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Abstract Rheumatoid arthritis (RA) is a complex process
of chronic and progressive inflammation associated with
activation of numerous signaling molecules and trans-
cription factors and hyperproliferation of synoviocytes of
the affected joints, although the greater part of its patho-
physiological process is explained by activation of nuclear
factor kB (NF-kB). For example, the self-perpetuating
nature of the rheumatoid inflammation is ascribable to
overexpression of the proinflammatory cytokines tumor
necrosis factor α and interleukin-1�, known to elicit the
activation cascade for NF-kB and activator protein-1 that
are responsible for transcriptional induction of these
cytokines among other target genes, which conform a posi-
tive feedback loop for continuation and expansion of the
inflammatory responses. In addition, comparative gene
expression profile analyses have revealed activation of a
number of genes that explain the “transformed-like”
phenotype of synoviocytes. Among the genes expressed in
rheumatoid synoviocytes upon inflammatory stimuli, induc-
tion of gene expression of Notch proteins and its ligand
have been found. Possible roles of Notch signaling in RA
synoviocytes are discussed.
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Introduction

Rheumatoid arthritis (RA) is a common human autoim-
mune disease with a prevalence of about 1%.1 While there
has been progress in defining its etiology and pathogenesis,
these are still incompletely understood.1–3 Proposed causes
for RA include (i) genetic predisposition, (ii) pathogenetic

immunoinflammatory responses triggered by environ-
mental agents, particularly microbes, (iii) autoimmunity
directed against components of synovium and cartilage,
(iv) dysregulated production of cytokines (usually upregu-
lation of proinflammatory and inflammatory cytokines and
chemokines), (v) recruitment of immunoinflammatory cells
through induction of inflammatory cell adhesion molecules
(such as E-selectin, intracellular adhesion molecule-1, and
vascular cell adhesion molecule-1), and, last but not least,
(vi) transformation of synovial cells into autonomously
proliferating cells with highly invasive nature (often re-
ferred to as “transformed-like” phenotype4–6).

Rheumatoid arthritis is characterized by a chronic
inflammation of the synovial joints associated with proli-
feration of synovial cells and infiltration of activated
immunoinflammatory cells including memory T cells,
macrophages, and plasma cells,1,2,7 which eventually leads to
progressive destruction of cartilage and bone. This process
is considered to be mediated by a number of cytokines
including tumor necrosis factor α(TNFα), interleukin
(IL)-1, IL-6, IL-8, IL-12, IL-16, IL-18, and interferon
γ(IFNγ) (reviewed in Refs. 1–3). Most of these pathophysi-
ological features of RA can be explained by activation of
limited number of transcription factor and its activation
signals such as nuclear factor kB (NF-kB) and activator
protein (AP)-1.3,8 In fact, some effective anti-RA drugs are
now known to inhibit NF-kB and its activation cascade
(reviewed in Ref. 8). However, the mechanism by which
rheumatoid synoviocytes exhibit the tumor-like nature has
been yet to be clarified.

Involvement of NF-kB in RA as a primary pathogenic
determinant

Among the various signaling and transcription regulation
pathways, NF-kB and AP-1 are known to be the target of
inflammatory responses. In fact, most of the factors in-
volved in RA pathophysiology are under the control of
these transcription factors.3,8 Particularly, various cytokines
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and cell adhesion molecules activated in the rheumatoid
joints are under the transcriptional control of NF-kB. The
self-perpetuating nature of rheumatoid inflammation is as-
cribable to TNFα and IL-1�, known to elicit the activation
cascade for NF-kB and AP-1, as they constitute another
positive feedback loop in the logic of the inflammatory
responses associated with RA (Fig. 1).

In addition, besides its action in upregulating inflamma-
tory cytokines and cell adhesion molecules, NF-kB also
induces gene expression of cell growth-promoting factors
such as cyclin D1 and c-Myc, and physiological inhibitors
of apoptosis such as cIAPs, Bcl-XL, and cFLIP.9,10 (Fig. 2).
Moreover, it has been shown that NF-kB blocks apoptosis
in the absence of de novo protein synthesis11 through pro-
tein–protein interaction with p53 and proapoptotic protein
53BP2.12,13 These actions of NF-kB explain not only the
inflammatory responses but also the hyperproliferation of
synovial tissues in RA, indicating that NF-kB acts as a ma-
jor determinant for RA pathophysiology. Nuclear factor kB
induces TNFα and IL-1� gene expression, and both TNFα
and IL-1� stimulate NF-kB signaling, a vicious cycle formed
to perpetuate and even expand the inflammatory re-
sponses.8 The intervention therapy using anti-TNF anti-
body and IL-1� receptor antagonist has been thus
developed.14,15 In addition, some of the drugs for RA have
been shown to block NF-kB-activation cascade or its
actions (Table 1).16–18

The signal transduction cascade for NF-kB activation

The members of the NF-kB family in mammalian cells
include the proto-oncogene c-Rel, Rel A (p65), Rel B,

NFkB1 (p50/105), and NFkB2 (p52/p100). These proteins
share a conserved 300-amino-acid region known as the Rel
homology domain, which is responsible for DNA binding,
dimerization, and nuclear translocation of NF-kB. In most
cells, Rel family members form hetero- and homodimers
with distinct specificities in various combinations.8,19,20 A
common feature of the regulation of NF-kB family is their
sequestration in the cytoplasm as inactive complexes with
a class of inhibitory molecules known as IkBs.20,21 Upon
stimulation of the cells such as by proinflammatory
cytokines, IL-1� and TNFα, IkBs are degraded, and NF-kB
is translocated to the nucleus and activates expression of
target genes (Fig. 2).

The IkB kinase complex capable of specifically phospho-
rylating Ser32 and Ser36 of IkBα was originally identified as
a ~700kDa of high molecular complex.21,22 Subsequently,
two catalytic subunits (IKKα and IKK�) and a scaffold
subunit of this complex (IKKγ/NEMO/IKKAP) were iden-
tified and cloned (for review see Refs. 20–22). The IKK
complex, consisting of IKKα, �, and γ, can be activated by a
variety of stimuli, including TNFα, IL-1�, and LPS. Activa-
tion of the complex involves the phosphorylation of two
serine residues located in the “activation loop” within the
kinase domain of IKKα and IKK�. IKK complex is stimu-
lated by upstream kinases that belong to MAP kinase
kinase kinases (MAP3Ks), including MEKK1, MEKK2,
MEKK3, and NIK, capable of phosphorylating these
serines in vitro, and activating NF-kB.23,24 Phosphorylation
on specific serine residues of IkBs leads to ubiquitination of
IkBs and subsequent degradation by the proteasome
complex.

There is accumulating evidence suggesting the involve-
ment of additional kinases that phosphorylate the p65
(RelA) subunit of NF-kB and regulate its transcriptional

ROS, UV,  microbial infection,
proinflammatory cytokines, etc.

NF-κB activation

RA synoviocytes

Inflammatory cytokines:
TNF, IL-1, IL-6, IL-8, etc.

Cell adhesion molecules:
ICAM-1, VCAM-1, E-selectin, etc.

(1) Inhibition of apoptosis

(2) Cell proliferation

(3) Joint destruction

Fig. 1. Involvement of nuclear factor kB (NF-kB) in rheumatoid
arthritis (RA) pathophysiology. NF-kB induces gene expression of
inflammatory mediators such as cytokines and cell adhesion molecules.
Since proinflammatory cytokines, tumor necrosis factor α (TNF), and
interleukin (IL)-1� stimulate the NF-kB activation cascade that in-
duces expression of these cytokines, there will be a positive feedback

loop that perpetuates and expands the inflammatory responses even
systemically. NF-kB also stimulates synovial proliferation by inhibi-
ting apoptosis. See also Fig. 2. ROS, reactive oxygen species; ICAM,
intracellular adhesion molecule; VCAM, vascular cellular adhesion
molecule
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competence.25–27 We recently found that IKKα is respon-
sible for the p65 phosphorylation at Ser536 upon the
lymphotoxin � receptor signaling mediated by NIK, and
induces NF-kB activation independently of the IkB
phosphorylation and its degradation.28–30 Interestingly, this
NIK–IKKα cascade is also involved in BLyS/BAFF,
RANK, and most likely CD40 signaling.31,32 In contrast to
the classical (or canonical) pathway involving IKK� and the
phosphorylation of IkB, this cascade (“non-canonical path-
way”) does not necessarily involve IKK� and IkB phospho-
rylation but involves p100 (NFkB2) processing and p65
phospho-rylation (Fig. 2). Since BLyS/BAFF and CD40 sig-
naling cascades induce B-cell activation and RANK signal-
ing is involved in osteoclast differentiation, the NIK–IKKα
cascade is considered to play important roles in disease
progression of RA. The TNFα-dependent phosphorylation
of Ser529 has also been demonstrated to increase the
transcriptional activity of p65. For example, casein kinase II

was implicated in the TNFα-dependent phosphorylation of
p65 on Ser529.33 It was shown that Ser529 and Ser536 of
p65 were required for transcriptional activation of p65 by
AKT and the IL-1� signaling.30,34

Inducible phosphorylation of p65 appears to function at
many different levels, including conformational changes in
the transcriptional activation domain and promoting asso-
ciation with coactivator proteins CBP/p300.20 It is possible
that the phosphorylation of p65 may lead to dissociation
from corepressor proteins such as histone deacetylases and
Groucho proteins (TLE/AES) and selective interaction
with FUS/TLS coactivator protein.35–37 Regarding the cross-
talk with the camp–PKA cascade, although my group and
others found that it downregulates the NF-kB-dependent
gene expression presumably mediated by C/EBP�,38–40 it
has also been reported that the catalytic subunit of
PKA (PKAc), associated with the NF-kB/IkBα complex,
upregulates the NF-kB-dependent gene expression by
directly phosphorylating p65 on serine 276,27 thus pending
the physiological relevance.

Cytological characteristics of rheumatoid synoviocytes

Although it appears that NF-kB plays a major role in the
pathophysiology of RA, there is no evidence to support the
possibility that NF-kB or its signaling cascade is impaired in
RA. To clarify the transformed-like nature of rheumatoid
synoviocytes, my group have performed gene expression

TNF receptor IL-1 receptor

Ubiquitination and
Degradation of I kB

phosphorylation of

IkB at Ser 32/36

Cytoplasm

IKK 
Complex

p65p50

IkBa

LTb receptor

NI K

MEKKI /3

Signaling cascades
involving NIK/IKKa:
LT, BLyS/BAFF, RANK, 
CD40, and more.
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p65p50
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p65p50
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IKKa

IKKa
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NF-kB activation
pathway
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activation pathway

Fig. 2. NF-kB activation
cascades. In addition to the
canonical pathway involving
IkB phosphorylation and
ubiquitination followed by its
proteolytic degradation in 26S
proteasome within the cyto-
plasm, there appears to be
another cascade not involving
IkB phosphorylation.
Lymphotoxin (LT) �-receptor
signaling, CD40, RANK, and
BLyS/BAFF stimulate the
NIK–IKKα cascade that leads
to p100/p52 processing and p65
phosphorylation at its C-
terminal transactivation
(Ser536). IKKα also phosphory-
lates histone H3 in the nucleus
and derepresses the otherwise
silent nucleosome, thus
reactivating the dormant genes.
The effect of p65 (Ser536)
phosphorylation is considered
to activate the transcriptional
competence of NF-kB

Table 1. List of rheumatoid arthritis drugs that inhibit nuclear factor
kB

Acetylsalicylic acid
Aurothioglucose
Aurothiomalate
Auranofin
Dexamethasone
Ibuprofen
Sodium salicylate
Sulfasalazine
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profile analyses of synoviocytes.41 When compared with
control synoviocytes obtained from healthy individuals
(upon injury) or osteoarthritis patients, we found that both
platelet-derived growth factor (PDGF) receptor α and a
chemokine, SDF-1, genes are activated in RA synoviocytes
without any external stimulus. Gene knockout studies
showed that PDGF receptor α is required for the develop-
ment of limb joints. During the early developmental stages,
PDGF and SDF-1 are known to act as chemotactic factors
for fibroblasts42 and macrophages,43,44 respectively. It is pos-
sible that synovial fibroblasts (type B synoviocytes) and
synovial-lining macrophage-like cells (type A) commu-
nicate with each other by producing SDF1A and PDGF,
respectively, in order to form the primordial joint tissue
during the early embryonic development (reviewed in Ref.
41). Thus, it is likely that rheumatoid synoviocytes may
have reacquired the “revertant” phenotype of the primor-
dial synoviocytes, like cancer cells, although the underlining
mechanism is yet to be clarified.

As mentioned above, rheumatoid synovial tissues are
usually under inflammatory stimuli as synovial fluid con-
tains high concentrations of TNFα, IL-1, and oxidants (Ref.
46 and references therein). Thus, we extended the gene
expression profile analysis with synoviocytes in the pres-
ence of physiological concentration (200pg/ml) of TNFα
and compared the genes induced by TNFα in RA and
control synoviocytes. Although well-known genes under
the control of NF-kB were similarly stimulated by TNFα,
we found that the genes encoding Notch-1, Notch-4, and
Jagged-2, a ligand for Notch proteins, were activated only in
RA synoviocytes.49 (Fig. 3). We also found that genes
encoding MMP-11 and -17, and Wee1 and cyclin B1, were
induced by TNFα only in rheumatoid synoviocytes. These

findings indicate that one of the effects of phenotypic rever-
sion of rheumatoid synoviocytes, as described above, could
be attributable to the induction of Notch signaling and that
the activation of Notch signaling, known to be involved in
cell-fate determination, may directly or indirectly cause
induction of genes responsible for cell proliferation (such as
induction of Wee1 and cyclin B1 genes) and tissue invasion
(such as induction of MMP-11 and -17). These findings
support an idea that RA synoviocytes may have reacquired
the “revertant” phenotype mimicking the primordial
synoviocytes, by presumably involving Notch signaling, and
exhibit the hyperproliferative and invasive nature of cells.

Activation of Notch signal in RA

As TNFα induced Notch-1 and its ligand Jagged-2 in RSF,
we examined if the Notch signaling is elicited by the TNFα
stimulation. Rheumatoid synovial fibroblasts (RSF) and
normal synovial fibroblasts (NSF) were stimulated with
TNFα and the intracellular localization of Notch intra-
cellular domain (NICD) of Notch-1 was examined by
immunostaining. We found the nuclear translocation of
Notch-1 NICD, a hallmark of the Notch signaling,48,49 only
in TNFα-stimulated RSF47 (Fig. 4). These results suggested
that in response to TNFα stimulation RSF expressed both
Notch-1 and Jagged-2 proteins, which then interacted with
each other between adjacent cells and elicited the signaling.
In RA tissues we found that hyperproliferative synovial
tissues were clearly stained by Notch-1, Notch-4, and
Jagged-2 antibodies, and that some of the RA synovial cells
showed the nuclear staining of Notch-1 and Notch-4.
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Fig. 3. Comparative gene
expression profile analysis of
rheumatoid and control
synoviocytes upon stimulation
with tumor necrosis factor α
(TNF). Synoviocytes were
cultured with or without TNF
(200 pg/ml). The mRNA was
purified from each cell culture
harvested at 0, 6, and 24 h after
TNF stimulation, cDNA probe
was synthesized, then hybridized
with a cDNA array membrane.
The quantitation of gene
expression level was performed
and standardized based on the
average levels of housekeeping
genes. Based on the observation
by Ando et al.47 Reproduced
with permission47
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We also detected expression of these proteins in the devel-
oping synovial and cartilage tissues of embryonic mice.47 In
more developed joints of newborn mice, expression of these
proteins was restricted in the synovium, raising a possibility
that the Notch signaling pathway might control the differen-
tiation and development of joints.

Biological implications of Notch signal activation
in RA

Notch signaling is involved in three different biological pro-
cesses including (i) lateral specification, in which adjacent
equipotent precursor cells coordinate each other’s develop-
mental fate, (ii) inductive signaling, in which one cell type
determines the differentiation of another cell type, and (iii)
cell-autonomous effects, in which a developing precursor
(stem) cell regulates its own fate and maintains its status
(reviewed in Refs. 50 and 51). Notch genes encode single-
pass transmembrane receptors that transduce the extracel-
lular signals responsible for cell fate determination during
crucial steps of metazoan development.52,53 The large trans-

membrane receptors encoded by Notch genes interact with
membrane-bound ligands encoded by the Delta and Jagged
(Serrate) genes at the extracellular surface of cells. The
signal induced by this ligand binding leads to proteolysis of
Notch, generation and nuclear translocation of NICD, and
regulation of target gene expression (Fig. 5). Genes
homologous to members of the Notch signaling pathway
have been cloned from numerous vertebrate organisms and
many have been shown to be essential for normal embry-
onic development. In humans, the importance of Notch
signaling for growth and development is supported by the
findings that T-lymphoblastic leukemia54 and some inher-
ited diseases involving affected organogenesis55,56 can be
ascribed to the mutations in Notch/Jagged (Delta) genes.
The Notch signaling pathway is evolutionarily conserved,
and mutations in its components disrupt cell fate specifica-
tion and embryonic development in diverse organisms.48,50

Interestingly, a targeted mutation that removes a domain
of the Jagged-2 protein required for the interaction with
Notch-1 caused perinatal death associated with defects in
craniofacial morphogenesis and syndactyly (digit fusions) of
the fore- and hindlimbs, implicating that Jagged-2/Notch
signaling is indispensable for the development of the joint.57

RA Control
T

N
F

 (
-)

T
N

F
 (

+)

DAPINotch-1 Notch-1 DAPI

Fig. 4. Nuclear translocation of Notch-1 intracellular domain (NICD)
in rheumatoid synoviocytes after tumor necrosis factor α (TNF) stimu-
lation. Cells were immunostained with anti-Notch-1 C-terminus
polyclonal antibody (C-20) before and after 12 h of TNF stimulation
and examined by fluorescent microscopy. Green, Notch-1 intracellular

domain (detected by fluorescein isothiocyanate-conjugated rabbit
antigoat IgG as secondary antibody); Blue, nuclear staining with 4�,6�-
diamidino-2-phenylindole hydrochloride (DAPI). Based on the obser-
vation by Ando et al.47 Reproduced with permission47
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A similar phenotype has been observed in mice lacking the
IKKα subunit of IkB kinase complex.58 In embryonic day 16
(E16) mutant embryos, forelimbs (but not hindlimbs) were
visible but were considerably shorter than those of normal
(Ikkα�/� and Ikkα�/�) littermates and lacked separated dig-
its. At an earlier stage, E14.5, the fore- and hindlimbs of
mutant embryos were not much shorter than those of nor-
mal counterparts, but were devoid of distinct digits. There-
fore, it appears that the TNF-mediated NF-kB activation
through IKKα is involved in expression of Jagged-2 in the
developing joints. Thus, activation of the Notch signaling
found in rheumatoid synoviocytes not only confirms the
phenotypic reversion of synoviocytes but also indicates its
active role in pathophysiological processes of RA, which
presumably involve NF-kB cascade.

Cross-talk between NF-kB activation cascade and
Notch signaling

In mammals, all four known Notch family members can
physically interact with recombinant signal binding protein
Jk (RBP-Jk), a DNA-binding repressor protein, and inhibit
the activity of RBP-Jk.59,60 Oswald et al.61 reported that
NICD overcame the RBP-Jk-mediated repression and
strongly activated NF-kB2. In the absence of Notch signal-
ing, RBP-Jk interacts with SKIP and SMRT that recruit
transcriptional corepressor complex62 (Fig. 5). However,
upon Notch signaling NICD induces changes in the DNA-
bound protein assembly containing RBP-Jk in the nucleus,
thus displacing the corepressor complex and converting it to

a transcriptionally active complex. It has been shown that a
non-DNA-binding transcriptional coactivator Mastermind
(MAM) is essential for the Notch/RBP-Jk complex to re-
cruit p300 coactivator to DNA.63 Thus, activation of Notch
signaling observed in rheumatoid synoviocytes appears to
stimulate the noncanonical NF-kB pathway (Fig. 5).

It is conceivable that this noncanonical NF-kB activation
pathway may be responsible for the altered response to the
inflammatory environment involving IKKα. It is known that
IKKα is translocated, together with NF-kB, to the nuclear
chromatin compartments where target genes are present,
and phosphorylates Ser10 of the histone H3 component of
nucleosome64,65 (Fig. 5). Although the histone H3 with me-
thylated lysine 9 of H3 renders the local nucleosome to be
“repressive,” the adjacent serine 10-phosphorylation of H3
histone reverses this effect and derepresses the transcrip-
tional activity of the genes located in the “derepressed”
nucleosome.66 Thus, chronic and persistent NF-kB stimu-
lation in synoviocytes of RA patients could also lead to
the change in “histone code”66 and eventually transform
synoviocytes.

Conclusion

Rheumatoid arthritis is a complex process of chronic and
progressive inflammation involving numerous transcription
factors and signaling molecules. Based on the unexpected
transcriptomic characteristics of rheumatoid synoviocytes,
suggesting the phenotypic reversion, I have explored the
mechanism by which chronic inflammatory stimuli could

Fig. 5. Notch signaling and the
transcriptional control by the
Notch intracellular domain
(NICD). Upon ligand binding,
Notch protein is proteolytically
cleaved by furin and presenilin
to generate NICD, which is
translocated to the nucleus.
Once in the nucleus, NICD
displaces the corepressor
proteins such as SKIP, SMRT,
and HDAC-1 from the specific
DNA-binding proteins CSL
(CBP or RBP-Jk in vertebrates,
Su(H) in Drosophila, and Lag-1
in Caenorhabditis elegans; thus
collectively called “CSL”) and
associates with the coactivator
complex containing Mastermind
(MAM) and p300;62 MAM is
considered to bridge the NICD/
RBP–Jk complex and p300.63

The Notch intracellular domain
is subjected to ubiquitination
followed by proteasome-
mediated degradation, thus
terminating the transcriptional
activation
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endow normal synoviocytes with “transformed-like” phe-
notype and could ascribe activation of the Notch signaling
to this altered cellular status. This may explain the progres-
sive and self-perpetuating nature of the rheumatoid inflam-
mation, at least in part. Based on these considerations,
future therapeutic strategy of RA should be developed
based on the action of Notch signaling on its pathophy-
siology, which includes the action of the noncanonical
NF-kB activation pathway, its therapeutic intervention,
and elucidation of the Notch target genes, particularly in
synoviocytes.
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