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The nuclear factor-kappa B (NF-kB) transcription factor plays a critical role in diverse cellular processes associ-
ated with proliferation, cell death, development, as well as innate and adaptive immune responses. NF-kB is normally
sequestered in the cytoplasm by a family of inhibitory proteins known as inhibitors of NF-kB (IkBs). The signal
pathways leading to the liberation and nuclear accumulation of NF-kB, which can be activated by a wide variety of
stimuli, have been extensively studied in the past two decades. After gaining access to the nucleus, NF-kB must be
actively regulated to execute its fundamental function as a transcription factor. Recent studies have highlighted the
importance of nuclear signaling in the regulation of NF-kB transcriptional activity. A non-Rel subunit of NF-kB, ri-
bosomal protein S3 (RPS3), and numerous other nuclear regulators of NF-kB, including Akirin, Nurrl, SIRT6, and
others, have recently been identified, unveiling novel and exciting layers of regulatory specificity for NF-kB in the
nucleus. Further insights into the nuclear events that govern NF-kB function will deepen our understanding of the el-
egant control of its transcriptional activity and better inform the potential rational design of therapeutics for NF-kB-

associated diseases.
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Introduction

Nuclear factor-kappa B (NF-kB) was first identified
over 20 years ago as a DNA-binding complex govern-
ing transcription at the immunoglobulin light chain gene
intronic enhancer [1, 2]. Soon thereafter, NF-xkB emerged
as a major regulator of not only inflammatory responses
but also broader cellular activities, including cell prolif-
eration, cell death, and so forth [3-9]. This pleiotropic
transcription factor can be activated by a diverse spec-
trum of modulating stimuli, linking NF-kB with an ever-
increasing array of genetic targets [3, 10].

The best-known subunits of mammalian NF-kB are
five proteins in the Rel domain family: RelA (p65),
RelB, c-Rel, p50, and p52, which can homodimerize and
heterodimerize through their conserved prototypical Rel
homology domain [4, 11, 12]. NF-kB complexes have
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long been thought to function dimerically; but functional
and biochemical information belied this simple concep-
tualization. A recent study demonstrated that another
essential subunit of the native NF-kB complex, ribo-
somal protein S3 (RPS3), cooperates with Rel dimers
to achieve full binding and transcriptional activity [13].
As an integral component, RPS3 plays a critical role in
determining the DNA-binding affinity and regulatory
specificity of NF-kB. This finding revealed new insights
into the puzzling but marked differences in the molecu-
lar size and DNA-binding affinity between native NF-
kB complexes derived from nuclear extracts and those
reconstituted from purified Rel proteins [14, 15]. Indeed,
the molecular machine known as NF-xB consists of both
Rel and non-Rel subunits that actually comprise multiple
protein complexes with different target gene activation
specificities, masquerading as a single NF-kB DNA-
binding complex in the nucleus [16].

The signal pathways governing the nuclear transloca-
tion of NF-xB from the cytoplasmic inhibitory complex
initiated by diverse stimuli have been extensively studied
in the past two decades [3-5, 17-20]. Typically, NF-xB



complexes are retained in a latent cytoplasmic form in
unstimulated cells through binding to a member of the
inhibitor of NF-kB (IxB) protein family, which masks the
nuclear localization sequence of associated Rel proteins.
Activation of the IkB kinase (IKK) complex induces the
phosphorylation and subsequent degradation of IkBs [21].
NF-kB is thus liberated by this cytoplasmic “switch”
and subsequently translocates into the nucleus, where
it acts as a transcription factor by binding to regulatory
DNA sequences known as kB sites [22]. However, there
are significant differences in the precise sequence of dif-
ferent kB sites. Moreover, the presence of Rel family
homodimers or heterodimers at kB sites appears insuffi-
cient for full induction of target genes [13]. In particular,
it remains unclear as to how a small subset of relevant
kB sites can be selectively recognized by NF-«B over the
large excess of potential binding sites, given a specific
stimulus. Ever-increasing evidence has demonstrated
that both the recruitment of NF-kB within the nucleus
to target genes and the ensuing transcriptional events
are actively regulated [23, 24]. Recently, a growing list
of novel molecules has been identified to modulate NF-
kB transcriptional activity in the nucleus [25, 26]. These
observations suggest that the nuclear “signaling” of NF-
kB is more abstruse than initially considered, adding
another level of complexity to the complicated, but el-
egantly regulated, NF-kB signaling pathway. This review
will highlight our current knowledge of the nuclear NF-
kB regulation, emphasizing new insights gained through
recent studies and focusing on NF-«B from its gain of
access to the nucleus through to the termination of ex-
pression of its target genes.

Non-Rel integral subunit of NF-xB

How NF-«B selectively recognizes certain kB sites to
achieve specific gene transcription is an area of intense
interest, but remains incompletely understood. It has long
been thought that the usage of certain Rel dimers could
be dictated by the variability of kB sequences at specific
promoters, based on the principle that each kB site vari-
ant could preferentially recruit one type of Rel dimer
over others [23, 24]. However, the kB site sequence in
target genes and the specific Rel dimer requirement are
not consistently correlated [27]. Various kB sequences
do impart specific configurations for NF-kB binding,
made evident from observations that a single nucleotide
change in «B sites affected the formation of productive
interactions between Rel subunits and coactivators [28].
The presence of other proteins, beyond Rel subunits, in
the native NF-xB complex was implied by the largely
ignored contradiction in the size of native NF-xB from
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nuclear extracts (> 200 kD) versus NF-«kB reconstituted
from purified p50 and p65 proteins (115 kD) [14]. Sup-
port for this hypothesis also comes from other studies.
For example, native NF-kB complexes derived from cells
exhibited a 100-fold higher affinity to the canonical Ig
kB DNA-binding site than the reconstituted p65-p50 het-
erodimers from recombinant proteins [15]. Also, several
genome-wide analyses have revealed a large number of
NF-kB-binding motifs beyond recognizable kB sequenc-
es [29-31]. These results strongly hint that other integral
non-Rel components in the NF-kB complex could not
only regulate NF-xB activity but also contribute to the
strength and specificity of DNA binding as an essential
component.

One such non-Rel subunit has been identified as RPS3
in certain NF-kxB DNA-binding complexes, where it is
essential for the recruitment of NF-kB p65 to the selected
kB sites [13]. RPS3 was revealed to interact with p65 in
a proteomic screen and demonstrated to be instrumental
for NF-kB transactivation. The featured heterogeneous
nuclear protein K (hnRNP K) homology (KH) domain
of RPS3, a structural motif that binds single-stranded
RNA and DNA with some sequence specificity [32], is
essential for its association with p65 [13]. Several lines
of evidence demonstrate that RPS3 functions as an in-
tegral part of NF-kB: it associates with the p65-p50-
IxBa cytoplasmic sequestration complex in resting cells;
upon stimulation, RPS3 specifically translocates to the
nucleus and binds to kB sites in a large number of NF-
«B-dependent genes in response to diverse stimuli; RPS3
exists in endogenous NF-kB DNA-binding complexes,
as indicated by the ability of RPS3-specific antibodies to
supershift or diminish p65-containing DNA complexes in
electrophoretic mobility shift assays (EMSAs); and there
is a significant correlation between RPS3-dependence
and p65-dependence in transcription of a subset of NF-
kB target genes induced by T-cell receptor ligation [13].
Therefore, RPS3 is an integral subunit of NF-xB rather
than a coactivator, given that RPS3 itself possesses little,
if any, intrinsic transcriptional-activating ability [13].
More strikingly, RPS3 protein exerts a dramatic synergis-
tic effect on the DNA-binding activity of both p65-p65
and p50-p65, but not of pS0-pS0 complexes in EMSAs
[13]. As a DNA-binding component, RPS3 dramati-
cally stabilizes NF-kB association with certain cognate
kB sites, which provides an important clue to the unex-
plained extremely high affinity of native NF-xB com-
plexes for kB DNA [15]. By contrast, although over 100
proteins have been reported to interact with p65, no other
Rel-interacting protein has been clearly demonstrated to
be integrated into endogenous NF-kB complexes or to
substantially augment the DNA-binding activity of NF-
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kB, as assessed in vitro by utilizing recombinant proteins
in EMSASs [16]. Moreover, the essential role of RPS3
in regulating NF-xB transcription has been highlighted
in certain key physiological processes, including induc-
tion of immunoglobulin-k light chain gene expression
in B cells, and cell proliferation and cytokine secretion
in T cells [13]. More recently, more nuclear RPS3 was
observed in pro-B, pre-B, and immature B cells from re-
ceptor-editing model mice (B/-8" a-HEL-x) compared
with the same population of cells from mice with innocu-
ous B-cell receptors (BI-8 a-HEL-x), suggesting RPS3
contributes to NF-xB regulation during B-cell receptor
editing [33].

The identification of RPS3 underscores the inherent
complexity of NF-«kB itself. The DNA-binding capability
of NF-«B is actually conferred not only by the Rel sub-
units but also by the integral non-Rel subunits, for exam-
ple, RPS3. Since RPS3 is only required for selected xB-
regulated genes to be activated under certain conditions
and preferentially directs NF-kB complex binding to kB
sites with certain sequence specificity, we refer to RPS3
as a “specifier” subunit of NF-kB [16]. The complexity
of NF-kB-regulated transcriptomes suggests that there
are actually multiple molecular complexes containing
RPS3-like “specifier” subunits with different gene acti-
vation specificities that all masquerade as a single NF-xB
complex in the nucleus [16]. This suggests a new model
of NF-kB regulation in which the DNA-binding activ-
ity could be regulated within NF-kB complexes through
synergistic interaction between Rel and non-Rel subunits.
Whether the RPS3 subunit is essential for other NF-xB
activation-inducing stimuli, and whether its targeting
of NF-kB complexes to specific kB sites is cell context
specific, deserve further investigation. Undoubtedly, the
identification of additional “specifier” subunits of NF-xB
will shed more light on the regulatory specificity of NF-
kB in the nucleus, particularly the selective recognition
and transcription of NF-kB target genes.

Membrane proteins

It is striking that some traditional signaling molecules
that normally work close to the plasma membrane have
also been shown to expend novel function in regulating
NF-kB transcriptional activity in the nucleus. For ex-
ample, Aktl, a serine/threonine protein kinase that func-
tions immediately downstream of plasma membrane-
tethered phosphoinositide 3-kinase, was also observed to
translocate into the nucleus and complex with p65 and
Ki-Ras to enhance NF-kB transcriptional activity [34].
More surprisingly, similar nuclear functions have been
ascribed to some integral membrane proteins, such as the

tumor necrosis factor (TNF) receptors (TNFR). Although
most studies of TNFRs have focused on their signaling
capacity from the plasma membrane and cytoplasm on
recognition of cognate TNF family ligands [35], recent
reports demonstrate that several TNFR members translo-
cate into the nucleus to interact with distinct NF-kB Rel
subunits and regulate the transcription of NF-kB target
genes (Table 1).

For example, the TNFR family member CD40
(TNFRSFS5) has been extensively studied as a cell sur-
face receptor; however, it was recently shown to be pres-
ent not only in the plasma membrane and cytoplasm but
also in the nucleus of human normal and lymphoma cell
lines [36]. Nuclear CD40 interacts with c-Rel, but not
with p65, subunits of NF-kB and complexes with c-Rel
on the promoters of some NF-«kB target genes, thereby
enhancing c-Rel-mediated transactivation [37]. Thus, the
cooperation between nuclear CD40 and c-Rel appears to
be important in regulating genes involved in lymphoma
cell proliferation and survival [37].

Similarly, BAFF-R protein (TNFRSF13C) contains a
nuclear localization signal sequence, and can be present
in the nuclei of both normal and neoplastic B cells [38].
Nuclear BAFF-R bridges and enhances the phosphory-
lation of histone H3 by IKKp, and also associates with
c-Rel, for subsequent recruitment to NF-kB target gene
promoters for initiation of transcription. Through its
novel nuclear function in remodeling chromatin structure
and modulating NF-kB transcriptional activity, BAFF-R
promotes the survival and proliferation of both normal
B cells and B-cell lymphoma. Interestingly, the c-Rel
subunit benefits from both CD40 and BAFF-R associa-
tion to facilitate the transcription of NF-«xB target genes;
it is possible that those genes that employ both TNFR
partners may encompass the normal physiology of B-cell
survival and growth, whereas distinct genes specified by
CDA40 or BAFF-R could be involved in the pathophysiol-
ogy of diverse B-cell malignancies and diseases.

Finally, CD30, another TNFR family member
(TNFRSF8), regulates NF-«B transcription in the nucleus
through a novel mechanism. Although it does not trans-
locate to the nucleus itself, CD30 instead recruits the
aryl hydrocarbon receptor nuclear translocator (ARNT)
after internalization within endosomes [39]. As the CD30
signal progresses, ARNT translocates to the nucleus
and potently and specifically associates with RelB to
enhance binding of RelB to kB sites. This ARNT-RelB
complex represses the transcription of NF-kB target
genes by competing with p65 for binding to certain kB
sites, since ARNT silencing impaired RelB but potenti-
ated RelA recruitment to kB sites [39]. In contrast to
this repressive function for RelB in competing with p65
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Table 1 Recently identified participants of the nuclear signaling of NF-kB regulation

Nuclear participants Functions in NF-kB transactivation

References

Integral NF-kB subunit
RPS3 Interacts with p65, facilitates NF-kB binding to DNA and preferentially directs
NF-kB complex to certain kB sites; enhances NF-kB transactivation
Membrane proteins and signal molecules
Aktl Interacts with p65, and forms a complex with p65 and Ki-Ras in the nucleus;
enhances NF-kB transactivation
CD40 Interacts with c-Rel and is recruited to the promoters of some NF-kB target genes;
enhances NF-kB transactivation
BAFF-R Interacts with c-Rel and is recruited to the promoters of some NF-«B target genes;
bridges and enhances the phosphorylation of histone H3 by IKKf}; enhances
NF-«kB transactivation

Strictly nuclear proteins

Akirin A highly conserved nuclear factor required for innate immune responses
AKIP1 Interacts with p65 and retains p65 in the nucleus; recruits PKAc to phsphorylate p65
and enhances the assembly with coactivator CBP/p300 and the binding of NF-xB
to target DNA
CHFR Interacts with p65 and attenuates p65 transcriptional activity
Coregulators
AEG-1 Interacts with p65 and bridges the binding of NF-kB, CBP, and basal transcription

machinery; functions as a coactivator
ING4 Interacts with p65 and is recruited to the kB promoters simultaneously with NF-«kB;
functions as a corepressor
Histone modifiers
SIRT6 Deacetylates histone H3 lysine 9 on the kB promoters to attenuate the p65 promoter
occupancy; attenuates NF-«xB transactivation
EGCG A novel histone acetyltransferase inhibitor; attenuates the recruitment of p300 and
inhibits the acetylation of p65; attenuates NF-kB transactivation
Transcription factors
ARNT Is recruited by CD30 in the endosomes; complexes with RelB and enhances the binding
of RelB to kB sites to compete with p65; attenuates NF-kB transactivation
Nurrl Is recruited by Ser 468-phosphorylated p65 to dock at the NF-kB complex on target
promoters; subsequently recruits the COREST corepressor complex, resulting in

clearance of p65; attenuates NF-«B transactivation

NRF Interacts with p65 and binds to the /L-8 promoter; required for NF-kB transactivation
Terminators

p28UANK Interacts with p65 and exports p65 to the cytoplasm; attenuates NF-kB transactivation

PDLIM2 Interacts with p65 and translocates nuclear p65 for polyubiquitination and degradation;

attenuates NF-«B transactivation

COMMDI1 Interacts with p65 and accelerates the ubiquitination and degradation of p65; attenuates
NF-«B transactivation

GCN5 Interacts with p65, associates with COMMDI1 ubiquitin ligase complex, and facilitates
proteasomal elimination of nuclear p65; attenuates NF-kB transactivation

MuHV-4 ORF73 Interacts with p65, poly-ubiquitinates p65 for subsequent proteasomal degradation of

nuclear p65; attenuates NF-kB transactivation

Wan et al. [13]

Kwon et al. [34]

Zhou et al. [37]

Fuet al. [38]

Goto et al. [41]

Gao et al. [43]

Kashima et al. [44]

Sarkar et al. [45]

Nozell et al. [46]

Kawahara et al. [48]

Choi et al. [67]

Wright and Duckett [39]

Saijo et al. [51]

Nourbakhsh et al. [66]

Chen et al. [55]
Tanaka et al. [58]

Maine et al. [61]

Mao et al. [62]

Rodrigues et al. [64]
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after CD30-stimulation, a previous study reported that
p65, after phosphorylation of serine 276, can repress the
DNA-binding capacity and transcriptional activity of
RelB. This repression of RelB function subsequently in-
duces selective p65-dependent gene activation following
TNFR-mediated NF-xB activation [40]. These reciprocal
regulatory mechanisms for selective NF-kB target gene
transcription, in response to two different TNFRs, could
be cell context-specific or redirected by ARNT during
xenobiotic and hypoxic responses.

Strictly nuclear proteins

The sophisticated regulation of NF-kB signaling has
been reinforced by the identification of proteins that lo-
calize exclusively in the nucleus to participate in NF-kB-
mediated gene transcription once NF-kB gains access to
the nucleus. An excellent example comes from a recent
study of the highly conserved Akirin protein family [41].
Albeit no functions or recognizable domains were previ-
ously reported, the nucleus-restricted Akirins were re-
vealed to play critical roles in regulating the transcription
of NF-kB-dependent genes [41]. Akirin was identified
in an unbiased high-throughput RNA interference screen
analyzing the innate immune response of Drosophila S2
cells [41]. Drosophila Akirin acts in parallel with the NF-
kB transcription factor ortholog Relish and is required
for defense against Gram-negative bacteria, whereas both
the human and mouse genomes contain two homologs
of Akirin [41]. Although Akirinl knockout mice have no
obvious phenotype, Akirin2 knockout mice are embryon-
ic lethal. Akirin2 appears to execute an essential function
downstream in the nuclear regulation of NF-kB, as evi-
denced by the observation that Akirin2-deficient mouse
embryonic fibroblasts are defective in the upregulation of
certain NF-«kB target genes induced by Toll-like receptor
ligands, TNF and interleukin (IL)-1p [41]. Akirins were
proposed to bind a still undetermined intermediate pro-
tein that in turn interacts with NF-xB. This affects DNA
binding or the interaction with chromatin or components
of the transcriptional machinery, since Akirins apparently
do not bind to DNA or NF-xB by themselves [41, 42].
Therefore, it is clearly important for future studies to elu-
cidate the precise mechanism by which Akirins modulate
NF-«xB transcriptional activity in the nucleus. Neverthe-
less, the discovery of such a highly conserved nuclear
factor required for innate immune responses demon-
strates the complexity of NF-kB nuclear regulation and
hints that other missing components surely exist but still
need to be identified.

Several other nuclear proteins were also recently iden-
tified to be involved in NF-«B signaling regulation in

the nucleus, such as the protein kinase A-interacting pro-
tein 1 (AKIP1) [43] and the CHFR protein, encoded by
checkpoint with forkhead and ring finger domains gene
[44] (Table 1). AKIP1 was revealed to retain p65 in the
nucleus and recruit the catalytic subunit of PKA (PKAc) to
phosphorylate p65. Therefore, AKIP1 augments NF-kB
transactivation by dramatically enhancing the assembly
of p65 with the CBP/p300 coactivator and subsequent
binding of NF-kB to target DNA. In contrast, CHFR was
shown to physically interact with p65 and antagonize the
transcriptional activity of p65 [44]. Although the precise
mechanism by which CHFR attenuates p65 transcrip-
tional activity still needs further definition, a functional
relationship between CHFR-regulated IL-8 expression in
human cancer cells and inflammation/angiogenesis was
discerned in a xenograft model.

Coregulators and chromatin modulation

The recognition and binding of NF-xB complexes to
target DNA are not sufficient for full gene transcription.
A vast array of coregulators, including coactivators and
corepressors, have been implicated to play a crucial role
in nuclear NF-kB signaling, most of which physically as-
sociate with Rel subunits. Recent work on the astrocyte
elevated gene-1 (AEG-1) [45] and the inhibitor of growth
4 (ING4) [46] in malignant glioma has further expanded
this extensive list. AEG-1 is not found within the nucle-
us; however, on TNFa treatment, it translocates into the
nucleus and associates with p65. AEG-1 was also ob-
served to interact with CBP and complex at the promoter
of IL-8 gene, thus functioning as a coactivator to bridge
NF-kB, CBP, and basal transcription machinery [45]. In
contrast, ING4 was recently identified as a corepressor of
NF-«xB transactivation. It is recruited to the kB promoters
simultaneously with NF-«xB, which correlates with reduc-
tions in p65 phosphorylation, p300 recruitment, and the
levels of acetylated histones, but enhances the levels of
HDAC-1 at these promoters [46]. Thus, ING4 negatively
regulates the activity of the NF-xB bound to target gene
promoters through its specific interaction with p65 [46].

Chromatin structure and epigenetic state are also
extremely important for determining proper expres-
sion of NF-kB-dependent genes [47]. This concept has
been reinforced by recent work on SIRT6 of the sirtuin
(SIRT) family of proteins [48]. Besides their critical role
in lifespan regulation, SIRT proteins have also been im-
plicated in modulating NF-kB-dependent transcription
through multiple mechanisms. SIRT1 employs the strat-
egy of posttranslational modulation to suppress the NF-
kB p65 transcriptional activity: it physically associates
with and directly deacetylates p65 at lysine 310 [49]. In
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contrast, SIRT6 attenuates NF-«xB signaling by function-
ing at the chromatin level [48]. Although it directly binds
to p65 like SIRT1, SIRT6 deacetylates histone H3 lysine
9 (H3K9) on the promoters of NF-kB target genes to de-
crease promoter occupancy by p65, rather than directly
modulating p65 [48]. The possibility remains that SIRT6
could also be recruited to certain promoters, which are
vital for lifespan regulation, beyond that of NF-«kB target
genes. However, the contribution of NF-«xB signaling to
premature and normal aging is underscored by the ob-
servation that haploinsufficiency of p65 rescues the early
lethality and degenerative syndrome of Sirt6-deficient
mice [48]. The interaction of SIRT6 and p65 may pro-
vide a therapeutic target for aging-associated diseases;
however, the key NF-kB target genes associated with
aging remain undefined, and how signal termination by
SIRT6 balances the dynamic pattern of important NF-xB
target genes at a genome scale will need to be addressed.

Crosstalk between transcription factors

One important strategy to elegantly control and ef-
ficiently execute NF-xB transcriptional activity is via
crosstalk with various other transcription factors, with
these formed complexes resulting in either synergistic
activation or antagonistic inhibition of NF-«kB target gene
expression. An ever-expanding list of transcription fac-
tors has been reported to cooperate with NF-xB for fine-
tuning of specific gene transcription. For example, the
formation of an NF-kB/activator protein 1 complex leads
to activation of both transcription factors, whereas the
interaction of NF-kB and the CCAAT/enhancer-binding
protein B (C/EBPp) leads to the enhancement of C/EBPf
activity but repression of NF-kB [50]. The recently
identified association of NF-kB with Nurrl, a transcrip-
tion factor belonging to the NR4A subfamily of nuclear
receptors, is a clear example of coregulation of NF-xB
activity by coupling to other transcription factors [51].

Nurrl is critical for the expression of the gene encod-
ing tyrosine hydroxylase, a key enzyme in dopamine
synthesis, and mutations in Nurrl are linked to familial
Parkinson’s disease. However, Nurrl has also been im-
plicated in an unexpected feedback loop, regulating the
expression of proinflammatory neurotoxic mediators in
both mouse microglia and astrocytes [51]. Nuclear glyco-
gen synthase kinase 3 phosphorylates p65 in the active
NF-kB complex at serine 468, which enables the phos-
phorylated p65 to recruit Nurrl to the NF-xB complex
on target inflammatory gene promoters. Subsequently,
Nurrl recruits the CoREST corepressor complex, result-
ing in clearance of p65 and attenuation of inflammatory
gene transcription by NF-xB [51]. This study also high-
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lights the so-called “transrepression” mechanism shared
by other nuclear receptors in suppressing inflammatory
gene expression [52]. These nuclear receptors inhibit
transcription by preventing the inflammatory signal-
specific removal of the corepressor complexes containing
SMRT and NcoR from promoters, rather than by direct
binding to the regulatory elements in target promoters.
Like other NR4A subfamily members, Nur77 and Norl,
Nurrl itself can also augment the expression of target
genes by directly binding to regulatory elements in their
promoters. Thus it will be interesting to dissect the rela-
tive contributions of transrepression and transactivation
in Nurrl-dependent regulation of inflammation, which
could be particularly important for validating the Nurrl
nuclear receptor as a potential therapeutic target.

Termination of NF-kB transactivation

Appropriate termination of NF-kB transcriptional
activity is required to return NF-xB to latent complexes
sequestered in the cytoplasm, thereby maintaining the
cell’s responsiveness to subsequent stimuli. Thus far,
studies have demonstrated that this procedure is elegant-
ly controlled by at least two mechanisms: reshuttling of
NF-kB to the cytoplasm by the newly synthesized 1kBs,
thus creating a negative-feedback loop [53], and termina-
tion of NF-xB activity by the ubiquitination-dependent
degradation of NF-kB subunits in the nucleus [54].

The IkB negative-feedback loop constitutes the most
prevalent and best understood mode of NF-kB regula-
tion. Activation of NF-kB requires the degradation of the
IkBs, allowing free NF-kB complexes to translocate to
the nucleus. However, transcription of the NFKBIA gene
that encodes IkBa is induced immediately after NF-kB
enters the nucleus and binds to its promoter. This gen-
erates newly synthesized IxBa that enters the nucleus,
dissociates NF-kB from DNA, and escorts it back to the
cytoplasm. Such a negative-feedback regulation was also
revealed for IxBf and IxBeg, albeit with different kinet-
ics of degradation and resynthesis [53]. An oncoprotein
known as p28°*™ was recently discovered to suppress
NF-kB by retaining it in the cytoplasm via nuclear export
of p65. This process was dependent on complete ankyrin
repeats in p28°*"* that are prototypical features among
IxB family proteins [55]. Importantly, the cycle of induc-
tion and suppression of IkB causes antipodal oscillations
of nuclear NF-xB. The oscillatory pattern induced by this
negative-feedback loop may play a functional role in de-
termining the expression pattern of certain NF-«kB target
genes [56].

Additionally, other nuclear signaling events regulate
the termination of NF-kB response even in the absence
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of IkBa [57]. Polyubiquitination and degradation of NF-
kB subunits in the nucleus are apparently involved in this
procedure, suggesting a critical contribution from specif-
ic E3 ubiquitin ligases in controlling NF-xB target gene
expression [54]. Currently, two ubiquitin ligase complex-
es have been reported to be responsible for the degrada-
tion of the NF-kB p65 subunit in the nucleus. PDLIM2
is an ubiquitin ligase that controls the fate of nuclear p65
[58]. It transfers nuclear p65 to the proteasome-enriched
promyelocytic leukemia nuclear bodies, where the polyu-
biquitinated p65 is rapidly degraded, thus terminating the
NF-«B activity [58]. The other is the “copper metabolism
gene MURRI1 domain 17 (COMMD1), a ubiquitously
expressed NF-kB inhibitor [59]. It plays a nonenzymatic
role in the EC2S multi-subunit E3 ligase complex, in
which it increases the association of p65 with the sub-
strate-binding protein, suppressor of cytokine signaling
1, thus accelerating the ubiquitination and degradation of
p65 [60, 61]. More recently, Mao et al. [62] reported that
a histone acetyltransferase, GCNS5, associates with the
COMMDI ligase complex, promotes p65 ubiquitination,
and represses kB-dependent transcription. Moreover,
GCNS5 binds more avidly to p65 after phosphorylation on
serine 468 by the IKK complex, which suggests that spe-
cific phosphorylation of p65 contributes to the efficiency
of COMMD-1-dependent ubiquitination and the selec-
tive disassembly of NF-xB [62, 63]. The physiological
importance of proteasomal degradation of NF-xB was
underscored by a novel viral mechanism to suppress NF-
kB activity [64]. The open reading frame 73 (ORF73)
protein encoded by the murid herpesvirus-4 (MuHV-4)
inhibits host NF-kB transcriptional activity through poly-
ubiquitination and subsequent proteasome-dependent
nuclear degradation of p65 [64]. Thus, ORF73 is capable
of contravening the NF-kB-dependent host immune re-
sponses. Collectively, the specific E3 ubiquitin ligases
that target p65 clearly contribute to the negative control
of gene transcription, especially serving to prevent ex-
cessive induction of genes involved in the inflammatory
response.

Specific inhibition of NF-kB by targeting nuclear
signaling

Since NF-«B is present in almost all nucleated cells
and is involved in many different cellular pathways and
functions, application of agents to inhibit NF-kB may
involve side effects [26]. On the other hand, inhibition
of NF-«B signaling by targeting downstream nuclear
regulators of NF-«xB signaling pathways may specifi-
cally abolish certain functions of NF-kB without globally
abolishing its activity. This concept was illuminated by a

recent study showing selective inhibition of IL-8 expres-
sion by peptide-mediated disruption of an essential nu-
clear regulator of NF-xB [65]. A constitutively expressed
nuclear transcription factor, NF-xB repressing factor
(NRF), was shown to interact with p65 and bind to the
IL-8 promoter in IL-1-stimulated cells, which is crucial
for the transcriptional activation of /L-8 gene [66]. To
search for a specific inhibitor of IL-8 expression, Bartels
et al. [65] conducted tandem affinity purification target-
ing this downstream NRF-p65 interaction and identified
a synthetic peptide corresponding to a.a. 223-238 of NRF
that could interfere with the binding of endogenous p65
to NRF. Introduction of this inhibitory peptide into the
nucleus specifically disturbs the NRF-p65 interaction,
thus significantly decreasing endogenous /L-§8 gene tran-
scription in response to multiple stimuli [65]. Obviously,
the adverse side effects and therapeutic benefits of this
inhibitory peptide in combating inflammatory and infec-
tious diseases need further exploration, especially in ani-
mal models; nevertheless, it could serve to facilitate drug
design based on a novel strategy to specifically inhibit
NF-«kB transcription.

Other than synthetic peptides, natural compounds
have also been screened for specific blockers of NF-xB
transcriptional activity by targeting events in the nucleus.
For example, recent work by Choi ef al. [67] focused on
the critical role of hyperacetylation of p65 for NF-kB ac-
tivation. The screening study was conducted with natural
compounds to explore those with histone acetyltrans-
ferase inhibitor (HATi) activity. Through this method,
Epigallocatechin-3-gallate (EGCG), the major polyphe-
nol found in green tea, was identified as a novel HATi
with broad specificity for the majority of HAT enzymes,
but not for other epigenetic enzymes [67]. EGCG attenu-
ates the recruitment of p300 with an increased binding of
the histone deacetylase 3, blocking the acetylation of p65
and NF-kB target gene expression in response to myriad
stimuli. Furthermore, EGCG treatment completely
blocks Epstein-Barr Virus infection-induced cytokine
expression and subsequent B lymphocyte transformation,
both of which require NF-«B transactivation [67].

Concluding remarks

NF-kB has represented a paradigm for signal transduc-
tion and gene regulation for over 20 years because of its
extensive involvement in key cellular processes, particu-
larly in immune and inflammatory responses. An increas-
ing body of literature illustrates that specific signaling in
the nucleus is as equally important as cytoplasmic events
for controlling the transcriptional activity of NF-kB. The
mechanisms of these effects involve the synergistic in-
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teraction of Rel and non-Rel subunits within the NF-xB
complex, participation of strictly nuclear proteins, cross-
talk with other transcription factors, remodeling of chro-
matin structures, nuclear turnover of NF-kB, and other
effects (Figure 1). Although the nuclear components of
NF-«kB regulation have been intensely studied, numerous
unanswered questions remain to be addressed. These in-
clude the precise mechanism of RPS3-mediated specific
NF-«B transcription; the characterization of unknown
additional “specifier” subunits of NF-kB and cofactors
restricted to the nucleus; the precise mechanism of chro-
matin modeling; and the identification of additional spe-
cific E3 ubiquitin ligases that target NF-xB for nuclear
degradation.

Besides its extensive role in regulating the immune
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response and cellular metabolism, a growing number
of studies demonstrate that aberrant NF-kB signaling is
critical for the development of various diseases, especial-
ly inflammatory diseases and tumors. This makes NF-
kB signaling pathway even more tantalizing as a focus
for research on pharmacological interventions. Thus far,
numerous therapeutic agents that inhibit either activation
or function of NF-kB have been identified, including a
variety of natural and synthetic molecules [68]. Target-
ing specific downstream nuclear regulators of NF-xB
signal pathways could represent an innovative approach
to block NF-kB activation in specific contexts and avoid
unwanted global effects. Therefore, a more complete
elucidation of the mechanisms that dictate nuclear regu-
latory specificity of NF-kB will not only revise or add to

CYTOSOL

S LT e T e

NUCLEUS

) NFxB ) .0 Strictly nuclear proteins

R m——
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Figure 1 The nuclear regulation of NF-«xB. After it gains access to the nucleus, NF-«kB transcriptional activity is elegantly con-
trolled by a number of nuclear regulators, as illustrated in blue, including non-Rel subunits such as RPS3 (S3) within the NF-
kB complex, proteins restricted to the nucleus or translocated from the plasma membrane, other transcription factors, and
chromatin modifiers. Two distinct pathways to terminate NF-«xB transactivation, as illustrated in red, involve (l) IkB-mediated
restitution of NF-«xB to the cytoplasm and (Il) ubiquitination-dependent nuclear degradation.
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our fundamental knowledge of gene regulation but also
reveal better and more specific targets for pharmacologi-
cal interventions.
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