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Abstract. The family of nuclear factor-kappa B (NF-kB) transcription
factors is intimately involved in the regulation of expression of
numerous genes in the setting of the inflammatory response. Since

inflammatory processes play a fundamental role in the damage of
articular tissues, many in vitro and in vivo studies have examined the
contribution of components of the NF-kB signaling pathways to the
pathogenesis of various rheumatic diseases, in particular, of the
rheumatoid arthritis. Inflammation, cartilage degradation, cell
proliferation, angiogenesis and pannus formation are processes in
which the role of NF-kB is prominent. Consequently, large efforts
have been devoted to the study of the pharmacologic modulation of
the NF-kB pathways. Understanding fundamental role of the NF-kB
signaling pathway in the damage of articular tissues and progress
rheumatoid arthritis allowed to reconsidering of the mechanisms
employed currently available therapeutic agents including non-
steroidal anti-inflammatory drugs, corticoids and disease-modifying
anti-rheumatoid drugs, as well as novel small molecule inhibitors
targeted to specific proteins of the NF-kB pathways. Noting the key
role of the NF-kB signaling pathway molecules in the process
development of the rheumatoid arthritis are interest as a target
molecule to search them inhibitors for now drug treatment for
rheumatoid arthritis.

Introduction

Rheumatoid arthritis (RA) is a chronic infla-
mmatory autoimmune disease, primarily located in
the synovial joints, leading to destruction of the car-
tilage and bone as a result of the chronic disease
activity[ 13]. RA affects 0.5 - 1% of the population
in the industrialized world is two to three times more
frequent in women than men and can lead to disa-
bility and reduced quality of life.

Chronic inflammation perpetuates and amplifies
itself through the numerous autocrine and paracrine
loops of cytokines, acting on the cells within the le-
sion. The vicious circle can be broken either by
neutralizing the biological activities of extracellular
inflammatory mediators or by inhibiting cytokine pro-
duction. The pattern of gene expression is controlled
by transcription factors, which relay into the nucleus
signals emanating from the cytoplasmic membrane.
In the nucleus, transcription factors selectively bind
their cognate sites in the regulatory elements of tar-
geted genes and activate or repress transcription. It
appears that the complexity of inflammatory path-
ways is significantly reduced on the level of transc-
ription factors. Whereas the cell within the inflam-

matory lesion is subjected to many dozens, perhaps
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hundreds, of extracellular stimuli, only a handful of
inducible transcription factors, including AP-1 and
NF-kB, appear to play a major role in the regulation
of inflammatory genes. This suggests that neutrali-
zation of these transcription factors may provide an
efficacious therapeutic strategy. A pivotal role for the
transcription factor NF-kB in regulation of inflam-
mation has been well recognized [9,12]. The present
review focuses on the role of NF-kB in chronic inf-
lammation, and to discuss the feasibility of thera-
peutic approaches based on the specific suppresion
of the NF-kB pathway.

The NF-kB signaling pathway, function and
its regulation

NF-kB comprises a family of transcription fac-
tors first described as B-lymphocyte-specific nuclear
proteins, essential for transcription of immunoglobulin
kappa (k) light chains. Mammalian cells contain five
NF-kB subunits-relA (p65), relB, c-rel, p50 and p52-
which form homo- and heterodimers and are charac-
terized by the conserved N-terminal 'rel homology'
domain (Figure 1, A, B). NF-kB is sequestered in the
cytoplasm with members of the inhibitor of NF-B
(IkB) family, which consists of IkBa., IkBp3, Ikyand
Bcl-3 [29].In the canonical activation pathway,
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Figure 1. Mammalian NF-kB and IkB family members. (A). NF-kB family members possess a structurally conser-
ved Rel-homology domain (RHD), which contains a nuclear localization domain (N), a dimerization motif, and a DNA-
binding domain. RelA, c-Rel, and RelB also have a non-homologous transactivation domain (TD). RelB also contains

a leucine-zipper motif (LZ). (B).The IkB family members, including p105 and p100, are characterized by ankyrin
repeats. The amino-acid sequences of the phosphorylation sites triggering their degradation/processing are desig-
nated. The glycine-rich region (GRR), which is required for the processing of p105 and p100, is also indicated.

Abbreviations: cRel, proto-oncogene transcription factor; DNA, deoxyribonucleic acid; IkB, inhibitory kappa B;

Rel A, transcription factor p65; RelB, transcription factor.

liberation of NF-kB from the inactive complex is
initiated by phosphorylation of IkB on N-terminal
serines. Phosphorylated IkBs are recognized by an
E3 ubiquitin kinase complex and degraded by the
268 proteasome [5]. Amino acid residues Ser-32 and
Ser-36 of [kBa were identified as essential for phos-
phorylation whereas Lys-21 and Lys-22 for the ubi-
quitination process. IkB degradation leads to the
exposure of a nuclear translocation sequence of the
NF-kB dimer, allowing it's nuclear translocation and
DNA binding [49]. Central to the NF-kB cascade is
the multi-subunit kinase 1kB kinase (IKK) complex
[20], which includes IKK-a (IKK-1) and -h (IKK-2)
as well as regulatory subunits such as NEMO/IKK-
g and IKAP. IKK-2 was shown to have a higher
kinase activity for IkBa and to be the predominant
kinase responsible for the phosphorylation of IkBo in
response to tumor necrosis factor a (TNF-a), interl-
eukin (IL)-1, lipopolysaccharide (LPS) and doub-
lestranded RNA (Figure 2) [1,5,20,40,45]. IKK-2
knockout mice die as embryos and show massive
liver degeneration due to hepatocyte apoptosis, a

phenomenon similar to that of mice deficient in relA
or IkBo.. NF-kB activation by IL-1 or TNF-o is
strongly impaired although not completely abolished.
On the other hand, IKK-1 knockout mice have many
morphogenetic abnormalities, including shorter limbs
and skull, a fused tail, and die perinatally. They have
hyperproliferative epidermal cells that do not dif-
ferentiate, but IL-1- and TNFainduced NF-kB acti-
vation in embryonic fibroblasts is normal, as is kB
phosphorylation and degradation. This suggests that
IKK-2 is crucial for NF-kB activation upon inflam-
matory stimuli, but also that IKK-1 or presently unk-
nown kinases may contribute to this action. Activa-
tion of the IKK complex is thought to be mediated by
phosphorylation of IKK-1 or IKK-2 by upstream ki-
nases, including members of the mitogen-activated
protein kinase kinase kinase family or NF-kB indu-
cing kinase (NIK) [21]. NIK, in particular, has re-
ported to play a major role in NF-kB activation [12].
However, recent studies in NIK-deficient mice and
human primary cells have questioned its physiological
role in NF-kB activation and have suggested that its
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Figure 2. Classical and alternative NF-kB activation pathways.

Classical pathway of NF-KB activation via IKB degradation. Ligand engagement of specific membrane receptors
triggers K63 polyubiquitination of TRAF2, TRAF6, RIP, MALT1, and NEMO. The TAK kinase complex is recruited
through association of the polyubiquitin chains with TAB2 and TAB3. Activated TAK1 may phosphorylate and activate
IKK 3, which then phosphorylates IKB bound to cytosolic NF-KB, triggering its  TrCP E3 ubiquitin ligase-mediated K48
polyubiquitination and proteasomal degradation. Free NF-KB then translocates to the nucleus and transactivates target
genes. CYLD and A20 are deubiquitinating enzymes that may block NF-KB activation by removal of K63 ubiquitinated
chains from activated TRAFs, RIP, and NEMO. A20 may also terminate TNF-0t induced NF-KB activation by catalyzing
the K48 ubiquitination of RIP, leading to its proteasomal degradation. In addition to promoting survival via NF-KB target
genes, the TNF receptor (TNFR1) also stimulates competing apoptotic pathways. T cell (and B cell) antigen receptors
(TCR and BCR, respectively [not shown]) may in some contexts enhance apoptotic pathways but usually they contri-
bute to survival (see text). IKB, inhibitor of NF-kB; IKK, IkB kinase; MALT, mucosa-associated lymphoid tissue
lymphoma translocation gene; NEMO, NF-KB essential modulator; NF-kB, nuclear factor-KB; RIP, receptor interacting
protein; TAB, TAK1-binding protein; TAK, transforming growth factor B-activated kinase; TRAF, TNF receptor-
associated factor.

Abbreviations: NF-kB, nuclear factor - kappa B, TRAF 2,6, TNF-receptor-associated factor 2 and 6; Rip, receptor
interaction protein; MALT 1,mucosa-associated lymphoid tissue lymphoma transcription protein 1; NEMO, NF-kB
essential modulator; TAK, transforming growth factor B-activated kinase; TAB, TAK 1-binding protein; kB, inhibitor
kappa B;TNF-0., tumor necrosis factor-o; IKK, IkB kinase.

function may be restricted to signaling through the
lymphotoxin B receptor [35]. Although many stimuli
have the potential to activate the NF-kB pathway, the
responses elicited are both cell and stimulus specific,
suggesting that not all activators utilize the same sig-
naling components and cascades. There are several
levels of control and diversification. For instance, the
spectrum of adaptor proteins and kinases differs bet-
ween different stimuli and receptors-for example,
adaptors activated via Toll-like receptors (TLR) and
IL-1 receptors are distinct from those recruited by

TNF receptors. 1kB kinases are also an important
level of control, in that IKK-1 regulates mostly mor-
phogenetic events, whereas IKK-2 is involved in
inflammatory signaling. Moreover, there is hetero-
geneity of requirement of IKK-2 in different cell
types and in response to stimuli [4]. Novel IkB kina-
se complexes have been recently identified, including
IKK-I (IKK-q) which shares 30% overall identity
with IKK-1 or IKK-2. Differential binding by NF-kB
dimers is another important level of control in this
versatile pathway. NF-kB consensus binding sites are
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decameric sequences of NF-kB (5V-GGGRNNYY
CC-3V, where R indicates A or G, Y indicates C or
T and N indicates any nucleotide), or kBlike motifs
(5V-HGGARNYYCC-3Vwhere H indicates A, C
or T, R indicates A or G, Y indicates C or T and N
indicates any nucleotide) . Different NF-kB dimers
exhibit different binding affinities for NF-kB or kB-
like sites (reviewed in Refs. [22,33,34]). For exam-
ple, the NF-kB sequence contained in some MMP
genes allows predominantly binding of p50/ p65,
while other NF-kB dimers (c-Rel/p50) are involved
in regulation of other mediators (such as TF, whose
promoter contains a kB-like site). In addition, while
all five NF-kB subunits contain the 'rel homology'
domain, only relA and c-Rel contain a transac-
tivation domain. Indeed, there is growing evidence
that the p50/p50 homodimer, lacking transactivating
potential, may inhibit gene transcription. The major
domain sensitive to phosphorylation is the transac-
tivation domain located in the NF-kB C-terminal re-
gion [5]. Both stimulatory and inhibitory phospho-
rylations of relA have been reported. Phosphory-
lation of Ser- 927 within the p105 C-terminal PEST
region by IKK has been reported to contribute to
NF-kB activation [20]. Several upstream kinases
have been implicated in the transactivating event,
including phosphatidyl inositol 3-kinase, p38 mitogen-
activated protein kinase (MAPK) and p42/44gen-
activated protein kinase (MAPK) and p42/44
MAPK [21]. Hence, it is the differential expression
of NF-kB components in tissues, cell types and pos-
sibly diseases, together with differential interactions
with the transcription apparatus that contributes to
coordinated regulation by NF-kB of complex cellular
responses. Another mode of specificity in NF-kB-
dependent gene activation lies in its ability to or-
chestrate gene expression in concert with other
transcription factors. For instance, the organization of
the cytokine-inducible element in the Eselectin pro-
moter is remarkably similar to that of the interferon-
Yy gene, in that both require NF-kB, ATF-2 and
HMGI(Y), whereas another adhesion molecule, vas-
cular cell adhesion molecule-1 (VCAM-1), is induced
through interactions of NF-kB with IRF-1 and HMG-
I(Y) and also depends on constitutively present SP-1.
The ability of NF-kB to interact with AP-1 is of par-
ticular importance, as many of the inflammatory
genes require these two transcription factors working
cooperatively, including VCAM-1, IL-8, cyclooxyge-
nase (COX)-2, monocyte chemoattractant protein-1
(MCP-1) and MMP-13 [17,19]. A peculiarity of NF-
kB is the rapid nature of its activation and downre-
gulation. NF-kB activation induces IkBa, allowing
switching off of the system. Hence, in physiological
conditions, NF-kB activation is a transient pheno-

menon, which allows appropriate expression of im-
mune and 'stress' genes. In contrast, prolonged or
inappropriate activation of the NF-kB pathway is a
feature of diseases such as rheumatoid arthritis.
NF-xB is activated in rheumatoid arthritis
The joints of patients with RA are characterised
by an infiltration of an infiltration of immune cells into
the synovium, leading to chronic inflammation, pannus
formation and subsequent irreversible joint and carti-
lage damage. The RA synovium is known to comp-
rise largely of macrophages (30-40%), T cells
(~30%) and synovial fibroblasts, but also of B cells,
dendritic cells, other immune cells and synovial cells
such as endothelium [9,13]. RA synovial fluid has
been shown to contain a wide range of effector mo-
lecules including proinflammatory cytokines (such as
IL-1PB, IL-6, TNFo and IL-18), chemokines (such as
IL-8, IP-10, MCP-1, MIP-1, and RANTES), matrix
metalloproteinases (MMPs, such as MMP-1, -3, -9
and -13) and metabolic proteins (such as Cox-1,
Cox-2 and iNOS) [17,18]. These interact with one
another in a complex manner that is thought to cause
a vicious cycle of proinflammatory signals resulting in
chronic and persistent inflammation. TNFa in par-
ticular is the prime inflammatory mediator and also
induces apoptosis. Importantly, the genes encoding
TNFa and many of the other factors mentioned abo-
ve are now known to be under the control of NF-kB
transcription factors, suggesting that NF-kB could be
one of the master regulators of inflammatory cy-
tokine production in RA. Indeed, the presence of
activated NF-kB transcription factors have been
demonstrated in cultured synovial fibroblasts [17],
human arthritic joints and the joints of animals with
experimentally induced RA. Immunohistochemistry
has demonstrated the presence of both pS0 and p65
in the nuclei cells lining the synovial membrane and
macrophages [15,18]. Furthermore, nuclear extracts
of cells have demonstrated an ability to bind to the
NF-kB consensus sequence. New techniques such
as in vivo imaging have also been used to demonstrate
the activity of NF-kB in a mouse model that mi-
micked RA-like chronic inflammation. By placing the
luciferase gene under the control of NF-kB, inc-
reased luminescence was observed in the joints of
live mice [28]. These findings are supported by a
study that investigated experimentally induced arthri-
tis in mice that carried knockouts of the genes for the
NF-kB family members p50 or c-Rel. The two ex-
perimental models used were collagen induced
arthritis (CIA; a model of chronic RA where disease
development involves both T and B cells) and an
acute/destructive model induced by methylated BSA
and IL-1 (involving exclusively T cells and not B
cells). Lack of c-Rel had no influence on the acute
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model and, whilst reducing the incidence of CIA, did
not prevent a severe immunohistopathology in affec-
ted joints. In addition, c-Rel could not be found in the
nuclei of cells explanted from the arthritic joints of
wild-type mice, suggesting that this subunit of NF-kB
is of limited importance in RA [15]. In contrast, lack
of p50 caused a complete loss of a humoral res-
ponse, severely impeded T cell proliferation and
conferred resistance to both forms of arthritis [18].
This clearly demonstrates a central role for p50 (pre-
sumably p50/p65 heterodimers) in the inflammation
that underlies RA.

Core principles of the 'canonical' NF-kB
pathway

The molecular events that lead to activation of
NF-kB transcription factors in the RA synovium are
clearly of great interest and involve the so-called
'classical’ or 'canonical' pathway. The three main
players in the pathway, the IKK complex, IkBs and
the NF-kB transcription factors will be discussed in
turn.

The IKK complex

The high molecular weight IKK complex plays an
extremely important role in the activation of NF-kB
since it represents a convergence point for the signals
that are transmitted from many different cellular sti-
muli, such as the bacterial endotoxin lipopolysac-
charide (LPS) or cytokines such as TNFa and IL-
1[50]. The function of the IKK complex in the cano-
nical pathway is to phosphorylate IkBa and IkBf3
and target them for degradation by the ubiquitin/pro-
teasome pathway [5]. The canonical IKK complex
consists of at least three subunits; IKK1 (also known
as IKKa), IKK2 (also known as IKKf}) and NF-kB
essential modulator (NEMO, also known as IKKY).
Additional, as yet unidentified, subunits are likely to
be discovered. Both IKK1 and IKK2 have catalytic
activity and IKK2 is generally considered to be the
most relevant to RA, since it is indispensable for
phosphorylation of IkBa. by the IKK complex [1,19].
The role of IKK1 is less clear, but recent evidence
points towards a negative regulatory role, acting as a
'checkpoint' in NF-kB activation to prevent uncont-
rolled stimulation of cells [33]. NEMO does not have
kinase activity but is necessary for phosphorylation
of IxkBa/IkBf by the IKK complex [21].

1kBa, IkBp and IxBy

IkBo is the prototypical member of the seven
member kB family (Figure 1, B) and was identified
by its ability to render the common NF-kB p65/p50
dimer inactive in the cytosol of unstimulated cells.
Both IkBo and IkBB bind to NF-kB and mask the
nuclear localisation sequence on the p50/p65
heterodimer thus inhibiting its entry into the nucleus.
Following IkBa phosphorylation by the IKK complex

218

and degradation, the nuclear localisation signal is no
longer masked and this causes translocation of the
active dimer to the nucleus. One of the unique fea-
tures of the canonical NF-kB pathway is its rapid yet
transient activation, which prevents a persistent res-
ponse that could result in pathological changes in
affected cells. Down-regulation of NF-kB activity
coincides with the reappearance of IkBo, which re-
quires new protein synthesis. Indeed, the IkBo. gene
promoter contains NF-kB consensus sequences ma-
king it extremely responsive to NF-kB activation.
Newly synthesised IkBa enters the nucleus, binds
NF-kB dimers and returns them to the cytosol, thus
dampening the response. If the stimulus is still
present, these are again degraded and NF-kB activity
rises again. Following LPS exposure, this results in a
phenomenon known as 'rapid oscillatory activa-
tion'where the response gradually becomes dam-
pened over time [40]. The NF-xB response is also
negatively regulated by IxBy, which is a target of
NF-BB and is synthesised in anti-phase compared to
IxBo [1]. In contrast to IkBa and kB, IkB is not
a genetic target of NF-kB and it is not rapidly resyn-
thesised following NF-kB activation [37]. Therefore,
situations in which IkBP predominates have the po-
tential to result in prolonged NF-kB activation [20].
However, the relevance of both IkBf} and IxBy to
RA is unclear, since IxBo is so dominant in the inac-
tivation of NF-kB.

The NF-kB family of transcription factors

A crucial aspect of the NF-kB response is the
make-up of the dimers that are bound to and inhibited
by the IkBs. There is considerable variation in the
combinations that have been observed [20]. The
subunits that are present in the dimers influence their
biological activity because the subunits have different
functional domains. As mentioned above, all five
members of the NF-?B transcription factor family
contain a Rel-homology domain (RHD) that binds to
DNA. In contrast, only three of the family (p65,
RelB and c-Rel) contain transactivation domains
(TADs) that interact with general transcription
factors and co-activators, whereas p50 and p52 do
not (Figure 1,A,B). This difference can influence
whether a specific dimer has the potential to act as
an activator or a repressor. For instance the com-
mon heterodimer of pS0 and p65 is able to activate
gene transcription due to the presence of a TAD in
p65. Conversely, homodimers of p50 contain no
TAD and they can therefore act as transcriptional
repressors by competing for p50/p65 binding to the
NF-kB consensus sequence. In addition, subtle dif-
ferences in NF-kB consensus sequences have now
been shown to demonstrate preferential binding to
different NF-kB dimers [15]. This is exemplified by
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the -863 C/A polymorphism in the human TNFo pro-
moter. Here, the C allele can bind both p50/50 and
p50/p65 dimers, whereas the A allele can bind only
the inhibitory p50 homodimer [20] suggesting that the
A allele should demonstrate a dampened TNFa res-
ponse following NF-kB activation. Indeed, this poly-
morphism may influence the incidence of RA.Once
activated, the ability of NF-kB to induce transcription
can be further enhanced by post-translational phos-
phorylation and acetylation of the subunits [17]. For
instance, serine phosphorylation of p65 can occur at
different residues and is stimulus specific. Phos-
phorylated p65 can then be acetylated and this mo-
lecule has maximum activity. Acetylation of p65 is
performed by CBP and p300, transcriptional coacti-
vators that also recruit the transcriptional machinery.
In addition, they have histone acetyltransferase acti-
vity, which helps to 'relax’ the chromatin environment
surrounding the activated genes and increase the
efficiency of transactivation. Histone modification by
NF-kB can lead to epigenic control of gene transc-
ription, reviewed elsewhere [6,29].

The role of the canonical pathway in rheu-
matoid arthritis

The studies described above have been extre-
mely important in establishing the molecular events
that can occur in the canonical NF-kB pathway (Fi-
gure 2). However, their relevance to the activation of
NF-kB seen in RA cannot be assumed. Important
differences in immune cell function exist between
humans and mice, and between transformed and
non-transformed cells (dealt with in detail below).
Research in primary human cells was hampered for
many years because these non-dividing cells are re-
sistant to conventional transfection techniques. Re-
cently, this technological challenge was overcome by
the use of adenoviral systems that efficiently infect
primary cells and deliver exogenous expression cons-
tructs. Here, dominant negative (dn) variants of ca-
nonical pathway signalling components were expres-
sed in cells that are relevant to RA, including primary
synovial cell cultures (containing a mixture of cells)
from patients undergoing knee replacement surgery,
synovial fibroblasts derived from them, and primary
M-CSF differentiated macrophages from normal
human blood donors. In such studies, dnIKK1 was
found not influence spontaneous cytokine production
from primary synovial cell cultures, whereas dnlkBo
and dnIKK?2 profoundly inhibited IL-6, IL-8 and
VEGF production [4]. Somewhat surprisingly
dnIKK?2 did not significantly inhibit spontaneous
TNFa production. However, these findings generally
support the hypothesis of an important role for the
canonical pathway in RA and that IKK2 is the domi-
nant kinase in the IKK complex. To extend these

studies, the dn proteins have also been tested in the
different cells types present in the synovial cell cul-
tures. Here, dnlKK?2 was found to inhibit cytokine
production from both TNFo and IL-1b stimulated
macrophages and RA synovial fibroblasts. This same
molecule could also block IL-6 and IL-8 production in
LPS stimulated RA synovial fibroblasts. However, in
stark contrast to findings in murine cells, it is in-
teresting to note that dnIKK?2 did not affect TNFo,
IL-6 or IL-8 production following LPS stimulation of
human macrophages [4]. This could have suggested
that the canonical pathway is of low importance in
LPS stimulated macrophages. However, dnlkBo
effectively blocks expression of TNFa, IL-1b, IL-8
and IL-6 production in response to LPS [33]. This
suggests that other (unidentified) IkB phosphorylating
kinase(s) are present in these cells. It might also exp-
lain why the dnlKK2 could not affect spontaneous
TNFa production from the synovial cell cultures,
since the main source of TNFa here is macro-
phages. IkBa also has differential effects on the
spontaneous production of different cytokines in pri-
mary RA synovial cultures. While IL-1f3, IL-6, IL-8,
MMP-1, -3 and -13 were all IkBoa- dependent as
expected, TNFo production was not affected [46].

These studies serve to highlight the complexities
of the role that the NF-kB pathway plays in RA.
Whilst the pathways activating NF-kB can be desc-
ribed in a straight forward way, in reality there is
enormous variation in the molecular events that can
occur between different cell types, in response to
different cellular stimuli and for different genes that
respond to NF-kB activation.

The 'non-canonical' pathway of NF-kB acti-
vation

An 'alternative' or 'non-canonical' pathway of
NF-kB activation has been described that occurs
specifically in B cells in response to small subset of
stimuli (Figure 2) [35]. Here p100 itself, rather than
an IkB, acts to sequester RelB in the cytosol. The
processing of p100 is tightly regulated and virtually
absent in unactivated cells. B cell stimulation with
lymphotoxin results in p100 phosphorylation by a
complex of IKK1 and NF-kB inducing kinase
(NIK). It then undergoes limited proteolysis by the
proteasome, giving rise to pS2, and p52/RelB dimers
are than able to activate transcription. Both NIK and
IKKT1 are indispensable for this activity. Recently
p100 was shown to be a bona fide member of the
IkB family and designated IkBe. However, as NIK is
not required for NF-kB activation following TNFo. or
IL-10o stimulation in primary human macrophages or,
fibroblasts, neither is it involved in the spontaneous
TNFo production by RA synovial cell cultures [27] it
will
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not be considered further here.

Therapeutic strategies for NF-kB inhibition
and clinical application

Several agents already safely used in clinical
practice have been recently shown to have properties
which go beyond their traditional pharmacological
action. These "pleiotropic' properties include NF-kB
inhibition, at least in the in vitro setting (Figure 3).
Many pharmaceutical companies have programmes
to develop selective inhibitors of NF-kB, which inc-
lude (1) directly targeting DNA binding activity of
individual NF-kB proteins using small molecules or
decoy oligonucleotides; (2) blocking the nuclear
translocation of NF-kB dimers by inhibiting the nuc-
lear import system; (3) stabilising IkBo protein by
developing ubiquitination and proteasome inhibitors;
(4) targeting signaling kinases such as IKK using
small molecule inhibitors. All these therapeutic stra-
tegies are aimed at blocking NF-kB activity [11,43].
With increasing knowledge of signaling pathways
leading to NF-kB activation, multiple targets can be
identified for potential interaction with small mole-
cules. From the upstream kinases, such as IKK1,
IKK2, MEKK-3, and NIK, to their downstream ef-

fector IkB E3 protein, all represent attractive targets
for novel drugs selectively regulating NF-kB function
[11]. Other components of the TNFo, and IL-1 sig-
naling pathways including TRADD, RIP, TRAF2,
and TRAF6 and IRAK, as well as PKC isoforms
and phosphoinositide 3-kinase, may provide additional
targets for yet to be discovered inhibitors of NF-kB
[31]. Novel therapeutic strategies aimed at the spe-
cific inhibition of key elements in the NF-kB pathway
activation are being developed, causing great expec-
tation regarding their potential effects as arthritis
treatments. For example, proteasome function in-
hibitors, decoy oligonucleotides, and peptides that
inhibit nuclear localization of NF-xB have been uti-
lized to inhibit NF-kB signaling in animal models

Blockade of NF-xB to DNA binding

The most direct strategy for blocking NF-xB acti-
vation is to block NF-kB from binding to specific kB
sites on DNA [14,25]. Some sesquiterpene lactones
(SLs) have been reported to inhibit NF-kB [14] by
interacting with Cys-38 in the DNA-binding loop of
RelA [37]. Most SLs can also inhibit DNA binding
through an analogous Cys residue in the DNA-bin-
ding loops of p5S0 and c-Rel. Some SLs, including
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Figure 3. NF-kB signaling pathway. Many current therapeutic agents and future strategies block the NF-kB pathway

in different steps:

(1) I-kB phosphorylation: NSAIDs (aspirin, salycilate, ibuprofen, sulindac), 5-aminosalicylic acid, SC-514.

(2) Protease activity of the 26S proteasome complex: Bortezomib, Cyclosporin A, sc-514, lactacystin.

(3) Disminution of levels of NF-kB subunits p65, p50, c-Rel and others: siRNA.

(4) Nuclear translocation of NF-kB subunits p65, p50, c-Rel and others: FK-506, BMS-205820, I-kB super repressor,

Tat-srTkBa.

(5) NF-kB DNA binding: Glucocorticoids, NF-kB ODN, NF-kB morpholinos.
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parthenolide, have been shown to inhibit IKK[
through the reactive Cys-179 in the kinase activation
loop [14,26]. Thus, SLs, which target both IKK acti-
vity and NF-xB subunit DNA binding , have multistep
inhibitory activity within the NF-kB signaling path-
way. Blocking specific NF-kB-DNA binding can al-
so be accomplished with decoy oligodeoxynucleotides
(ODNSs). These ODNs have kB sites and competes
for NF-kB dimer binding to specific genomic promo-
ters [38]. These oligonucleotides have modifications
to increase their stability and their affinity for NF-xB
in vivo. Decoy ODNs have been reported to have
therapeutic potential in a number of animal models of
inflammation including rheumatoid arthritis and athe-
rosclerosis [ 36,41 ].

Peptides with nuclear localization sequences
inhibit NF-kB activity

Translocation of the NF-kB heterodimer from the
cytoplasm to the nucleus is a central program in the
regulation of the NF-kB pathway [42]. Thus the de-
velopment of inhibitors of NF-kB nuclear localization
using recombinant peptides provides an approach
that can mask the nuclear localisation sequence
(NLS) of NF-kB family members. This approach
utilizes cell-penetrating peptides consisting of the
NLS of the p50 NF-kB subunit, designated as SN50.
Introduction of SN50 into cell efficiently inhibits LPS
- and TNFo-induced NF-kB nuclear translocation
and reduces NF-kB DNA binding in cultured en-
dothelial and monocytic cells [39]. Inflammatory arti-
culation increases the release of cytokines such as
interleukin-1f (IL-1f) and tumor necrosis factor-o
(TNF-0), cytokines that play a key role in the deve-
lopment of RA. In chondrocytes, IL-1p activates
extracellular signal-regulated kinase 1/2 (Erk1/2) and
p38 mitogen-activated protein kinase (p38MAPK),
and therefore induces the nuclear translocation of the
nuclear factor-kB (NF-xB) and the activator pro-
tein-1 (AP-1) [ 10 ]. These transcription factors bind
to consensus sequences of numerous pro-inflam-
matory genes, and initiate as well as maintain the
inflammatory reaction in chondrocytes. As a result,
IL-1x increases the expression of matrix metallop-
rotease-3 (MMP-3) , phospholipase A2 (PLA2) and
cyclooxygenase 2 (COX-2), IL-1B and TNF-a
[10].Using chondrocytes stimulated by IL-1p as ex-
perimental model, it was demonstrated that chond-
roitin sulphate (natural glycosamineglican in the ex-
tracellular matrix and is formed by the 1 - 3 linkage
of D-glucuronic acid to N-acetylgalactosamine) and
glucosamine sulphate are diminishes IL-1B-induced
NF-kB nuclear translocation. The effects of chond-
roitin sulphate and glucosamine are mediated by inhi-
bition of p38MAPK and Erk1/2 phosphorylation.
These data suggest that the anti-inflammatory activity

of chondroitin sulphate and glucosamine are asso-
ciated with the reduction of Erk1/2 and p38MAPK
phosphorylation and nuclear transactivation of NF-
kB [7,30].

26S proteasome inhibitors prevent IkBoa
degradation and NF-kB activation

The activation of IKK and the subsequent phos-
phorylation and degradation of IkBo by the 26S pro-
teasome is a key step in the nuclear translocation of
NF-kB and subsequent NF-kB-regulated transc-
ription. Given the fundamental role of the proteasome
[5] in the regulation of the NF-kB pathway, it pro-
vides a variety of natural and synthetic proteasome
inhibitors has been studied, including epoxomicin,
which the first proteasome inhibitor to enter human
trials for rehumatoid arthritis and atherosclerosis
[44].The step before NF-xB leaves the cytoplasm
involves the ubiquitination of IkB by the SCF--TrCP
ubiquitin ligase complex followed by the rapid deg-
radation of ubiquitinated IkB by the 26S proteasome.
Because [kBa degradation is an important step in
the NF-kB activation pathway, inhibiting the pro-
teasomes that degrade I[kBo may also serve as a tool
for pharmacological intervention. Very specific and
potent proteasome inhibitors have been engineered by
coupling boronic acid to dipeptides. The dipeptide
boronate, bortezomib, the most-studied proteasome
inhibitor in clinical development, has been shown to
inhibit proliferation and induce apoptosis in head and
neck . Bortezomib's antitumor properties correlate in
part with its ability to inhibit [xBo. degradation [8] .
Other well-known proteasome inhibitors include lac-
tacystine, N-cbz-Leu-Leu-leucinal (MG132), MG115,
and ubiquitin ligase inhibitors. In addition, recently
identified a novel proteasome inhibitor, salinos-
poramide A (NPI-0052), which can suppress both
constitutive and inducible NF-kB activation in a na-
nomolar range [2] .

Inhibition of protein kinases

NF-xB activation requires the phosphorylation,
polyubiquitination, and subsequent degradation of its
inhibitory subunit, IkBo.. Hence, inhibiting IkBo
phosphorylation ultimately inhibits NF-kB's transc-
riptional activity [3]. [kBo. phosphorylation is carried
out by IKK, a serine/threonine protein kinase com-
posed of three basic subunits: the kinases IKKa,
IKKp, and the regulatory subunit IKKy (NEMO)
[24,33]. The IKK activation is usually the first com-
mon step in the integration of many NF-kB-activating
pathways; therefore, one strategy for inhibiting NF-
kB activation is to block IKK activation. However,
although more than 150 agents have been shown to
inhibit NF-xB activation at the IKK step, few studies
have investigated the mechanism by which a given
agent can inhibit IKK or its activation [47 |. The few
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IKK inhibitors for which a mechanism of action is
known can be divided into three general groups: ade-
nosine triphosphate (ATP) analogs, which show so-
me specificity for interacting with IKK; compounds
that have allosteric effects on IKK structure; and
compounds that interact with a specific cysteine re-
sidue (Cys-179) in the activation loop of IKK[3. ATP
analogs include natural products such as B-carboline
and synthetic compounds such as SC-839, which has
an approximately 200-fold preference for IKK[3
compared to IKK o [47]. Compounds that have allos-
teric effects on IKK structure include BMS-345541,
a synthetic compound that binds to an allosteric site
on both IKKo and IKKf and has an approximately
10-fold greater inhibitory effect on IKKJ than on
IKK 0. Compounds that interact with Cys-179 IKK[3
include thiol-reactive compounds such as par-
thenolide, arsenite, and certain epoxyquinoids [32];
these compounds' interactions with Cys-179 are be-
lieved to interfere with phosphorylation- induced
IKK? activation because Cys-179 is located between
Ser!'”” and Ser'!, which are required for IKK[
activation in response to upstream signals such as
tumor necrosis factor (TNF) and lipopolysaccharide
(LPS). Gene-based inhibitors can also block IKK
activation. Specifically, mutations at the ATP-binding
site or in the kinase activation loop can create
dominant-negative IKKo and IKK[, which are ca-
pable of blocking NF-kB activation . Because of
their distinct roles in the canonical and non-canonical
NF-xB activation pathways, dominant-negative IKK
mutants' can show stimulus-dependent inhibition .
Adenoviral-mediated delivery of an IKK dominant-
negative kinase has been shown to have therapeutic
potential for airway inflammatory diseases such as
asthma. NEMO can also serve as a target for
inhibiting the IKK complex [24]. In particular,
introducing a cell-permeable 10 amino-acid peptide
that corresponds to the NEMO-binding domain of
IKKp can block the binding of NEMO to IKK in
response to TNF in the canonical pathway. While
activation of NF-kB by many stimuli depends on the
phosphorylation of IkBs at N-terminal sites by the
IKK complex, the mechanism of NF-xB activation
by ultraviolet (UV) radiation involves the IKK-
independent phosphorylation of [kBa at a cluster of
C-terminal sites that are recognized by casein kinase
IT (CKII). CKII activity toward IkBa depends on
p38 mitogen-activated protein kinase (MAPK) acti-
vation. CKII's role as a key survival signal that ac-
tivates NF-kB and protects tumor cells from apo-
ptosis suggests that CKII may be an attractive target
for the treatment of diverse cancers [ 48]. Apigenin,
a plant flavonoid, and emodin, a plant anthraquinone,
are competitive inhibitors of CKII that directly in-
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teract with the nucleotide-binding sites of CKII [23].
Besides phosphorylating and subsequently degrading
the molecules that inhibit NF-kB, protein kinases can
also target the functional domains of NF-xB proteins
themselves to optimally activate NF-kB. NF-xB
proteins can be phosphorylated in the cytoplasm or
nucleus by such kinases as glycogen synthase kinase
3B (GSK3B), TRAF-associated NF-KB activator
(TANK)-binding kinase 1 (TBK1), PKAc , mitogen-
and stress-activated protein kinase-1 (MSK-1),
MAP3K NIK, Tpl2, PKC-6, PI3K, Akt, p38
MAPK, protein tyrosine kinase, PKC-8, RHO-kina-
se 2, mitogen activated protein kinase kinase 3
(MEKK3) , and receptor tyrosine kinases such as
epidermal growth factor receptor, human epidermal
growth factor receptor 2 [46]. Antagonistic antibodies
or kinase inhibitors that target these molecules may
decrease NF-kB activation. Some kinase inhibitors
that have the potential to inhibit NF-xB activation
include SB203580 and PD0980589 (MAPK inhi-
bitors); denbinobin (TAK1 inhibitor); tyrosine kinase
inhibitors; rhein, (an MEKK inhibitor); TNAP,
betaine (NIK inhibitors), epoxyquinol B (a TAK1
crosslinker); M2L (an extracellular signal-regulated
kinase 2 inhibitor); CCK-8 (a p38 kinase kinase inhi-
bitor), KSR2 (an MEKK3 inhibitor), golli BG21 (a
PKC inhibitor) [14,16,39 ].

Conclusion

The NF-kB family of TFs plays a crucial role in
the distinctive inflammatory processes characteristic
of certain rheumatic disease, such as rheumatoid
arthritis, leading to cartilage destruction and articular
damage. NF-kB is abundant in theumatoid syno-
vium, however, its activation is higher in rheumatoid
arthritis than in osteoarthritis. IKK, a key enzyme in
the activation of the canonical NF-kB signaling path-
way, is also abundantly expressed in rheumatoid ar-
thritis fibroblast-like synoviocytes Animal models of
arthritis, including murine type II collagen-induced
arthritis and rat adjuvant arthritis, support the es-
sential role of NF-kB, and of IKK in particular, on
MMP gene expression and the development of infla-
mmatory and histological changes of arthritis. In ar-
ticular chondrocytes, NF-kB activation mediates the
response to important proinflammatory cytokines,
namely, IL-1B and TNF-o, as well as to fibronectin
fragments and mechanical signals. NF-kB also par-
ticipates in the RAGE signaling. Important NF-kB-
mediated outcomes of the inflammatory response in
human articular chondrocytes are the decrease in the
expression of chondrocyte specific genes (collagen
type II, link protein gene), and the increase in the
expression of MMPs (MMP-1, MMP-3, MMP-13),
cytokines (IL-6, IL-8) and chemokines. Interestingly,
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NF-kB production is increased with donor aging and
under hypoxic conditions in IL-1-stimulated articular
chondrocytes. NF-kB is also involved in the regu-
lation of apoptosis in articular chondrocytes, exerting
primarily anti-apoptotic effects. Therefore, NF-kB
inhibition is a rational objective in the treatment of
rheumatic disease such as rheumatoid arthritis.
NSAIDs, glucocorticoids, natural products and cer-
tain disease-modifying anti-rheumatic drugs have
been described to decrease NF-kB activation. Yet,
novel therapeutic strategies targeting key elements in
the NF-kB pathway including IKK, 26S proteasome,
p65 and p50 subunits have been and continue being
developed, and small molecule inhibitors, chimeric
molecules, improved anti-sense therapy and RNA
interference are part of the new approaches to block
the NF-kB pathways. Thus, NF-kB appears as a
very attractive target for treatment of rheumatoid
arthritis; however, some concerns about the systemic
and indiscriminate blockade of its numerous beneficial
effects, as well as technical problems for local deli-
very of a potential agent through gene therapy still
remain. Further in vivo studies will increase our un-
derstanding of the true significance of NF-kB and
provide the foundations for the development of ef-
fective therapy for various joint diseases, including
rheumatoid arthritis.
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HNPUTHIYEHHS CUTHAJIBHOI'O LIVIAXY
SAAEPHOI'O ®AKTOPA - KB (NF-KB) SIK
MOTEHIIITHA CTPATEIISI JIIKYBAHHS

PEBMATOITHOI'O APTPUTY

A.T. /lonscenxo, C. Cazanoscoki

Pestome. Snepunii ¢paxtop - kB (NF-kB) € oganm i3 ronos-
HUX TPaHCKPUMNIIHHUX (AKTOPiB, SIKi IPUUMAIOTh y4acTh y
PO3BHTKY 3alalIbHUX PEaKIlii 1 BUIIrPArOunX OCHOBHY POJIb y
MOMIKO)KEHH] CIHOBiaJIbHOT TKAaHUHU 1 MaTOreHe3y Pi3HHUX
PEBMaTOITHHUX 3aXBOPIOBAHb, Y TOMY YHCIi, PEBMATOiTHOTO
aptputy. NF-kB Buzirpae Baxxay posib HE TIIBKH y PO3BUTKY
3alMaJieH s, ajie 1 y MOpYIIeHHI XPAIeBOl TKAHWHH, KIIITHHHOL
nidepenmianii, mpomidepanii, aHrioTeHe3y 1 MOAaBICHHS

amomnTo3y. Y pe3ysbTaTi BCTaHOBIEHHA BakHOi pomi NF-kB
CHTHAJBHOTO NUISAXY B Aerpazganii cyraoboBoro xpsamy i
MPOrpecyBaHHI PEBMATOIAHOTO apTPUTY, JO3BOIMIIO TEper-
JISTHYTH MEXaHi3MHU J1ii 3BICHUX MPOTHPEBMATUYHIX CEPEIOBHIL,
TaKUX SIK KOPTHKOCTEPOiAM, HECTEPOiiHI MPOTU3ANaAIbHI
npenapaTt. Po3yminaa 3HauHOCTi poii NF-kB curnamsHOro
Kackaay B MaTOTE€HE31 peBMATOIAHOTO apTPHUTY CIPHUSIO
BUHHUKHEHHIO 1/1e1 MOIIyKy cepeaoBULI, iHT10yI0YnX/MOIH-
(hiKyrOUHX aKTHBHICTh MOJIEKYJI CHTHAJILHOTO IIUISAXY, PO3POOKY
Ta BIPOBA/KEHHS B MIPAKTUKY HOBUX TIPETapaTiB JUIs JKy-
BaHHS 3aXBOPIOBAHHSI.

Kuarouosi cioBa: NF-kB curnansuuit mnsax, paktopu
TPAHCKPUIILii, 3aTaJIeHHsI, PeBMaTOiJHUI apTPHT.

YIHETEHUE CUT'HAJIBHOI'O ITYTU AAEPHOI'O
DAKTOPA - KB (NF- KB) KAK IOTEHIIUAJIbHA S
CTPATEI'UA JIEYEHUSA PEBMATOUJHOI'O APTPUTA

A.T. lonacenxo, C. Cazanoscku

Pe3tome. Anepusiii dpakrop - kB (NF-kB) sBisiercst oqaum
W3 DIaBHBIX TPAHCKPHIIMOHHEIX (PaKTOPOB, YUIACTBYIONIUX B
Pa3BUTHU BOCIAJIUTENBHBIX PEAKLUIl 1 UTPAOIIUX OCHOBHYIO
poJib B MOBPEXKJIEHUHM CUHOBUAJIbHON TKaHM U IATOTeHE3e
Pa3IMYHBIX PEBMAaTOUIHBIX 3a00JICBaHMM, B YACTHOCTH, pEeBMa-
touaHoro aprpura. NF-kB urpaer BaxxHy1o posib He TOJIBKO B
Pa3sBUTUU [IPOLiEcca BOCMANIEHUS], HO U pa3pyLIEHUU XPSLIEBOM
TKaHHM, KJICTOUHOH nuddepennpamm, npoaudepanny, aHro-
reHe3e U MOJAaBIEHUHU anonrtosa. B pesynbraTe BeIsICHEHUS
BakHO# poim NF-kB curnanbsHOTO IyTH B erpalaliiy CycTaB-
HOTO Xpsllla ¥ IPOrpecCUpOBaHUM PEBMATOUIHOIO apTpPHUTA,
[ePEeCMOTPEHbI MEXAHU3MBI JIeHCTBUS U3BECTHBIX IPOTUBOPEB-
MaTHYECKUX CPeAcTB (KOPTUKOCTEPOUTOB, HECTEPOUTHBIX
MPOTHBOBOCIIAUTENBHBIX IpenapaToB). [loHMMaHne 3HaYMMOCTH
posm NF-kB curranbHOro xackazaa B maToreHe3e peBMaToHIHOTO
apTpUTa MO3BOJIMIIO NPEIJIOKUT UCI0 OUCKA CPENICTB,
UTHONPYIOMIUX/MOTYTHPYIONUX aKTHBHOCTD MOJIEKYJ CHT-
HaJILHOTO ITyTH, pa3pabOTKy M BHEJPEHHE B IPAKTHKY HOBBIX
MperapaToB I JIeUeHUs 3a00IeBaHMSI.
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