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INHIBITION OF NUCLEAR FAKTOR - KB
(NF-KB) SIGNALING AS A POTENTIAL
THERAPEUTIC STRATEGY FOR
RHEUMATOID ARTHRITIS

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 nonsteroidal 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 inflammatory autoimmune disease, primarily located in
the synovial joints, leading to destruction of the cartilage 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 disability 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 lesion. The vicious circle can be broken either by
neutralizing the biological activities of extracellular
inflammatory mediators or by inhibiting cytokine production. 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 targeted genes and activate or repress transcription. It
appears that the complexity of inflammatory pathways is significantly reduced on the level of transcription factors. Whereas the cell within the inflammatory 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-κB, appear to play a major role in the regulation
of inflammatory genes. This suggests that neutralization of these transcription factors may provide an
efficacious therapeutic strategy. A pivotal role for the
transcription factor NF-κB in regulation of inflammation has been well recognized [9,12]. The present
review focuses on the role of NF-kB in chronic inflammation, and to discuss the feasibility of therapeutic 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 factors 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 p52which form homo- and heterodimers and are characterized 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 IkBα, IkBβ, Ikγ and
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 conserved Rel-homology domain (RHD), which contains a nuclear localization domain (N), a dimerization motif, and a DNAbinding 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 designated. 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
26S proteasome [5]. Amino acid residues Ser-32 and
Ser-36 of IkBa were identified as essential for phosphorylation whereas Lys-21 and Lys-22 for the ubiquitination 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 IkB kinase (IKK) complex
[20], which includes IKK-α (IKK-1) and -h (IKK-2)
as well as regulatory subunits such as NEMO/IKKg and IKAP. IKK-2 was shown to have a higher
kinase activity for IkBα and to be the predominant
kinase responsible for the phosphorylation of IkBα in
response to tumor necrosis factor a (TNF-α), interleukin (IL)-1, lipopolysaccharide (LPS) and doublestranded 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 IkBα. NF-kB activation by IL-1 or TNF-α 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 differentiate, but IL-1- and TNFainduced NF-kB activation in embryonic fibroblasts is normal, as is IkB
phosphorylation and degradation. This suggests that
IKK-2 is crucial for NF-kB activation upon inflammatory stimuli, but also that IKK-1 or presently unknown kinases may contribute to this action. Activation of the IKK complex is thought to be mediated by
phosphorylation of IKK-1 or IKK-2 by upstream kinases, including members of the mitogen-activated
protein kinase kinase kinase family or NF-kB inducing kinase (NIK) [21]. NIK, in particular, has reported 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

215

Êë³í³÷íà òà åêñïåðèìåíòàëüíà ïàòîëîã³ÿ

Òîì X²V, ¹4 (54), 2015

Figure 2. Classical and alternative NF-kB activation pathways.
Classical pathway of NF-κB activation via IκB 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
IKKβ, which then phosphorylates IκB bound to cytosolic NF-κB, triggering its β TrCP E3 ubiquitin ligase-mediated K48
polyubiquitination and proteasomal degradation. Free NF-κB then translocates to the nucleus and transactivates target
genes. CYLD and A20 are deubiquitinating enzymes that may block NF-κB activation by removal of K63 ubiquitinated
chains from activated TRAFs, RIP, and NEMO. A20 may also terminate TNF-α induced NF-κB activation by catalyzing
the K48 ubiquitination of RIP, leading to its proteasomal degradation. In addition to promoting survival via NF-κB 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 contribute to survival (see text). IκB, inhibitor of NF-κB; IKK, IκB kinase; MALT, mucosa-associated lymphoid tissue
lymphoma translocation gene; NEMO, NF-κB essential modulator; NF-κB, nuclear factor-κB; RIP, receptor interacting
protein; TAB, TAK1-binding protein; TAK, transforming growth factor β-activated kinase; TRAF, TNF receptorassociated 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 β-activated kinase;TAB, TAK1-binding protein; IkB, inhibitor
kappa B;TNF-α, tumor necrosis factor-α; 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 signaling components and cascades. There are several
levels of control and diversification. For instance, the
spectrum of adaptor proteins and kinases differs between different stimuli and receptors-for example,
adaptors activated via Toll-like receptors (TLR) and
IL-1 receptors are distinct from those recruited by
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TNF receptors. IkB kinases are also an important
level of control, in that IKK-1 regulates mostly morphogenetic events, whereas IKK-2 is involved in
inflammatory signaling. Moreover, there is heterogeneity of requirement of IKK-2 in different cell
types and in response to stimuli [4]. Novel IkB kinase 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

Íàóêîâ³ îãëÿäè
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 kBlike sites (reviewed in Refs. [22,33,34]). For example, 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 transactivation 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 transactivation domain located in the NF-kB C-terminal region [5]. Both stimulatory and inhibitory phosphorylations of relA have been reported. Phosphorylation 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 mitogenactivated protein kinase (MAPK) and p42/44genactivated protein kinase (MAPK) and p42/44
MAPK [21]. Hence, it is the differential expression
of NF-kB components in tissues, cell types and possibly 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-kBdependent gene activation lies in its ability to orchestrate gene expression in concert with other
transcription factors. For instance, the organization of
the cytokine-inducible element in the Eselectin promoter is remarkably similar to that of the interferonγ gene, in that both require NF-kB, ATF-2 and
HMGI(Y), whereas another adhesion molecule, vascular cell adhesion molecule-1 (VCAM-1), is induced
through interactions of NF-kB with IRF-1 and HMGI(Y) and also depends on constitutively present SP-1.
The ability of NF-kB to interact with AP-1 is of particular importance, as many of the inflammatory
genes require these two transcription factors working
cooperatively, including VCAM-1, IL-8, cyclooxygenase (COX)-2, monocyte chemoattractant protein-1
(MCP-1) and MMP-13 [17,19]. A peculiarity of NFkB is the rapid nature of its activation and downregulation. 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 immune and 'stress' genes. In contrast, prolonged or
inappropriate activation of the NF-kB pathway is a
feature of diseases such as rheumatoid arthritis.
NF-κB 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 cartilage damage. The RA synovium is known to comprise 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 molecules including proinflammatory cytokines (such as
IL-1β, IL-6, TNFα 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. TNFα in particular is the prime inflammatory mediator and also
induces apoptosis. Importantly, the genes encoding
TNFα and many of the other factors mentioned above 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 cytokine 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 p50 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 mimicked RA-like chronic inflammation. By placing the
luciferase gene under the control of NF-κB, increased luminescence was observed in the joints of
live mice [28]. These findings are supported by a
study that investigated experimentally induced arthritis in mice that carried knockouts of the genes for the
NF-kB family members p50 or c-Rel. The two experimental 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 affected 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 response, severely impeded T cell proliferation and
conferred resistance to both forms of arthritis [18].
This clearly demonstrates a central role for p50 (presumably 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 stimuli, such as the bacterial endotoxin lipopolysaccharide (LPS) or cytokines such as TNFa and IL1[50]. The function of the IKK complex in the canonical pathway is to phosphorylate IkBα and IkBβ
and target them for degradation by the ubiquitin/proteasome pathway [5]. The canonical IKK complex
consists of at least three subunits; IKK1 (also known
as IKKα), IKK2 (also known as IKKβ) and NF-kB
essential modulator (NEMO, also known as IKKγ).
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 IkBα 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 uncontrolled stimulation of cells [33]. NEMO does not have
kinase activity but is necessary for phosphorylation
of IκBα/IkBβ by the IKK complex [21].
IkBα, IkBβ and IκBγ
IkBα is the prototypical member of the seven
member IκB 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 IkBα and IkBβ bind to NF-κB and mask the
nuclear localisation sequence on the p50/p65
heterodimer thus inhibiting its entry into the nucleus.
Following IkBα phosphorylation by the IKK complex
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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 features of the canonical NF-kB pathway is its rapid yet
transient activation, which prevents a persistent response that could result in pathological changes in
affected cells. Down-regulation of NF-kB activity
coincides with the reappearance of IkBα, which requires new protein synthesis. Indeed, the IkBα gene
promoter contains NF-kB consensus sequences making it extremely responsive to NF-kB activation.
Newly synthesised IkBα 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 activation'where the response gradually becomes dampened over time [40]. The NF-κB response is also
negatively regulated by IκBγ, which is a target of
NF-βB and is synthesised in anti-phase compared to
IκBα [1]. In contrast to IkBα and IκBγ, IkBβ is not
a genetic target of NF-kB and it is not rapidly resynthesised following NF-kB activation [37]. Therefore,
situations in which IkBβ predominates have the potential to result in prolonged NF-kB activation [20].
However, the relevance of both IκBβ and IκBγ to
RA is unclear, since IκBα is so dominant in the inactivation of NF-κB.
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 common heterodimer of p50 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 differences 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 TNFα promoter. 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 response following NF-kB activation. Indeed, this polymorphism may influence the incidence of RA.Once
activated, the ability of NF-kB to induce transcription
can be further enhanced by post-translational phosphorylation and acetylation of the subunits [17]. For
instance, serine phosphorylation of p65 can occur at
different residues and is stimulus specific. Phosphorylated p65 can then be acetylated and this molecule has maximum activity. Acetylation of p65 is
performed by CBP and p300, transcriptional coactivators that also recruit the transcriptional machinery.
In addition, they have histone acetyltransferase activity, which helps to 'relax' the chromatin environment
surrounding the activated genes and increase the
efficiency of transactivation. Histone modification by
NF-κB can lead to epigenic control of gene transcription, reviewed elsewhere [6,29].
The role of the canonical pathway in rheumatoid arthritis
The studies described above have been extremely important in establishing the molecular events
that can occur in the canonical NF-kB pathway (Figure 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 resistant to conventional transfection techniques. Recently, this technological challenge was overcome by
the use of adenoviral systems that efficiently infect
primary cells and deliver exogenous expression constructs. Here, dominant negative (dn) variants of canonical pathway signalling components were expressed 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 dnIkBα
and dnIKK2 profoundly inhibited IL-6, IL-8 and
VEGF production [4]. Somewhat surprisingly
dnIKK2 did not significantly inhibit spontaneous
TNFα production. However, these findings generally
support the hypothesis of an important role for the
canonical pathway in RA and that IKK2 is the dominant 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 cultures. Here, dnIKK2 was found to inhibit cytokine
production from both TNFα 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 interesting to note that dnIKK2 did not affect TNFα,
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, dnIkBα
effectively blocks expression of TNFα, 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 explain why the dnIKK2 could not affect spontaneous
TNFα production from the synovial cell cultures,
since the main source of TNFα here is macrophages. IkBα also has differential effects on the
spontaneous production of different cytokines in primary RA synovial cultures. While IL-1β, IL-6, IL-8,
MMP-1, -3 and -13 were all IkBα- dependent as
expected, TNFα 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 described 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 activation
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 IκB, 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-κB inducing kinase
(NIK). It then undergoes limited proteolysis by the
proteasome, giving rise to p52, and p52/RelB dimers
are than able to activate transcription. Both NIK and
IKK1 are indispensable for this activity. Recently
p100 was shown to be a bona fide member of the
IkB family and designated IkBε. However, as NIK is
not required for NF-kB activation following TNFα or
IL-1α stimulation in primary human macrophages or,
fibroblasts, neither is it involved in the spontaneous
TNFα 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 include (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 nuclear import system; (3) stabilising IkBα protein by
developing ubiquitination and proteasome inhibitors;
(4) targeting signaling kinases such as IKK using
small molecule inhibitors. All these therapeutic strategies 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 molecules. From the upstream kinases, such as IKK1,
IKK2, MEKK-3, and NIK, to their downstream ef-
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fector IkB E3 protein, all represent attractive targets
for novel drugs selectively regulating NF-kB function
[11]. Other components of the TNFα and IL-1 signaling 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 specific inhibition of key elements in the NF-κB pathway
activation are being developed, causing great expectation regarding their potential effects as arthritis
treatments. For example, proteasome function inhibitors, decoy oligonucleotides, and peptides that
inhibit nuclear localization of NF-κB have been utilized to inhibit NF-κB signaling in animal models
κ B to DNA binding
Blockade of NF-κ
The most direct strategy for blocking NF-κB activation is to block NF-κB from binding to specific κB
sites on DNA [14,25]. Some sesquiterpene lactones
(SLs) have been reported to inhibit NF-κB [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-binding loops of p50 and c-Rel. Some SLs, including

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-srIkBa.
(5) NF-kB DNA binding: Glucocorticoids, NF-kB ODN, NF-kB morpholinos.
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parthenolide, have been shown to inhibit IKKβ
through the reactive Cys-179 in the kinase activation
loop [14,26]. Thus, SLs, which target both IKK activity and NF-κB subunit DNA binding , have multistep
inhibitory activity within the NF-κB signaling pathway. Blocking specific NF-κB-DNA binding can also be accomplished with decoy oligodeoxynucleotides
(ODNs). These ODNs have κB sites and competes
for NF-κB dimer binding to specific genomic promoters [38]. These oligonucleotides have modifications
to increase their stability and their affinity for NF-κB
in vivo. Decoy ODNs have been reported to have
therapeutic potential in a number of animal models of
inflammation including rheumatoid arthritis and atherosclerosis [ 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 development 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 TNFα-induced NF-kB nuclear translocation
and reduces NF-kB DNA binding in cultured endothelial and monocytic cells [39]. Inflammatory articulation increases the release of cytokines such as
interleukin-1β (IL-1β) and tumor necrosis factor-α
(TNF-α), cytokines that play a key role in the development of RA. In chondrocytes, IL-1β 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-κB (NF-κB) and the activator protein-1 (AP-1) [ 10 ]. These transcription factors bind
to consensus sequences of numerous pro-inflammatory genes, and initiate as well as maintain the
inflammatory reaction in chondrocytes. As a result,
IL-1κ increases the expression of matrix metalloprotease-3 (MMP-3) , phospholipase A2 (PLA2) and
cyclooxygenase 2 (COX-2), IL-1β and TNF-α
[10].Using chondrocytes stimulated by IL-1β as experimental model, it was demonstrated that chondroitin sulphate (natural glycosamineglican in the extracellular matrix and is formed by the 1 - 3 linkage
of D-glucuronic acid to N-acetylgalactosamine) and
glucosamine sulphate are diminishes IL-1β-induced
NF-κB nuclear translocation. The effects of chondroitin sulphate and glucosamine are mediated by inhibition of p38MAPK and Erk1/2 phosphorylation.
These data suggest that the anti-inflammatory activity

of chondroitin sulphate and glucosamine are associated with the reduction of Erk1/2 and p38MAPK
phosphorylation and nuclear transactivation of NFκB [7,30].
α
26S proteasome inhibitors prevent IkBα
degradation and NF-kB activation
The activation of IKK and the subsequent phosphorylation and degradation of IkBα by the 26S proteasome is a key step in the nuclear translocation of
NF-kB and subsequent NF-kB-regulated transcription. Given the fundamental role of the proteasome
[5] in the regulation of the NF-kB pathway, it provides 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-κB leaves the cytoplasm
involves the ubiquitination of IκB by the SCF-β-TrCP
ubiquitin ligase complex followed by the rapid degradation of ubiquitinated IκB by the 26S proteasome.
Because IκBα degradation is an important step in
the NF-κB activation pathway, inhibiting the proteasomes that degrade IκBα 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 IκBα degradation [8] .
Other well-known proteasome inhibitors include lactacystine, N-cbz-Leu-Leu-leucinal (MG132), MG115,
and ubiquitin ligase inhibitors. In addition, recently
identified a novel proteasome inhibitor, salinosporamide A (NPI-0052), which can suppress both
constitutive and inducible NF-κB activation in a nanomolar range [2] .
Inhibition of protein kinases
NF-κB activation requires the phosphorylation,
polyubiquitination, and subsequent degradation of its
inhibitory subunit, IκBα. Hence, inhibiting IκBα
phosphorylation ultimately inhibits NF-κB's transcriptional activity [3]. IκBα phosphorylation is carried
out by IKK, a serine/threonine protein kinase composed of three basic subunits: the kinases IKKα,
IKKβ, and the regulatory subunit IKKγ (NEMO)
[24,33]. The IKK activation is usually the first common step in the integration of many NF-κB-activating
pathways; therefore, one strategy for inhibiting NFκB activation is to block IKK activation. However,
although more than 150 agents have been shown to
inhibit NF-κB 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: adenosine triphosphate (ATP) analogs, which show some specificity for interacting with IKK; compounds
that have allosteric effects on IKK structure; and
compounds that interact with a specific cysteine residue (Cys-179) in the activation loop of IKKβ. ATP
analogs include natural products such as β-carboline
and synthetic compounds such as SC-839, which has
an approximately 200-fold preference for IKKβ
compared to IKKα [47]. Compounds that have allosteric effects on IKK structure include BMS-345541,
a synthetic compound that binds to an allosteric site
on both IKKα and IKKβ and has an approximately
10-fold greater inhibitory effect on IKKβ than on
IKKα. Compounds that interact with Cys-179 IKKβ
include thiol-reactive compounds such as parthenolide, arsenite, and certain epoxyquinoids [32];
these compounds' interactions with Cys-179 are believed to interfere with phosphorylation- induced
IKK? activation because Cys-179 is located between
Ser177 and Ser 181, which are required for IKKβ
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 IKKα and IKKβ, which are capable of blocking NF-κB activation . Because of
their distinct roles in the canonical and non-canonical
NF-κB activation pathways, dominant-negative IKK
mutants' can show stimulus-dependent inhibition .
Adenoviral-mediated delivery of an IKKβ dominantnegative 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
IKKβ can block the binding of NEMO to IKK in
response to TNF in the canonical pathway. While
activation of NF-κB by many stimuli depends on the
phosphorylation of IκBs at N-terminal sites by the
IKK complex, the mechanism of NF-κB activation
by ultraviolet (UV) radiation involves the IKKindependent phosphorylation of IκBα at a cluster of
C-terminal sites that are recognized by casein kinase
II (CKII). CKII activity toward IκBα depends on
p38 mitogen-activated protein kinase (MAPK) activation. CKII's role as a key survival signal that activates NF-κB and protects tumor cells from apoptosis 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-

222

Òîì X²V, ¹4 (54), 2015
teract with the nucleotide-binding sites of CKII [23].
Besides phosphorylating and subsequently degrading
the molecules that inhibit NF-κB, protein kinases can
also target the functional domains of NF-κB proteins
themselves to optimally activate NF-κB. NF-κB
proteins can be phosphorylated in the cytoplasm or
nucleus by such kinases as glycogen synthase kinase
3β (GSK3β), TRAF-associated NF-κB activator
(TANK)-binding kinase 1 (TBK1), PKAc , mitogenand stress-activated protein kinase-1 (MSK-1),
MAP3K NIK, Tpl2, PKC-θ, PI3K, Akt, p38
MAPK, protein tyrosine kinase, PKC-δ, RHO-kinase 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-κB activation. Some kinase inhibitors
that have the potential to inhibit NF-κB activation
include SB203580 and PD0980589 (MAPK inhibitors); 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 inhibitor), 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 rheumatoid synovium, however, its activation is higher in rheumatoid
arthritis than in osteoarthritis. IKK, a key enzyme in
the activation of the canonical NF-kB signaling pathway, is also abundantly expressed in rheumatoid arthritis fibroblast-like synoviocytes Animal models of
arthritis, including murine type II collagen-induced
arthritis and rat adjuvant arthritis, support the essential role of NF-kB, and of IKK in particular, on
MMP gene expression and the development of inflammatory and histological changes of arthritis. In articular chondrocytes, NF-kB activation mediates the
response to important proinflammatory cytokines,
namely, IL-1β and TNF-α, as well as to fibronectin
fragments and mechanical signals. NF-kB also participates in the RAGE signaling. Important NF-kBmediated 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-1β-stimulated articular
chondrocytes. NF-kB is also involved in the regulation 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 certain 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 delivery of a potential agent through gene therapy still
remain. Further in vivo studies will increase our understanding of the true significance of NF-kB and
provide the foundations for the development of effective therapy for various joint diseases, including
rheumatoid arthritis.
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ÏÐÈÃÍ²×ÅÍÍß ÑÈÃÍÀËÜÍÎÃÎ ØËßÕÓ
ßÄÅÐÍÎÃÎ ÔÀÊÒÎÐÀ - ÊÂ (NF-KB) ßÊ
ÏÎÒÅÍÖ²ÉÍÀ ÑÒÐÀÒÅÃ²ß Ë²ÊÓÂÀÍÍß
ÐÅÂÌÀÒÎ¯ÄÍÎÃÎ ÀÐÒÐÈÒÓ
À.Ò.Äîëæåíêî, Ñ. Ñàãàëîâñüê³
Ðåçþìå. ßäåðíèé ôàêòîð - êÂ (NF-kB) º îäíèì iç ãîëîâíèõ òðàíñêðèïö³éíèõ ôàêòîð³â, ÿê³ ïðèéìàþòü ó÷àñòü ó
ðîçâèòêó çàïàëüíèõ ðåàêö³é ³ âèä³ãðàþ÷èõ îñíîâíó ðîëü ó
ïîøêîäæåíí³ ñ³íîâ³àëüíî¿ òêàíèíè ³ ïàòîãåíåçó ð³çíèõ
ðåâìàòî¿äíèõ çàõâîðþâàíü, ó òîìó ÷èñë³, ðåâìàòî¿äíîãî
àðòðèòó. NF-kB âèä³ãðàº âàæíó ðîëü íå ò³ëüêè ó ðîçâèòêó
çàïàëåííÿ, àëå ³ ó ïîðóøåíí³ õðÿùåâî¿ òêàíèíè, êë³òèííî¿
ä³ôåðåíö³àö³¿, ïðîë³ôåðàö³¿, àíã³îãåíåçó ³ ïîäàâëåííÿ
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àïîïòîçó. Ó ðåçóëüòàò³ âñòàíîâëåííÿ âàæíî¿ ðîë³ NF-kB
ñèãíàëüíîãî øëÿõó â äåãðàäàö³¿ ñóãëîáîâîãî õðÿùó ³
ïðîãðåñóâàíí³ ðåâìàòî¿äíîãî àðòðèòó, äîçâîëèëî ïåðåãëÿíóòè ìåõàí³çìè ä³¿ çâ³ñíèõ ïðîòèðåâìàòè÷íèõ ñåðåäîâèù,
òàêèõ ÿê êîðòèêîñòåðî¿äè, íåñòåðî¿äí³ ïðîòèçàïàëüí³
ïðåïàðàòè. Ðîçóì³ííÿ çíà÷íîñò³ ðîë³ NF-kB ñèãíàëüíîãî
êàñêàäó â ïàòîãåíåç³ ðåâìàòî¿äíîãî àðòðèòó ñïðèÿëî
âèíèêíåííþ ³äå¿ ïîøóêó ñåðåäîâèù, ³íã³áóþ÷èõ/ìîäèô³êóþ÷èõ àêòèâí³ñòü ìîëåêóë ñèãíàëüíîãî øëÿõó, ðîçðîáêó
òà âïðîâàäæåííÿ â ïðàêòèêó íîâèõ ïðåïàðàò³â äëÿ ë³êóâàííÿ çàõâîðþâàííÿ.
Êëþ÷îâ³ ñëîâà: NF-kB ñèãíàëüíèé øëÿõ, ôàêòîðè
òðàíñêðèïö³¿, çàïàëåííÿ, ðåâìàòî¿äíèé àðòðèò.
ÓÃÍÅÒÅÍÈÅ ÑÈÃÍÀËÜÍÎÃÎ ÏÓÒÈ ßÄÅÐÍÎÃÎ
ÔÀÊÒÎÐÀ - ÊÂ (NF- KB) ÊÀÊ ÏÎÒÅÍÖÈÀËÜÍÀß
ÑÒÐÀÒÅÃÈß ËÅ×ÅÍÈß ÐÅÂÌÀÒÎÈÄÍÎÃÎ ÀÐÒÐÈÒÀ
À.Ò.Äîëæåíêî, Ñ. Ñàãàëîâñêè
Ðåçþìå. ßäåðíûé ôàêòîð - êÂ (NF-kB) ÿâëÿåòñÿ îäíèì
èç ãëàâíûõ òðàíñêðèïöèîííûõ ôàêòîðîâ, ó÷àñòâóþùèõ â
ðàçâèòèè âîñïàëèòåëüíûõ ðåàêöèé è èãðàþùèõ îñíîâíóþ
ðîëü â ïîâðåæäåíèè ñèíîâèàëüíîé òêàíè è ïàòîãåíåçå
ðàçëè÷íûõ ðåâìàòîèäíûõ çàáîëåâàíèé, â ÷àñòíîñòè, ðåâìàòîèäíîãî àðòðèòà. NF-kB èãðàåò âàæíóþ ðîëü íå òîëüêî â
ðàçâèòèè ïðîöåññà âîñïàëåíèÿ, íî è ðàçðóøåíèè õðÿùåâîé
òêàíè, êëåòî÷íîé äèôôåðåíöèàöèè, ïðîëèôåðàöèè, àíãèîãåíåçå è ïîäàâëåíèè àïîïòîçà. Â ðåçóëüòàòå âûÿñíåíèÿ
âàæíîé ðîëè NF-kB ñèãíàëüíîãî ïóòè â äåãðàäàöèè ñóñòàâíîãî õðÿùà è ïðîãðåññèðîâàíèè ðåâìàòîèäíîãî àðòðèòà,
ïåðåñìîòðåíû ìåõàíèçìû äåéñòâèÿ èçâåñòíûõ ïðîòèâîðåâìàòè÷åñêèõ ñðåäñòâ (êîðòèêîñòåðîèäîâ, íåñòåðîèäíûõ
ïðîòèâîâîñïàëèòåëüíûõ ïðåïàðàòîâ). Ïîíèìàíèå çíà÷èìîñòè
ðîëè NF-kB ñèãíàëüíîãî êàñêàäà â ïàòîãåíåçå ðåâìàòîèäíîãî
àðòðèòà ïîçâîëèëî ïðåäëîæèòü èäåþ ïîèñêà ñðåäñòâ,
èãèáèðóþùèõ/ìîäóëèðóþùèõ àêòèâíîñòü ìîëåêóë ñèãíàëüíîãî ïóòè, ðàçðàáîòêó è âíåäðåíèå â ïðàêòèêó íîâûõ
ïðåïàðàòîâ äëÿ ëå÷åíèÿ çàáîëåâàíèÿ.
Êëþ÷åâûå ñëîâà: NF-kB ñèãíàëüíûé ïóòü, ôàêòîðû
òðàíñêðèïöèè, âîñïàëåíèå, ðåâìàòîèäíûé àðòðèò.
Îòäåë áèîõèìè÷åñêèõ íàó÷íûõ èññëåäîâàíèé,
Èíñòèòóò ìîëåêóëÿðíîé ìåäèöèíû óíèâåðñèòåòà
Ìàðòèíà-Ëþòåðà, Ãàëëå-Âûòòåíáåðã, Ãåðìàíèÿ
Êàôåäðà îðòîïåäèè öåíòðàëüíîé êëèíèêè,
Áàä Ëàóçèê, Ãåðìàíèÿ
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