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Abstract

NF-«B transcription factors were discovered 25 years ago and since then
they have been in the focus of biomedical research. Their important role in
immune system development is recognized and NF-KB is becoming more
attractive because of its role in cancer biology. Understanding the molecular
mechanisms controlling NF-KB activity appear important as possible ther-
apeutic targets of numerous human diseases. Here we summarize how
ubiquitin networks control the NF-kB pathway and specifically focus on
recent findings implicating linear ubiquitin chains as critical components
in this process.

The ubiqutin system

biquitin is highly conserved and ubiquitously expressed, 76 ami-

no acid long protein present in all eukaryotic cells. Its C-terminal
end can be covalently attached to other proteins in a stepwise enzymatic
reaction called ubiquitination. Ubiquitination is catalyzed by three en-
zymes E1 (ubiquitin-activating enzyme), E2 (ubiquiting-conjugating
enzyme) and E3 (ubiquitin ligase) (5, 25, 31, 40). E1 hydrolyses ATP
and transfers activated ubiquitin to E2. Once charged, E2 enzyme
transfers ubiquitin to E3 ligase, which facilitates ligation of ubiquitin
carboxyl terminus to the amino terminus of lysine (K) residue of sub-
strate. Enormous potential of biological processes regulation by ubi-
quitin system can be viewed through number of genes involved in en-
zymatic reactions underlying conjugation of ubiquitin to substrate pro-
teins; there are only two El genes, around 50 E2 genes and over 600
known E3 genes. In addition, there are over 100 enzymes that are re-
moving conjugated ubiquitin from protein substrates named deubi-
quitinases (DUB’s) (37). Furthermore, the involvement of ubiquitin in
numerous cellular processes is additionally complexed through existence
of more than 20 different structural families of ubiquitin-binding do-
mains (UBD) that are recognizing ubiqutinated proteins (6). All above
options opens many possibilities for fine-tuning and precise regulation
of diverse biological networks ranging from signal transduction, pro-
tein activation and degradation, to developmental processes and cancer.

Seven lysines in ubiquitin (K6, K11, K27, K29, K33, K48 and K63)
are enabling the formation of different ubiquitin chains, e.g. K48 or
K63 chains, through conjugation of one ubiquitin to another via lysine
linkage that then mediate different functions (15). Moreover, the for-
mation of non-lysine-linked chains where amino terminus of one
ubiquitin is bound to carboxyl terminus of another to form linear
ubiquitin chain has been recently described. Signal transmission in
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cells can also be achieved through the attachment of a
single ubiquitin to the target molecule in the process
known as monoubiquitination (15). The type of ubiqui-
tin modification of the target is mainly determined by E2
and E3 enzymes. For example, E2 enzyme UBCI3 to-
gether with E2 variant UEV] and TRAF3 create K63-
-polyubiquitin chains, while UCB5/ROC1/SCF!TCP com-
plex promotes formation of K48 chains (36). Different
types of chains are recognized by specific ubiquitin bind-
ing domains (UBDs) that serve as receptors thus deter-
mining fate of ubiquitinated protein (6), e.g. proteaso-
mal Rpn13 ubiquitin associated UBA-domain binds K48
chains labeling substrates for degradation via proteaso-
me, while UBAN domain of NEMO binds K63 chains
and promotes signaling via NF-xB (75).

Similar to phosphorylation, ubiquitin modifications
on target proteins can be removed by deubiquitinating
enzymes (DUBs), a papain-like cysteine proteases or
metalloproteases (37, 38). DUBs are critical regulators in
ubiqutin system, which is nicely demonstrated by ge-
netic ablation of deubiquitinase A20 that results in exces-
sive inflammation in many organs due to unlocking of
NF-«B activity; its alterations are found in lymphomas
and autoimmune disorders (19, 21). The same applies
for another NF-kB DUB regulator — CYLD which is
clearly demonstrating that ubiquitination and deubiqui-
tination cycle in NF-kB pathway is important for cellular
homeostasis. Ubiquitin system within itself has potential
of initiating numerous cellular processes by ubiqutina-
ting particular substrates as well as controlling the same
process by deubiqutination. If we consider hundreds of
different enzymes involved in a ubiquitination process,
hundred of different DUBs, many different ubiquitin
chains and many different ubiquitin binding domains, it
is not hard to imagine the complexity and specificity by
which processes in our cells are controlled through ubi-
quitin system (14).

The NF-xB signaling pathway

NF-kB transcription factors were described 25 years
ago (32) as a proteins thatbind to the regulatory region of
antibody kappa light chain gene. There are five NF-xB
transcription factors (the NF-kB family) and they in-
clude: RelA (p65), RelB, c-Rel, NF-kB1 (p50; pl105),
NF-xB2 (p52;p100) (22). As a transcription factor, all
NF-kB proteins possess DNA binding, dimerization and
nuclear localization domains (NLD) located within Rel
homology domain (RHD). Some of them, RelA, RelB
and c-Rel, also have transcriptional activation domain
(TAD), while others (NF-kB1, NF-kB2) make dimers
with TAD-possessing and rely on their TAD to positively
regulate gene transcription. The NF-kB1 and NF-xB2
transcription factors are secreted as precursors (p105 and
p100) and are proteolyticaly processed into smaller, trans-
criptionaly active units. The NF-kB transcription factors
act as dimers and among 15 different possibilities, 12
dimers bind to DNA, with p65/p50 dimer being most
commonly employed (13). This pathway is centered on
trimeric IKK (IkB kinase) complex containing two cata-

lytic units IKKo and IKKf and one regulatory subunit
IKKYy also called NEMO (NF-kB essential modulator).
After activation, IKKf subunit phosphorylates I-kBal on
Ser32 and Ser36, which is followed by its ubiquitination
at K19 by K48-linked ubiquitin chains. Phosphorylated
and ubiquitinated I-kBa is degraded by proteasome,
while NF-kB dimer p65/p50 is free to enter nucleus and
activate transcription of their target genes. Upon nuclear
translocation, NF-kB transcription factors bind to the
regulatory unit of their target genes which includes pro-
inflammatory cytokines (TNF-a, IL-6, IL-1f3, BAFF),
survival genes (Bcl-X;), adhesion molecules (VCAM,
ICAM-1, E-selectin), chemokines (IL.-8, RANTES, BLC),
enzymes like iINOS and COX-2 and others (18, 24).
Such diversity of NF-kB target genes suggests its possible
involvement in many biological processes including immu-
ne system development, inflammatory response and con-
trol of cell differentiation as well as cancer development.

The main mechanism of controlling NF-kB activity is
to hold NF-kB transcription factors in the cytoplasm
bound to their inhibitors IkB (inhibitors of ¥B) (32).
There are six different IkB’s; o, B, €, 8, and Bel-3. They
are characterized by several ankyrin repeats that mediate
their binding to different NF-xB dimers. C-terminal end
of NF-xB1 and NF-kB2 carry an ankyrin repeat that al-
lows them to serve an IkB-like function (36). The best
understood member of IkB family is IkBa. that controls
the activation of classical p65/p50 dimer. Upon TNF-a.
or lipopolysaccharide (LPS) stimulation, IkBo under-
goes rapid degradation in proteasome, liberating p65/p50
dimer to be shifted to the nucleus in order to activate its
target genes, among which is gene IkBa itself. Newly
synthesized IkBa goes to the nucleus where is associated
with DNA-bound p65/p50 dimer and brings it back to
cytoplasm thus, by forming negative feedback loop, ter-
minates its action (4). This is common pattern of IkB’s
action and other inhibitors (B and €) show similar but
slower kinetics then IxBo or may have different func-
tions (IKBC and Bcl-3) (36). In order to allow NF-xB
dimers to translocate to the nucleus, their inhibitors —
IkB’s need to be degraded. Usually, upon cellular sti-
mulation, IkB’s are modified (phosphorylated and ubi-
qutinated) and degraded by proteasome thus liberating
NF-xB transcription factors and allowing their nuclear
accumulation.

NF-kB activation can be achieved in classical (canon-
ical) and alternative (non-canonical) pathway. Classical
NF-«B pathway is activated after TNF-o, IL-1f3 or LPS
stimulation, while alternative pathway is started after en-
gagement of CD40 ligand with CD40. Binding of potent
proinflammatory cytokine TNFa to its receptor TNFRI
induces receptor trimerization and recruits adaptor pro-
tein TRADD (TRNFRI1-associated DEATH domain) to
the receptor. Other proteins, like RIP1 (receptor-interact-
ing protein kinase 1), TRAF2, TRAF5 (TNFR-associated
factor) and E3 ubiquitin ligase cIAP (that ubiquitinates
RIP1) join receptor and together with TRADD form
complex 1. cIAP polyubiquitinates RIP1 and is being poly-
ubiquitinated. Polyubiquitin chains on RIP1 are binding
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TAB2, which mediates recruitment and activation of
TAKI1 (TGF-b activated kinase 1), while ubiquitin chains
on cIAP are binding proteins HOIL-1 and HOIP that
additionally stabilize complex I and are recruiting and
activating IKK. HOIL-1 and HOIP form LUBAC (Lin-
ear Ubiquitin Assembly Complex) that together with our
recently discovered member of LUBAC complex —
SHARPIN (Figure 1) are capable of introducing linear
ubiqutin-modification on NEMO and subsequent acti-
vation of NF-xB (14). Activated IKK leads to phosphory-
lation and degradation of IkBa followed by nuclear
translocation of NF-«kB transcription factors. Following
NF-kB activation, TRADD, RIP1 and TRAF?2 dissociate
from the receptor and together with FADD and procas-
pase-8 form cytosolic, death-inducing, complex II. This
allows procaspase-8 to mature into caspase-8 that subse-
quently activates caspase-3 that triggers apoptosis. In
most cells, rapid TNFa signaling via complex I induces
several anti-apoptotic genes including cIAB, Bcl-xL, cFLIP
thus preventing cell apoptosis by various mechanisms.
For instance, c-FLIP binds to procaspase-8 and pre-
vents its activation and apoptosis while inhibition of
RIP1 polyubiqutination promotes cIAP degradation com-
plex II formation, procaspase-8 activation and apop-

tosis (23, 27).

Another NF-kB signaling pathway activator is cito-
kine IL-1f that together with LPS potently activate the
expression of plethora of pro-inflammatory genes. Re-
ceptors for IL-1f — IL1R and LPS — TLR-4 (Toll like re-
ceptor) have similar cytoplasmic domain called TIR (Toll
like ILIR), which recruit another TIR containing pro-
tein to the receptor complex. Adaptor protein MyD88
(myeloid differentiation primary gene 88) is attracted to
activated receptor ILIR and TLR-4 and in turn recruits
two other proteins: IRAK 4 and IRAK 1 (IL-1 Recep-
tor-associated kinase). IRAK1 binds to E3 ligase TRAF6
that catalyze K63 ubiqutination of TAB2, TAB3 and
NEMO leading to autophosphorylation of kinase TAK1
that is part of the complex (16). Activated TAKI complex
phosphorylates IKKP that leads to subsequent phosphory-
lation and ubiquitination of IkBa., targeting it for pro-
teosomal degradation again leading to NF-kB nuclear
translocation.

In B cells, NF-kB signaling pathway can be activated
through alternative or non-canonical pathway. Follow-
ing stimulation of CD40 and BAFF-R (B-cell activating
factor receptor) receptors three E3 ligases, TRAF2, TRAF3
and cIAD, are recruited to receptor complex. TRAF?2 acti-
vates cIAP by catalyzing its K63 polyubiquitination, which
in turn promotes TRAF3 degradation via K48 polyubi-
quitination. Without TRAF3, NIK (nuclear factor kB-in-
ducing kinse) kinase is stabilized and is free to phos-
phorylate NF-kB2 (p52;p100) precursor which is then
polyubiquitinated and processed by proteasome into its
mature p52 subunit (39). p52 forms a complex with
Rel-B and together they translocate to the nucleus to reg-
ulate expression of the genes relevant for B cell matura-
tion and activation (36).
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Physiological roles played by NF-«B

The NF-kB signaling pathway plays important role
in immune system development, inflammation and can-
cer development. During the process of T-cell matura-
tion, T cells undergo positive and negative selection, in
order to eliminate potentially autoreactive, as well as un-
responsive, T cells. Although mice lacking different com-
ponents of NF-kB did not exhibit big developmental ab-
normalities, Relb~ mice show severe abnormality in the
process of T cell negative selection leading to dermatitis
(2). Classical NF-kB signaling activated by pre-B cell re-
ceptor is responsible for early stages of B cell develop-
ment while BAFF-initiated alternative NF-«xB signaling
is involved in later stages of B cell development. BAFF
transgenic mice accumulate large number of B cells in
the spleen leading to autoimmunity (7). Alternative NF-kB
pathway components NIK and RelB are required for de-
velopment of marginal zone B cells and proper expres-
sion of their integrins (33). Deletion of TRAF2 and
TRAF3 impairs early B cell development as well as ex-
hibits abnormalities in peripheral B cells leading to auto-
immunity (9). Proper differentiation of natural killer
(NK) cells responsible for eradication of infectious agents
and transformed cells is dependent on proper NF-kB
signaling. Furthermore, cytotoxicity of NK cells is com-
promised in patients with mutations in NEMO protein
(28, 30). Mayority of evidence present is obtained from
mouse models and it still partially but nicely underscores
important role of NF-«xB signaling in normal develop-
ment of various immune elements. Regulating synthesis
of many cytokines involved in inflammatory response, in-
cluding TNFa, IL-1B, IL-6 and many more, NF-kB sig-
naling pathway is considered to be the most important
regulator of adequate inflammatory response to different
biological, physical or chemical agents (36).

NF-<B in cancer

Physiological activation of NF-kB signaling leads to
activation of a group of genes regulating basic cellular
properties like proliferation, survival, involvement in in-
flammatory response and resistance to infection. De-reg-
ulation of those processes can result in uncontrollable
cell division, resistance to apoptosis or chronic inflamma-
tion, which are characterizing malignant growth. First
clue that NF-kB can play important role in cancer came
from sequencing of RelA (p65) that instantly suggested
the close relationship to its oncogenic homologue v-Rel
(10). It seems that NF-kB supports cancer development
in two ways. Firstly, in lymphoid malignancies NF-xB
pathway can gain oncogenic mutation and secondly, in
most solid tumors NF-kB is activated without any muta-
tions in itself, but its activity is creating inflammatory
microenvironment through up-regulation of proliferati-
ve (IL-6, TNF-a) and anti-apoptotic (Bcl-X ) cytokines
(17, 18). Initial search for oncogenic NF-kB mutations
led to discovery of Bcl-3 (the IkB member) activation by
chromosomal translocation (8) and to a discovery of acti-
vated NF-kB2 gene due to its gene rearrangement in B
and T cell lymphomas (26). After this initial success,
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only a few more NF-kB mutations were found including
mutation in IxkBa gene in Hodgkin’s lymphoma (3).
Multiple myeloma is another lymphoid malignancy as-
sociated with high NF-xB activity. Extensive search for
genetic abnormalities in this condition revealed muta-
tions in many genes whose proteins are part of NF-kB
signaling cascade, this include NF-kB1, NF-«xB2, TRAF2,
cIAP, CYLD and NIK with the most common abnormal-
ity of TRAF3 inactivation (20).

Although mutations in NF-kB pathway are very rare
in solid tumors, it’s increased activity is detected in al-
most all solid tumors. Chronic inflammation accompa-
nied with high NF-xB activity is making fertile soil for

tumor initiation and development. Furthermore, inflam-
matory processes are often accompanying the tumors
that were not initiated on inflammatory background but
it is shown that it supports tumor growth and metastasis
(1, 34).Itis well known that chronic inflammatory bowel
disease (IBD) are predisposing factors to colon cancer
development and more then 20% IBD patients will de-
velop colon cancer 30 years after IBD diagnosis (35). By
conditional ablation of IKKP in mouse intestinal epithe-
lial cells, it was demonstrated that NF-kB signaling is
playing key role in colon tumorigenesis (/7). Our and
other recent work shows that elevated NF-kB activity, ei-
ther present in IBD or accompanying sporadic or genetic
colon cancer, is driving high expression of IL-6 and
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Figure 1. Activation of the NF-KB pathway via ubiquitin signals. Activated cell surface receptors, such as TNF receptor; recruit a number of mole-
cules with scaffolding and catalytic activities that are ubiquitinated by K63 ubiquitin chains. This leads to the increased complex formation with the
LUBAC that creates linear ubiquitin chain on NEMO and subsequent trans binding of NEMO molecules and activation of the IKK. Following ac-
tivation, the IKKs phosphorylate the inhibitory IKBa protein, subsequently triggering the Lys48-dependent proteasomal degradation of IkBot. Re-
leased from its inhibitor, p65/RelA (NF-kB) dimers translocate into the nucleus and activate transcription of genes promoting cell survival and im-
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TNF-o. which in turn stimulate proliferation and sur-
vival of tumor cells (12, 29). In other solid tumors (he-
patocellular, prostate, breast and others) mechanism by
which NF-xB activation exerts its pro-tumorigenic po-
tential is different but high NF-kB activity in tumor and
accompanying immune cells is equally important (18).

High NF-kB activity is one of the main denominators
of cancer development, which is opening possibility to
use pharmacological means to alter its pro-tumorigenic
potential either by directly targeting its component or by
influencing their ubiquitin or phosphate modifications.
Itis reasonable to expect that future will bring manipula-
tions of NF-kB signaling pathway as a part of anti-tumor
strategy as well as some surprises in mechanisms regulat-
ing this pathway.
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