olivotto et
al., in preparation).

Since MMP-13 KO mice thrive throughout adulthood with normal cartilage formation and
bone growth, (aside from somewhat enlarged hypertrophic zones in the joints of new born
mice, which are eventually resolved by adulthood) [150,151], and because these same mice
are protected from cartilage degradation induced by surgical OA [20], the functional
properties of IKKa in articular chondrocytes, akin to the contrasting catabolic and anabolic
roles of MMP-13 and TIMP3 in chondrocyte homeostasis, could potentially have an
important impact on either the onset or progressive severity of osteoarthritis. Thus, we posit
that IKKa may only significantly influence ECM remodeling when growth-arrested articular
chondrocytes are coaxed to differentiate towards hypertrophy, aspects of which are
recapitulated ex vivo in micromass cultures, as we have reported [148], or in vivo under the
exacerbated stress associated with the onset and progression of OA disease. This notion of
an unnatural role for IKKa in de-regulated ECM integrity is also supported by the lack of
chondrogenic defects in CK14-1kka mice [56].

Strategies for inhibiting NF-kB signaling

OA progression and development involve both biomechanical and biochemical factors that
alter chondrocyte homeostasis [61,74]. As a result articular cartilage loses structural
organization and function, leading to its irreversible destruction, which chondrocytes are
unable to repair [61,74]. Because chondrocytes are the sole cell type present in the articular
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cartilage, and their expression of inflammatory markers and phenotypic shift during disease
are believed to play central roles in OA pathology, therapeutic approaches have focused on
the chondrocyte as the main OA target (reviewed in [7,74]). However, efficacious
approaches to impede the destructive progression of OA disease have yet to be developed.
Research on targets relevant to OA disease has focused on exogenous insults that trigger
chondrocyte de-regulation and the endogenous factors that lead to the expression of
inflammatory and hypertrophic-like factors in OA chondrocytes, including: (1) the IL-1
receptor, (2) INK and MAPK dependent cytokine signaling, (3) MMP expression and
activities and (4) pro-inflammatory NF-«xB signaling, amongst other pathways [7,74].
Because the NF-«xB signaling pathway responds to most injurious stimuli that affect
cartilage to trigger OA and thereby brings about chondrocyte pro-inflammatory and
phenotypic changes in affected cartilage tissue, targeting NF-xB signaling in OA disease in
ways that avoid undesirable physiological side-effects is of paramount importance [80-82]

Biomechanical loading inhibits NF-kB activation in chondrocytes: significance for
targeting NF-kB in OA disease

Cartilage is sensitive to biomechanical signals and downstream effects are conditioned by
their magnitude, frequency and duration [101]. Chondrocytes in cartilage are exposed to
axial compressive loading or tensile and shear forces. Dynamic compressive or tensile forces
at low/physiological magnitudes are anabolic (increased synthesis of type Il collagen,
aggrecan, TIMP, and COMP) and anti-inflammatory, being able to counteract IL-1p-
dependent induction of pro-inflammatory genes (iNOS, COX-2, MMPs, ADAMTS and
ADAMTS5), and IL-1B-dependent inhibition of ECM protein synthesis. Indeed, beneficial
effects of physiological mechanical loading have also been observed with primary
chondrocytes derived from OA patients [152]. Importantly, the beneficial, biomechanical
effects of cyclic tensile strain (CTS) are sustained, despite the persistent presence of pro-
inflammatory stimuli [101]. In contrast, dynamic compressive or tensile forces of high
magnitude and long lasting static forces are pro-inflammatory and inhibit ECM formation
[101,153]. Subjecting chondrocytes to dynamic tensile strain has been reported to inhibit
NF-xB activation and nuclear translocation, while high magnitude mechanical signals
activate NF-kB as strongly as pro-inflammatory stimuli [101,154]. Transmembrane a5p1
integrin receptor, the chondrocyte “mechanoreceptor”, is involved in the delivery of these
signals [101,155]. The anabolic and anti-inflammatory actions of physiological mechanical
loading also appear to be mediated by secretion of the anabolic cytokine IL-4 in conjunction
with cross-talk between integrin and IL-4 receptor signaling [156]

Surprisingly, the inhibitory effects of CTS on NF-«B activation are complex, occurring at
multiple levels of canonical NF-«xB signaling including: (A) suppression of TGF-f3-
activating kinase (TAKZY) activation, (B) inhibition of IxBa and 1xBf phosphorylation and
subsequent proteosomal degradation, (C) inhibition of IKKp dependent NF-xB Ser536
phosphorylation and (D) down-regulation of IL-1B-induced IxBa mRNA transcription.
Interestingly, part of the dynamic mode of CTS action involves alterations in IxBao and NF-
kB cytoplasmic-nuclear shuttling. In the initial 30 minutes of the response, IxBa is
translocated to the nucleus where it scavenges NF-xB p65 to prevent its DNA binding and
then at later times IkBa brings p65 back into the cytoplasm [154]. Importantly, sustained
CTS-mediated inhibition of NF-xB function did not adversely affect chondrocyte
physiology thus suggesting that modest, targeted inhibition of NF-kB signalling could
produce beneficial outcomes in OA disease without adverse effects.

Targeting steps in NF-k B signaling for inhibition in arthritic disease

A burgeoning list of strategies to block NF-«B signaling have been developed over the past
decade and utilized in a variety of inflammatory disease settings but work on OA disease in
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this regard remains in its infancy. Figure (3) provides an up-to-date overview of the modes
of action of specific types of inhibitors and where they are targeted in NF-«kB signaling.
Most anti-inflammatory compounds (synthetic or natural products) inhibit some aspect of
NF-«kB activation, starting from the IKK-mediated phosphorylation of the 1xBs in the
cytoplasm to the transcriptional induction of direct NF-«xB target genes in the nucleus. Thus,
Figure 3 shows that NF-xB signaling can be inhibited by multiple angles at different steps.
The IKK subunit of the IKK complex can be inhibited with exquisite specificity by a
number of efficacious compounds including SC-514 [157], KINK-1 [158], TPCA-1 [159],
BMS-345541 [160], AS-602868 [161] and more recently PHA-408 [162], as well as other
natural products including curcumin/diferuloylmethane [163,164] and trans-Resveratrol
[165] {see Fig. (3)}. A number of other natural product inhibitors of the IKKs are discussed
in prior reviews [80,166]. IKK inhibitors either block ATP binding to IKK or directly
inhibit its ability to phosphorylate the amino terminus of IxBa. A peptide that blocks the
interaction of IKKp with its NEMO/IKKy docking protein has also been shown to
ameliorate inflammatory disease states [167]. Proteosome inhibitors can also be used to
block NF-«B signaling by preventing IkBa degradation (reviewed in [80,81]) but will also
block other 26S proteosome dependent cellular functions. In the latter regard, targeted 1xBa
ubiquination blockers like GS-143 may offer a higher degree of NF-xB pathway specificity
[168]. Blocking the nuclear translocation of NF-xB subunits can be achieved by introducing
an IkBaSR (lkBa super-repressor) mutant protein, which is resistant to amino terminal IKK
phosphorylation (reviewed in [80]) or by the action of specific peptides corresponding to
nuclear localization sequences (NLSs) or a p65 phosphorylation site (reviewed in [81]).
Moreover, NF-«kB signaling can also be inhibited by a variety of electrophilic compounds,
including 15d-PGJ2, CDDO and (—)-DHMEQ, which covalently modify specific cysteines in
the activation loop of IKKf [169-171] or the DNA binding domain of NF-«xB p65
[169,172,173] {see Fig. (3)}; but these compounds are not specifically targeted to the NF-
kB pathway and can also covalently modify reactive cysteines of other cellular proteins.
Some of the more promising targeted approaches to specifically reduce NF-«xB signaling and
activity in vivo involve the use of siRNAs targeted to the IKKs or NF-kB subunits
[80,148,174], or decoy oligodeoxynucleotides containing a consensus p65/p50 binding site
that competes for the binding of endogenous p65/p50 heterodimers to their target sequences
[80,175] {see Fig. (3)}. Finally the transcriptional induction of NF-«xB target genes can be
inhibited by ligand-dependent trans-repression, mediated by agonistic ligands of the GR,
PPARYy and LXR nuclear receptors [176-180]. Depending on the specific receptor, the latter
occurs by interfering with the recruitment of co-activators or general transcription factors to
NF-«kB target gene promoters or also by the direct recruitment of transcriptional co-repressor
complexes to NF-xBs bound to their target genes [176,180-183]. More recently specific
dissociated GR agonists (SEGRA for Selective GR Agonists) along with other targeted,
dissociated agonists of the PPARy and LXR nuclear receptors have been developed, which
maintain transrepression activity but with diminished transactivation side effects
[177,180,184-188] {see Fig. (3)}.

NF-xB inhibition strategies have been used in studies with animal rheumatoid arthritis (RA)
disease models, which have reported reduced inflammation in conjunction with reductions
in cartilage degeneration, with some representative examples discussed below, but
comparable work in animal OA disease models is still greatly lacking. In early work,
liposome delivery of NF-xB p65 ODNSs by intra-articular injection into rats with collagen-
induced arthritis (CI1A) suppressed the expression of NF-xB regulated inflammatory
cytokines (as expected) and importantly were also protective against joint destruction; and
Rel~/~ and Nf«b1~/~ knockout mice and T lineage lkaSR transgenic mice were also
protected from CIA development (previously reviewed by [189]). Studies with IKKf and
proteosome inhibitors, adenovirus or recombinant adeno-associated virus (rAAV) delivery
of a dominant negative IKK mutant (IKKBdN), a Tat-srlxBa chimeric protein and an
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IKKB-blocking NEMO binding domain peptide (NBD) reported suppression of
inflammation in RA disease models; and in some cases also showed protection from joint
tissue destruction [167,190-192]. One particular study with the IKKp selective inhibitor
BMS-345541 by oral administration in a CIA mouse model showed remarkable, dose-
dependent efficacy in protection from cartilage destruction and a clinical, therapeutic
perspective even afforded protection at low doses after disease onset [160]. Very recently,
PHA-408, a highly specific and potent ATP competitive inhibitor targeted to IKKf, was
shown to be highly effective by oral administration in a chronic SCW (streptococcus cell
wall)-induced Rat RA model without adverse effects at optimum efficacious doses [162].
One preliminary study with injection of a NF-kB decoy ODN into the knee joints of rats, in
which OA was induced by anterior cruciate ligament transection, showed some evidence of
retarded joint disease by Mankin 95 scoring criteria [80,175]. In addition, a more recent
report of adenovirus-mediated delivery of a p65 siRNA in the knees of surgically induced
OA rats showed some evidence of blunted cartilage destruction in the early phase of disease
but analysis of effects on cartilage and joint integrity were limited and the long-term effects
remain to be explored [174].

Summary and perspectives

We have provided an up-to-date synopsis of the mechanisms of NF-«xB signaling, functions
of NF-xB subunits and their activating kinases, the influence of NF-xB target genes on
chondrocyte physiology, and the contribution of de-regulated NF-«xB activation on the onset
and/or progression of OA disease. We suggest that the NF-«xB signaling pathways provide
multiple avenues for targeting OA, because of their contributions not only to pro-
inflammatory, stress-related responses, but also because their activation can facilitate
chondrocyte differentiation towards a hypertrophic-like state, a complicating factor of OA
disease. However, even though highly targeted and efficacious strategies exist for blocking
NF-«xB signaling or NF-xB transcriptional activity, evaluations of these potentially
therapeutic modalities in well-defined animal models of OA disease remain in their infancy.
There are pluses and minuses in the use of any strategies that tightly block NF-«xB signaling,
given its importance for cellular survival in stress-sensitive tissues and its essential roles in
innate and adaptive immunity. Importantly in the latter regard, to definitively assess the pros
and cons of inhibiting NF-xB signaling in the context of OA disease, future work needs to
strive to directly address the individual roles of IKKo and IKKp in OA disease onset and/or
progression by generating mice harboring inducible knockouts of each IKK specifically in
murine adult articular chondrocytes for deployment in well-defined OA disease mouse
models. Moreover, delivery strategies that seek to selectively target NF-xB inhibitors to the
affected cartilage tissue in OA disease and/or seek to down-modulate instead of ablate NF-
kB signaling and activity would be more prudent approaches, particularly in the treatment of
a non-life-threatening disease.
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Figure 1. Transcriptional regulation by NF-kB and components of the IKK signalosome complex
Examples of the major IKK-driven NF-«B signaling pathways are illustrated. To simplify
the figure, some additional high molecular weight complexes containing p105 (IxBy) and
p100 (1xBs) and other preformed NF-«xB subunits as well as other NF-xB complexes
containing 1xBp and 1xBe are not shown. In addition, NF-xB independent targets of IKKa
acting as a nucleosomal kinase and the action of atypical IxB proteins Bcl-3 and IxBZ, which
can have positive or negative effects on the transcription of specific NF-«xB target genes, are
indicated (see text for more detailed descriptions).
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Figure 2. Routes by which IKK mediated NF-kB activation could contribute to the loss of
chondrocyte homeostasis in normal cartilage

The figure depicts effects of the NF-«xB activating signalosome complex on specific articular
chondrocytes in an OA disease setting. Initially, NF-«xB activation could have multiple
perturbing effects on chondrocyte physiology, including the activation of stress-related
pathways, resulting in the production of inflammatory mediators and cell proliferation,
Separate from or perhaps in conjunction with these latter effects, NF-xB signaling could also
influence over time the progression of articular chondrocytes to a hypertrophic-like
differentiated state. Together, these different NF-xB regulated processes are envisioned to
contribute to OA onset and/or progression.
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Figure 3. Six modes (A-F) of blocking NF-kB activty by specific classes of inhibitors
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Specific drugs or other targeted strategies that block NF-«xB function are indicated, as are

direct gene targets of activated NF-xBs. The most current, efficacious and specific
modalities are underlined in bold face type (see text for literature citations).
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