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Abstract

Nuclear factor kB (NF-kB) is a family of inducible transcription factors that plays a vital role in different aspects of
immune responses. NF-kB is normally sequestered in the cytoplasm as inactive complexes via physical association
with inhibitory proteins termed IkBs. In response to immune and stress stimuli, NF-kB members become activated via
two major signaling pathways, the canonical and noncanonical pathways, and move to the nucleus to exert transcrip-
tional functions. NF-kB is vital for normal immune responses against infections, but deregulated NF-kB activation is a
major cause of inflammatory diseases. Accumulated studies suggest the involvement of NF-kB in the pathogenesis of
renal inflammation caused by infection, injury, or autoimmune factors. In this review, we discuss the current under-
standing regarding the activation and function of NF-kB in different types of kidney diseases.
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Background

Nuclear factor kB (NF-«xB) was initially discovered as a
B cell nuclear protein binding to the k enhancer of the
immunoglobulin k light chain gene [1, 2]. It subsequently
became clear that NF-xB is a ubiquitously expressed
transcription factor that mediates signal-induced expres-
sion of numerous genes involved in different biological
processes, including immune responses, inflammation,
cell growth and survival [3, 4]. Mammalian NF-kB rep-
resents a family of structurally related proteins, includ-
ing RelA (also called p65), RelB, c-Rel, p50 (also called
NF-«xB1), and p52 (also called NF-«kB2), which share
extensive homology in a region known as Rel homol-
ogy domain (Fig. 1). Through this domain, the different
NF-kB members interact to form various homo- and
hetero-dimers and bind to kB sequence elements present
in the promoter or enhancer regions of target genes [4].
Each of the Rel proteins (RelA, RelB, c-Rel) contains a
C-terminal transactivation domain, required for inducing
target gene transcription. p50 and p52 lack a transactiva-
tion domain and functions to modulate the DNA-binding
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activity of NF-«kB by forming Rel/p50 and Rel/p52 heter-
odimers. The homodimers of p50 and p52 are transcrip-
tional repressors that play an important role to prevent
aberrant expression of NF-kB target genes, including
those involved in inflammation [5-8]. However, the p50
and p52 homodimers may also acquire transactivation
function by associating with non-Rel coactivator proteins
[9, 10].

NF-kB dimers are normally sequestered in the cyto-
plasm as inactive complexes via physical interaction with
inhibitory proteins termed IkBs (Fig. 1). A hallmark of
IkBs is the presence of an ankyrin-repeat domain, which
is required for interacting with NF-kB and inhibiting the
nuclear translocation and DNA binding activity of NF-xB
dimers. The most extensively studied member of the IxB
family is IkBa, which is vital for controlling the function
of the prototypical NF-kB dimer, RelA/p50 [11]. Several
other IkB molecules have been characterized, including
IkBB, IkBe, and several atypical IkB proteins [3, 4]. The
IkB family also includes p105 and p100, precursor pro-
teins of NF-kB1 and NF-kB2, respectively [12]. These
precursor proteins contain, in their C-terminal portion,
an IkB-like structure and, thus, function as inhibitors of
NF-«B, belonging to the IkB family (Fig. 1). Generation
of mature NF-«xB1 (p50) and NF-kB2 (p52) involves pro-
teasome-mediated degradation of the IkB-like sequence
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Fig. 1 The mammalian NF-kB and IkB families. The five members of the NF-kB family are schematically shown, with the major domains high-
lighted and the alternative names indicated in parenthes. The rel-homology domain (RHD) mediates DNA-binding and dimerization functions, the
transactivation domain (TD) is required for transcriptional activation of target genes, whereas the leucine zipper (LZ) motif is also involved in target
gene transactivation. The IkB family includes the p50 precursor protein p105, the p52 precursor protein p100, IkBa, IkBp, IkBe, and several atyipical
IkB members that are not shown in the figure. A hallmark of kB members if the presence of ankyrin repeats that are required for inhibition of NF-kB.
The death domain (DD) of p105 and p100 is also important for their IkB-like functions. The PEST (proline, glutamine, serine, and threonine)-like
sequence of IkBa and IkBf mediates protein turnover. RHD rel-homology domain, 7D transactivation domain, LZ leucine zipper, DD death domain,

of p105 and p100. Thus, this so-called processing of p105
and p100 not only generate mature NF-«B1 and NF-kB2
but also disrupts the IkB-like function of these NF-kB
precursor proteins [12—14].

The in vivo functions of NF-kB members have been
extensively studied by gene-targeting approaches in mice.
Despite their structural homology and DNA-binding
similarities, the different NF-kB members have both
overlapping and different functions in vivo [15]. Similarly,
gene-targeting studies have revealed different functions
of the IkB family members. These findings highlight the
complexity of this transcription factor system.

NF-kB signaling pathways

There are two major signaling pathways that mediate
NF-«B activation: the canonical and noncanonical path-
ways [3, 13] (Fig. 2). The canonical pathway relies on a
multi-subunit IkB kinase (IKK), composed of two cata-
lytic subunits, IKKa and IKKp, and a regulatory subunit
named NF-«xB essential modulator (NEMO) or IKKy [3,

4]. IKK responds to various cellular stimuli, including
microbial components, cytokines, growth factors and
mitogens, and agents causing stress. Upon activation,
IKK phosphorylates IkB and, thereby, triggers ubiquitin-
dependent IkBa degradation and release of the seques-
tered NF-kB members, including RelA/p50 and c-Rel/
p50 dimers. The major IkB member regulating canoni-
cal NF-«B pathway is IkBa, a protein characterized by its
dynamic changes along with signal-induced NF-«B acti-
vation. Following its degradation triggered by IKK-medi-
ated phosphorylation, IkBa is rapidly resynthesized via
NF-«kB-mediated induction of its gene expression, thus
providing a feedback mechanism to terminate NF-«xB
responses in a timely manner [16, 17].

Activation of IKK and canonical NF-«xB signaling by
most cellular stimuli requires TGFp-activated kinase
1 (TAK1), a member of the MAP kinase kinase kinase
(MAP3K) family that directly phosphorylates the acti-
vation loop of IKKp [18]. A hallmark of TAK1 and IKK
activation is the involvement of lysine 63 (K63)-linked
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Fig. 2 Canonical and noncanonical NF-kB signaling pathways. The canonical NF-kB pathway responds to signals from diverse receptors, including
pattern-recognition receptors (PRRs) present on cell surface or intracellular environment, TNF receptors (TNFRs), other cytokine receptors, as well
as T cell receptor (TCR) and B cell receptor (BCR). The noncanonical NF-kB pathway is activated by a selective subset of TNFR superfamily members.
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ubiquitination [19]. It is generally believed that cellu-
lar stimuli induce the conjugation of ubiquitin chains
to signaling adaptors, which facilitate the recruitment
of TAK1 and IKK. Both TAK1 and IKK contain a ubiq-
uitin-binding subunit, TAB 2 and NEMO, respectively,
and the ubiquitin association not only facilitates assem-
bly of the TAK1/IKK signaling complex but may also
directly contribute to the catalytic activation of these
kinases [19]. Accumulating studies suggest that TAK1
and NEMO are also conjugated with ubiquitin chains,
which contributes to their activation [11, 19, 20]. In addi-
tion to K63-linked ubiquitin chains, linear ubiquitin
chains (also called M1-linked ubiquitin chains) are also
involved in the activation of IKK by certain inducers [21,
22]. Linear ubiquitin chains are catalyzed by a ubiquitin
assembly complex, LUBAC, composed of heme-oxidized
IRP2 ubiquitin ligase-1 (HOIL-1, also called RBCK1),

HOIL-1-interacting protein (HOIP, also called RNF31),
and the adaptor protein SHANK-associated RH domain-
interacting protein (SHARPIN). LUBAC conjugates
linear ubiquitin chains onto NEMO in TNF receptor
(TNFR) signaling pathway, which promotes IKK activa-
tion and stabilization of the TNFR signaling complex [23,
24]. NEMO also binds to linear ubiquitin chains, which
is important for TNF-induced NF-«B activation [25].
Another signaling factor that is conjugated with linear
ubiquitination in the TNFR pathway is the adaptor RIP1,
which is important for NF-kB activation and inhibition of
TNF-induced cell death [26].

Tight control of ubiquitination is crucial for maintain-
ing the homeostatic and signal-induced activation of
NF-«B [27]. In particular, the canonical NF-kB signaling
pathway is negatively regulated by ubiquitin-specific pro-
teases, or deubiquitinases, such as CYLD and A20 [27].
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CYLD deconjugates ubiquitin chains from a number
of signaling molecules, including NEMO, TAK1, RIP1,
TRAF2, and TRAF6 [28]. Gene-targeting studies have
revealed a crucial role for CYLD in controlling the home-
ostatic NF-kB activation in lymphocytes, a function that
is in turn required for maintaining normal functions of
T and B cells and preventing autoimmunity and inflam-
mation [20, 28, 29]. CYLD specifically regulates non-deg-
radative types of ubiquitination by preferentially cleaving
K63-linked and linear ubiquitin chains [30]. A20 func-
tions as a pivotal feedback regulator of signal-induced
canonical NF-kB activation [27, 31]. Upon activation,
NF-«B induces the expression of A20, and the accumu-
lated A20 inhibits activation of IKK and NF-kB. A unique
feature of A20 is that it possesses both K63-specific
DUB activity and K48-specific E3 ligase function [32].
This property allows A20 to mediate ubiquitin editing
by cleaving K63-linked ubiquitin chains and conjugating
K48-linked ubiquitin chains to substrates, such as RIP1
and Ubcl3, thereby both inhibiting the signaling func-
tion and triggering proteosomal degradation of the sub-
strates [32]. However, the function of A20 appears to be
complex, since a recent study reveal that knockin mice
expressing a DUB-inactive A20 mutant have no defect
in NF-«B activation by TNF or LPS, suggesting a DUB-
independent function of A20 [33].

The noncanonical NF-«xB pathway does not require the
trimeric IKK complex or IkBa degradation but rather
depends on the processing of the Nfkb2 gene product
p100 [13, 14] (Fig. 2). P100 is the precursor protein of the
NEF-«B subunit p52, which contains a C-terminal portion
that is homologous to IkBs (Fig. 1). Like IxBs, p100 binds
to NF-kB members and functions as an NF-kB inhibitor
[34]. The processing of p100 involves selective degrada-
tion of its C-terminal IkB-like sequence, which not only
generates p52 but also leads to nuclear translocation of
its sequestered NF-kB members, predominantly RelB
[14]. A central signaling component of the noncanonical
NF-kB pathway is NF-«kB inducing kinase (NIK), which
functions together with a downstream kinase, IKKa,
to induce phosphorylation-dependent p100 processing
[35, 36]. To date, the well-defined receptors that induce
noncanonical NF-«kB signaling are a subset of TNFR
superfamily members, such as lymphotoxin beta recep-
tor (LTbR), B cell-activating factor belonging to the TNF
family (BAFF, also called BLyS) receptor (BAFFR), CD40,
receptor activator of nuclear factor-kappaB (RANK), and
tumor necrosis factor-related weak inducer of apoptosis
(TWEAK) [14].

In contrast to the rapid and transient nature of canoni-
cal NF-kB signaling, the noncanonical NF-kB signaling
pathway is characteristically slow and persistent [13].
This is largely due to the unusual mechanism underlying
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NIK activation. The steady level of NIK is normally low
due to its constant degradation by a TRAF3-dependent
uibuigination mechanism, and induction of noncanoni-
cal NF-«B signaling involves stabilization and accumu-
lation of NIK as a result of TRAF3 degradation [37].
This mechanism of NIK regulation also involves TRAF2
and the E3 ubiquitin ligase c-IAP (c-IAP1 or c-IAP2).
These components appear to form an E3 complex, in
which TRAF3 functions as a substrate-binding subunit
and TRAF2 functions as an adaptor recruiting c-IAP to
TRAF3 and NIK [14]. The TRAF3-TRAF2-cIAP complex
controls the steady state function of NIK and noncanoni-
cal NF-«B signaling. Signal-induced noncanonical NF-xB
activation is also subject to regulation by negative regu-
lators. A deubiquitinase, Otud7b (also called Cezanne)
inhibit signal-induced ubiquitination and degradation of
TRAF3, thereby negatively regulating the induction of
p100 processing by TNFR family members in B cells and
fibroblasts [38]. In addition, NIK is negatively regulated
by two homologous kinases, IKKa and TBK1 [39, 40].
These kinases phosphorylate NIK and promote degrada-
tion of NIK even when it is released from TRAF3.

NF-kB in inflammation
Inflammation is a body’s protective response to infec-
tions and tissue damages, characterized by vasodilation
and recruitment of leukocytes, plasma proteins and fluid
to the affected tissue [41, 42]. Inflammation is normally
beneficial to the host; however, deregulated inflamma-
tory responses can cause excessive or long-lasting tissue
damages, leading to acute or chronic inflammatory dis-
eases. The development of an inflammation is typically
initiated through the detection of pathogen-associated
molecular patterns (PAMPs) or damage-associated
molecular patterns (DAMPs) by pattern-recognition
receptors (PRRs) on innate immune cells and epithe-
lial cells. PRRs represent several families of receptors,
including toll-like receptors (TLRs), RIG-I like receptors
(RLR), NOD-like receptors (NLRs), and C-type lectin like
receptors (CLRs), which are expressed either on the sur-
face or intracellular environments of the host cells [43].
Upon ligation, PRRs initiate intracellular signaling events
that lead to induction of proinflammatory cytokines,
chemokines, and other inflammatory mediators.
Common to the signaling events elicited by the differ-
ent PRRs is activation of the canonical NF-xB pathway,
which mediates transcriptional induction of various pro-
inflammatory cytokines, such as TNF-a, IL-1, and IL-6,
as well as a number of chemokines [43]. These soluble
factors bind to their specific receptors to induce impor-
tant inflammatory processes, including vasodilation and
recruitment of monocytes and neutrophils to the site of
inflammation [42]. NF-kB is also a pivotal mediator of
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signal transduction stimulated by several major inflam-
matory cytokines, such as TNF-a and IL-1, thereby par-
ticipating in the effector phase of inflammation [44].
Indeed, studies based on animal models and human
patients suggest the involvement of NF-«B in the patho-
genesis of various inflammatory diseases [44].

Inflammation also involves the adaptive immune com-
ponents, including specific subsets of T helper (Th) cells
derived from activated CD4" T cells [42]. Upon activa-
tion, naive CD4%" T cells differentiate into different sub-
sets of effector T cells, including Thl, Th2, Th17, and T
follicular (Tfh) cells, which secrete distinct cytokines and
mediate different aspects of immune responses [45]. In
addition, activated CD4" T cells also produce a subset of
immunosuppressive T cells, the inducible T regulatory
(Treg) cells. The cytokines secreted by innate immune
cells play a crucial role in regulating the differentiation
of CD4" T cells, providing a link between innate and
adaptive immune responses. Th1l and Th17 cells are con-
sidered proinflammatory T cells because of their associa-
tion with autoimmune and inflammatory conditions [42].
Thl cells are characterized by secretion of interferon
gamma (IFNy), a cytokine with pivotal functions in cellu-
lar immunity and inflammatory responses. The signature
cytokine of Th17 cells is IL-17, which is linked with many
autoimmune and inflammatory diseases [46, 47]. Nota-
bly, NF-«B is required for production of both Thl and
Th17 cells [48]. NF-kB functions in innate immune cells
to induce the production of IL-12 and IL-23, which in
turn promote the differentiation of CD4" T cells to Thl
and Th17 cells, respectively [49]. Canonical NF-kB also
has a T cell-intrinsic role in mediating the generation of
Thl and Th17 cells [50-52]. The NF-kB members RelA
and c-Rel are required for TCR-stimulated expression
of Rorc, a gene encoding the Th17-lineage specific tran-
scription factors RORyYT and RORy [51, 52]. NF-kB not
only promotes induction of Th17 cells but also serves as
a major transcription factor that is actived by IL-17 and
mediates the inflammatory functions of Th17 cells [53,
54].

Recent studies suggest that the noncanonical NF-xB
pathway also plays a role in regulating inflammatory
responses. Although noncanonical NF-kB pathway is
dispensable for CD4" T cell differentiation, this path-
way is required for the inflammatory effector function
of Th17 cells [55]. After migrating to the inflammatory
microenvironment, Th17 cells acquire pathological effec-
tor functions by expressing specific cytokines including
GM-CSF [56, 57]. Genetic evidence suggests a crucial
role for the noncanonical NF-kB pathway in mediating
induction of GM-CSF in Th17 cells [55]. The noncanoni-
cal NF-kB member p52 directly binds to the kB enhancer
element in the GM-CSF gene promoter and recruits the
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canonical NF-kB member c-Rel to this promoter. Thus,
p52 and c-Rel synergize in the transcriptional activation
of the GM-CSF gene, which promotes inflammation in
an animal model of neuroinflammatory disease [55]. In
summary, both the canonical and noncanonical NF-«B
pathways are linked to inflammation, although they act
with different mechanisms.

Inflammation and kidney diseases
Immune and inflammatory factors play an important role
in the pathogenesis of kidney diseases [58, 59]. Innate
immune cells, such as macrophages and dendritic cells,
are thought to have an important role in mediating renal
inflammation and injury [59]. During an in infection,
these innate immune cells detect microbial products via
PRRs, such as TLRs, and are stimulated to secrete pro-
inflammatory cytokines and chemokines [59, 60]. In
addition to recognizing PAMPs, the TLRs also respond
to DAMPs, which are endogenous ligands generated
by tissue damage. DAMPs serve as an important trig-
ger for innate immune cell activation and inflammation
in the kidney. In addition to innate immune cells, renal
cells, such as mesangial and tubular epithelial cells, also
express TLRs and produce proinflammatory cytokines
and chemokines, contributing to kidney injury [60, 61].
In addition to infections and injuries, autoimmune dis-
orders represent a major cause of renal inflammation and
injury. Lupus nephritis is caused by the autoimmunity
systemic lupus erythematosus (SLE; often called lupus)
[62, 63]. The pathogenesis of SLE and lupus nephritis
involves both adaptive and innate immune cells, includ-
ing T cells, B cells, dendritic cells and macrophages,
as well as renal cells [59, 62, 64, 65]. Lupus nephritis is
characterized by the presence of various autoantibod-
ies that form immune complexes and deposit to kidney
glomeruli [63]. The immune complexes induce inflamma-
tory responses through a number of mechanisms, such as
activation of complement and Fc receptors and recruit-
ment of inflammatory cells [66, 67]. Immune complexes
also serve as an endogenous trigger of TLRs on renal cells
to induce expression of proinflammatory cytokines [60].
IgA nephropathy, a leading cause of primary glomerulo-
nephritis, is also considered an autoimmune disease [68].
Patients with IgA nephropathy produce high levels of
aberrantly glycosylated IgA and anti-glycan autoantibod-
ies, leading to the formation of IgA-immune complexes
deposited to the kidney glomeruli and progressive induc-
tion of kidney injury [68].

NF-kB activation by pathophysiological triggers in renal
cells

NEF-«kB is activated by different pathophysiological trig-
gers in renal cells and has been linked to experimental
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and human kidney diseases [69-71]. Microbial compo-
nents, such as LPS of Gram-negative bacteria, are strong
stimuli of NF-kB in kidney resident cells and infiltrating
immune cells [69]. Outer membrane proteins of lepto-
spira, pathogens associated with renal diseases, also
activate NF-kB and act through stimulation of TLR2
[72]. Cytokines and other pathological factors pro-
duced during renal ischaemia-reperfusion injury are
also strong stimulators of NF-«B. In particular, ischae-
mia—reperfusion induces the production of TNF-a in an
NF-kB-dependent manner, and TNF-a in turn binds to
its receptor to stimulate NF-kB activation, thereby pro-
viding a positive feedback mechanism of NF-kB regula-
tion [73]. This signaling loop plays an important role in
the pathogenesis of renal ischemia—reperfusion injury.
Angiotensin II, a peptide hormone overproduced during
renal damage, has been shown to activate NF-«xB [74, 75].
Angiotensin is a physiological regulator of vasoconstric-
tion and blood pressure; however, deregulated angio-
tensin is involved in inflammation and the pathogenesis
of hypertension, atherosclerosis, and cardiac and renal
injuries [76]. NF-«xB activation plays an important role
in angiotensin II-induced expression of chemokines and
inflammatory responses in renal injury [77-79].

Some other pathological agents associated with kidney
diseases are also inducers of NF-kB. For example, it has
been shown that aberrantly glycosylated IgA, pathologi-
cal agents of IgA nephropathy, activates NF-kB in mesan-
gial cells by modulating proteasome function [80, 81].
Another potential pathological trigger of NF-«kB activa-
tion is hyperhomocysteinemia [82], a condition charac-
terized by abnormal elevation of plasma homocysteine
levels and seen in chronic disorders including experimen-
tal kidney diseases [83, 84]. In a rat model, diet-induced
hyperhomocysteinemia was shown to induce IxBa phos-
phorylation and canonical NF-kB activation in kidney,
which is responsible for the induction of the inflamma-
tory mediator iNOS [82]. In vitro studies also reveal that
homocysteine activates NF-«kB, which contributes to
chemokine induction in macrophages and smooth mus-
cle cells 85, 86].

As seen in other tissues, NF-kB activation in kidney
cells is negatively regulated by different factors. Nephrin,
an Ig superfamily member located at the slit diaphragm
of glomerular podocytes, serves as a negative regulator
of NF-kB signaling in podocytes [87]. Although precisely
how nephrin inhibits NF-kB activation is incompletely
understood, it appears to involve inhibition of the atypi-
cal PKC aPKC{. Uncontrolled NF-kB activation in kid-
ney podocytes appears to contribute to the glomerular
injury [87]. Another negative regulator of NF-«kB in
kidney cells is the deubiquitinase Cezanne (also called
Otud7b), which regulates the inflammatory responses in
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glomerular endothelial cells by controlling the ubiquitina-
tion and function of TRAF6 [88]. Cezanne is a DUB that
shares homology with A20 in the catalytic domain [89].
Cezanne negatively regulates canonical or noncanonical
NF-«B pathways, depending on the cell types. Cezanne
expression is induced in multiple cell types of murine
kidneys exposed to ischemia—reperfusion. Genetic abla-
tion of Cezanne in mice enhances renal inflammation
and injury induced by ischemia-reperfusion [88]. Loss
of Cezanne increased the induction of VCAM-1 and
E-Selection as well as RelA phosphorylation [88]. Since
the expression of these cell adhesion molecules is also
regulated by noncanonical NF-kB, which is negatively
controlled by Cezanne, it will be interesting to exam-
ine whether noncanonical NF-kB is also involved in the
regulation of renal inflammation mediated by Cezanne.
The proinflammatory function of NF-kB in renal cells is
also subject to regulation by the p50/p50 homodimer, a
KkB-specific repressor that is induced during experimental
renal injury and serves as a feedback repressor of NF-«B-
mediated inflammatory gene induction [90, 91].

NF-kB in kidney injury

Acute kidney injury (AKI) is a frequently seen kidney
disease associated with a high rate of morbidity and
mortality, and survivors of AKI faces a long-term risk
for developing chronic kidney disease [92, 93]. AKI is
often caused by ischemia-reperfusion, during which
kidney is in a condition of hypoxia and low renal blood
flow. Inflammation caused by AKI is an important fac-
tor that exacerbates kidney injury, and control of inflam-
mation has proved to be effective for minimizing kidney
injury and facilitating recovery [94]. NF-kB is activated
along with kidney injury induction by ischemia—reperfu-
sion and believed to serve as an important mediator of
inflammation [71]. It has been shown that NF-kB inhibi-
tors attenuate the induction of renal inflammation and
injury in animal models [95, 96]. Inhibitor studies also
suggest a role for NF-kB in regulating aldosterone/salt-
induced renal injury [97]. A more recent study tested the
effect of a small interfering RNA (siRNA) for IKKpB on
renal injury. In a rat kidney injury model, administration
of IKKP siRNA via renal artery injection inhibits IKKf
expression and NF-kB activation, which is associated
with diminished kidney injury and inflammation induced
by ischemia—reperfusion [98].

A recent study reveals that induction of acute kid-
ney injury by high doses of folic acid is associated with
increased expression of NF-«kB members, RelA and
NF-xB2 [99]. Inhibition of NF-kB with an inhibitor, pyr-
rolidine dithio-carbamate ammonium (PDTC) amelio-
rated the kidney dysfunction, suggesting that NF-«xB
plays a role in the pathogenesis of kidney injury. NF-«xB
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has also been implicated in the pathogenesis of kid-
ney damage caused by hypertension, a chronic medical
condition with repeatedly elevated blood pressure [100,
101]. The elevated level of angiotensin II, associated with
hypertension, is a trigger for NF-«kB activation and induc-
tion of inflammatory responses. Inhibition of NF-«xB
by transgenic expression of a degradation-resistant
IxkBa mutant, IkBaAN, in endothelial cells ameliorates
renal injury caused by hypertension in a mouse model.
The NF-kB inhibition does not influence induction of
hypertension but rather blocks hypertension-mediated
induction of proinflamatory cytokines and cell adhe-
sion molecules involved in renal damages [100]. Similar
results were obtained using a rat model of hypertension,
in which an NF-«kB inhibitor, PDTC, inhibits angiotensin
II-induced inflammatory renal damage [101].

NF-kB in IgA nephropathy

IgA nephropathy is the most commonly seen form of
glomerulonephritis and is caused by aberrant produc-
tion of glycosylated IgA and its deposition to the kidney
glomeruli as immune complexes [102, 103]. It has long
been known that binding of IgA to Fc alpha receptors on
mesangial cells activates NF-kB, which contributes to the
induction of the chemokines MCP-1 and IL-8 [80]. More-
over, elevated levels of NF-kB have been detected in the
tubular area of patients with IgA nephropathy, which is
correlated with poor disease outcome [104—106]. NF-xB
inhibitors have been implicated as anti-inflammatory
agents for the treatment of immune glomerulonephritis
[107, 108].

The noncanonical NF-kB has also been implicated in
the regulation of IgA nephropathy [39]. Genetic defi-
ciency in a negative regulator of the noncanonical NF-kB
pathway, TBK1, causes IgA hyper-production and devel-
opment of nephropathy-like symptoms in mice [39]. The
TBK1-knockout mice have a substantially increased level
of serum IgA and antibody deposition in the kidney glo-
meruli, associated with symptoms of kidney dysfunc-
tions, such as increased levels of urinary protein and
serum nitrogen and creatinine [39]. The noncanonical
NF-«xB pathway is crucial for the induction of IgA class
switching by CD40 and BAFFR, and TBK1 controls IgA
class switching via negative regulation of noncanoni-
cal NF-«B activation [39]. Consistently, transgenic mice
overexpressing the noncanonical NF-kB inducer BAFF in
B cells aberrantly produce IgA and develop IgA nephrop-
athy [109, 110].

NF-kB in lupus nephritis

Lupus nephritis is a frequently seen complication in
patients with SLE and is known to significantly reduce
the survival of SLE patients [111]. A hallmark of lupus
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nephritis is the renal inflammation caused by deposi-
tion of autoimmune complexes to kidney glomeruli
[65]. NE-kB has been implicated in the pathogenesis of
lupus nephritis. Patients with lupus nephritis have ele-
vated expression and activation of NF-kB in glomerular
endothelial and mesangial cells, coupled with upregula-
tion of inflammatory cytokines [112, 113]. Inhibition of
IKKp attenuates the induction of inflammatory media-
tors by hypoxia in rat renal tubular cells [114]. An IKK-
selective inhibitor, Bayl1-7082, ameliorates a mouse
model of lupus nephritis by inhibiting NF-kB and the
inflammasome NLRP3 [115]. Consistently, the genes
encoding two NF-«kB-negative regulators, A20 (also
called TNFAIP3) and A20-binding inhibitor of NF-«xB1
(ABIN1; also called TNIP1), have been associated with
human lupus and lupus nephritis [116, 117]. A20 is a
ubiquitin-editing enzyme that negatively regulates NF-xB
activation by various immune and inflammatory stimuli
[118, 119], and ABINI is a ubiquitin-binding protein
that inhibits NF-kB signaling by probably facilitating
the action of A20 and, thereby, interfering with signal-
induced activation of IKK [120]. A20 deficiency in both
human patients and animal models are associated with
autoimmune and inflammatory diseases, including lupus
[121]. Both human and mouse genetic studies also sug-
gest the involvement of ABIN1 in autoimmune nephritis.
In particular, knockin mice expressing an inactive form of
ABINI1 display aberrant activation of NF-kB and develop
lupus-like autoimmunity and pathological symptoms
resembling human lupus nephritis [117, 122].

A recent study suggests that Nrf2 regulates lupus
nephritis via inhibition of both oxidative injury and
NF-«B activation [123]. Nrf2 is a basic leucine zipper
transcription factor with a crucial cytoprotective role in
cellular responses to oxidative stress [124]. Nrf2 medi-
ates transcription of genes encoding antioxydants and
other cytoprotective factors. Recent work suggests that
the anti-inflammatory function of Nrf2 may also involve
inhibition of NF-kB [123, 125], although the underlying
mechanism is elusive. Mice deficient in Nrf2 spontane-
ously develop lupus-like autoimmune nephritis at old
ages [126]. In a pristane-induced experimental lupus
nephritis model, the Nrf2-deficient mice develop more
severe renal damage and pathological symptoms [123].
Activation of NF-kB appears to be responsible for the
aberrant production of inflammatory mediators, such as
ROS and iNOS, and disease symptoms in the knockout
mice.

NF-kB in TWEAK-stimulated inflammation in kidney
diseases

TWEAK is a member of the TNF superfamily of
cytokines [127]. TWEAK induces signal transduction
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via binding to its receptor, fibroblast growth factor-
inducible 14 (Fnl4). Strong evidence suggests that
TWEAK plays an important role in the pathophysiologi-
cal processes of kidney diseases [128, 129]. TWEAK is
expressed by infiltrating myeloid cells and T cells as well
as renal tubular epithelial cells and mesangial cells. The
TWEAK receptor Fnl4 is expressed in several cell types
of the kidney, including tubular cells, mesangial cells,
and podocytes, as well as infiltrating macrophages [130].
Human kidney disease patients and animal models of
kidney injury are associated with increased expression
of TWEAK and Fnl4 [129, 131, 132]. TWEAK stimu-
lates the activation of both canonical and noncanonical
NF-«B pathways in renal tubular cells, thereby inducing
the production of proinflammatory mediators [133, 134].
TWEAK induces the expression of proinflammatory
cytokines and chemokines (such as MCP-1 and Rantes)
via the canonical NF-kB pathway and the chemokines
CCI21 and CCL19 via the NIK-dependent noncanoni-
cal NF-kB pathway [128]. Consistently, genetic ablation
of TWEAK renders mice resistant to the induction of
renal inflammation and fibrosis, whereas overexpression
of TWEAK promotes the induction of kidney obstruc-
tions [135]. Genetic deficiency in Fnl4 also ameliorates
lupus nephritis in both induced and spontaneous models
[136-138].

NF-kB in lymphocyte-mediated renal inflammation

In addition to mediating inflammation of the innate
immune system, NF-kB has a crucial role in regulating
the autoimmune and inflammatory functions of T and B
cells [139]. Canonical NF-kB pathway is required for the
generation of Th17 cells from naive CD4" T cells [51, 52].
Although noncanonical NF-«kB pathway is not important
for Th17 differentiation, it is crucial for the pathological
effector function of Th17 cells in mediating inflamma-
tion [55]. Of note, the Th17 subset of CD4" inflamma-
tory T cells has been implicated in the pathogenesis of
renal inflammation [140, 141]. Experimental renal injury
in animal models is associated with infiltration of effec-
tor T cells, including Th17 cells [142]. Kidney infiltration
with Th17 cells has also been found in human patients
with kidney diseases [141]. In a mouse model of antigen-
specific glomerulonephritis, in which the antigen ovalbu-
min is planted on the glomerular basement membrane
of Ragl-knockout mice, injection of ovalbumin-specific
Th1 or Th17 cells induces proliferative glomerulonephri-
tis [143]. Genetic evidence for the involvement of Th17
cells in renal inflammation was obtained using animal
models deficient in the IL-17 signature cytokine IL-17
or the Th17-maintence cytokine IL-23 [144-146]. Given
the crucial role of NF-kB pathways in the generation and
effector function of Th1l7 cells, the pro-inflammatory
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functions of NF-«B in renal diseases likely involve inflam-
matory T cells.

B cells have a central role in the pathogenesis of lupus
nephritis and IgA nephropathy [147, 148]. Both canoni-
cal and noncanonical NF-kB pathways are crucial for
the survival and function of B cells [149]. The BAFF/
BAFEFR signaling system provides a strong stimulus for
the activation of noncanonical NF-kB pathway and also
stimulates additional survival pathways, including the
canonical NF-kB and PI3 kinase pathways [13, 14, 149].
Thus, under physiological conditions, BAFF maintains
the survival of B cells and is required for B cell matura-
tion in the spleen [150]. However, deregulated produc-
tion of BAFF has been linked to the pathogenesis of lupus
nephritis and IgA nephropathy [151, 152]. Patients with
lupus nephritis and IgA nephropathy have elevated level
of serum BAFF, which is associated with clinical severity
of the diseases [153—155]. Transgenic mice overexpress-
ing BAFF have B cell hyperplasia and autoimmune mani-
festations, including nephritis and IgA nephropathy-like
symptoms [110]. In line with this finding, mice deficient
in a negative regulator of the noncanonical NF-«xB path-
way, TBK1, also have aberrant production of IgA and
develop nephropathy-like symptoms [39]. A monoclo-
nal antibody targeting soluble BAFF, belimumab, has
been approved for the treatment of lupus with promising
potential for the treatment of autoimmune kidney dis-
eases like lupus nephritis [152].

Concluding remarks

NF-kB has been well established as a pivotal mediator
of inflammation, although its role in mediating inflam-
mation in specific organs is less well understood. Nev-
ertheless, accumulating studies suggest the involvement
of NF-«B in the pathogenesis of renal inflammatory dis-
eases. NF-kB is activated in both human patients with
kidney diseases and animal models of renal inflamma-
tion and injury. NF-kB appears to mediate renal inflam-
mation in different cell types, including renal cells, innate
immune cells, and lymphocytes. It is thus clear that tar-
geting NF-kB signaling pathway represents an attrac-
tive therapeutic approach in renal disease treatment.
However, global inhibition of NF-kB may cause severe
side effect, since NF-kB is required for normal immune
responses and cell survival. Understanding the mecha-
nism that underlies pathological activation of NF-«xB in
renal diseases is crucial for designing more specific and
effective therapeutic agents.

Abbreviations

NF-kB: nuclear factor kappa B; IKK: IkB kinase; NEMO: NF-kB essential modula-
tor; TAK1: TGFR-activated kinase 1; MAP3K: MAP kinase; K63: lysine 63; HOIL-1:
heme-oxidized IRP2 ubiquitin ligase-1; HOIP: HOIL-1-interacting protein;



Zhang and Sun Cell Biosci (2015) 5:63

SHARPIN: SHANK-associated RH domain-interacting protein; TNFR: TNF
receptor; NIK: NF-kB inducing kinase; LTbR: lymphotoxin beta receptor; BAFF:
B cell-activating factor belonging to the TNF family; BAFFR: BAFF receptor;
RANK: receptor activator of nuclear factor-kappaB; TWEAK: tumor necrosis
factor-related weak inducer of apoptosis; PAMP: pathogen-associated molecu-
lar pattern; DAMP: damage-associated molecular pattern; PRR: pattern-recog-
nition receptor; TLR: toll-like receptor; RLR: RIG-I like receptor; NLR: NOD-like
receptor; CLR: C-type lectin like receptor; Th: T helper; Tfh: T follicular; Treg: T
regulatory; IFNy: interferon gamma; SLE: systemic lupus erythematosus; siRNA:
small interfering RNA; PDTC: pyrrolidine dithio-carbamate ammonium; ABIN1:
A20-binding inhibitor of NF-kB1; Fn14: fibroblast growth factor-inducible 14;
AKl: acute kidney injury.

Authors’ contributions
HZ and SCS co-wrote this review article. Both authors read and approved the
final manuscript.

Author details

! Department of Nephrology, Affiliated Hospital of Hebei University, No. 213
Yuhuadonglu, Baoding 071000, China. 2 Department of Immunology, The
University of Texas MD Anderson Cancer Center, 7455 Fannin Street, Box 902,
Houston, TX 77030, USA. > The University of Texas Graduate School of Biomedi-
cal Sciences at Houston, Houston, TX 77030, USA.

Acknowledgements

Work in the laboratory of SCS is supported by grants from the US National
Institutes of Health (AI057555, Al064639, GM84459, Al104519) and from the
Cancer Prevention and Research Institute of Texas (RP140244, RP150235).

Competing interests
The authors declare that they have no competing interests.

Received: 7 October 2015 Accepted: 9 November 2015
Published online: 16 November 2015

References

1. Sen R, Baltimore D. Inducibility of kimmunoglobulin enhancer-binding
protein NFkB by a posttranslational mechanism. Cell. 1986;47:921-8.

2. Sen R, Baltimore D. Multiple nuclear factors interact with the immuno-
globulin enhancer sequences. Cell. 1986;46:705-16.

3. Vallabhapurapu S, Karin M. Regulation and function of NF-kappaB
transcription factors in the immune system. Annu Rev Immunol.
2009;27:693-733.

4. Hayden MS, Ghosh S. NF-kappaB, the first quarter-century: remarkable
progress and outstanding questions. Genes Dev. 2012,26(3):203-34.

5. Zhang Y, Reinberg D. Transcription regulation by histone methylation:
interplay between different covalent modifications of the core histone
tails. Genes Dev. 2001;15(18):2343-60.

6. Bohuslav J, Kravchenko W, Parry GC, Erlich JH, Gerondakis S, Mackman
N, et al. Regulation of an essential innate immune response by the p50
subunit of NF-kappaB. J Clin Invest. 1998;102(9):1645-52.

7. Wedel A, Frankenberger M, Sulski G, Petersmann I, Kuprash D, Nedos-
pasov S, et al. Role of p52 (NF-kappaB2) in LPS tolerance in a human B
cell line. Biol Chem. 1999;380(10):1193-9.

8. Carmody RJ, Ruan Q, Palmer S, Hilliard B, Chen YH. Negative regulation
of toll-like receptor signaling by NF-kappaB p50 ubiquitination block-
ade. Science. 2007;317:875-8.

9. BoursV, Franzoso G, Azarenko V, Park S, Kanno T, Brown K, et al. The
oncoprotein Bcl-3 directly transactivates through kB motifs via associa-
tion with DNA-binding p50B homodimers. Cell. 1993;72:729-39.

10. Paz-Priel |, Houng S, Dooher J, Friedman AD. C/EBPalpha and C/EBPal-
pha oncoproteins regulate nfkb1 and displace histone deacetylases
from NF-kappaB p50 homodimers to induce NF-kappaB target genes.
Blood. 2011;117(15):4085-94.

11. Sun SC, Ley SC. New insights into NF-kappaB regulation and function.
Trends Immunol. 2008;29:469-78.

12. Beinke S, Ley SC. Functions of NF-kappaB1 and NF-kappaB2 in immune
cell biology. Biochem J. 2004;382:393-409.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

Page 9 of 12

Sun SC. Non-canonical NF-kB signaling pathway. Cell Res.
2011;21:71-85.

Sun SC. The noncanonical NF-kappaB pathway. Immunol Rev.
2012,246(1):125-40.

Gerondakis S, Grumont R, Gugasyan R, Wong L, Isomura |, Ho W,

et al. Unravelling the complexities of the NF-kappaB signalling
pathway using mouse knockout and transgenic models. Oncogene.
2006,25(51):6781-99.

Sun S-C, Ganchi PA, Ballard DW, Greene WC. NF-kB controls expression
of inhibitor IkBa: evidence for an inducible autoregulatory pathway.
Science. 1993;259:1912-5.

Peng B, Ling J, Lee AJ,Wang Z, Chang Z, Jin W, et al. Defective feedback
regulation of NF-kappaB underlies Sjogren’s syndrome in mice with
mutated kappaB enhancers of the IkappaBalpha promoter. Proc Natl
Acad Sci USA. 2010;107(34):15193-8.

Chen ZJ, BhojV, Seth RB. Ubiquitin, TAK1 and IKK: is there a connection?
Cell Death Differ. 2006;13:687-92.

Liu'S, Chen ZJ. Expanding role of ubiquitination in NF-kB signaling. Cell
Res. 2011;21:6-21.

Reiley WW, Jin W, Lee AJ, Wright A, Wu X, Tewalt EF, et al. Deubiquit-
inating enzyme CYLD negatively regulates the ubiquitin-dependent
kinase Tak1 and prevents abnormal T cell responses. J Exp Med.
2007,204:1475-85.

Tokunaga F. Linear ubiquitination-mediated NF-kappaB regulation and
its related disorders. J Biochem. 2013;154(4):313-23.

Elton L, Carpentier |, Verhelst K, Staal J, Beyaert R. The multifaceted role
of the E3 ubiquitin ligase HOIL-1: beyond linear ubiquitination. Immu-
nol Rev. 2015:266(1):208-21.

Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K, et al. Involve-
ment of linear polyubiquitylation of NEMO in NF-kappaB activation. Nat
Cell Biol. 2009;11:123-32.

Haas TL, Emmerich CH, Gerlach B, Schmukle AC, Cordier SM, Rieser E,
et al. Recruitment of the linear ubiquitin chain assembly complex sta-
bilizes the TNF-R1 signaling complex and is required for TNF-mediated
gene induction. Mol Cell. 2009;36(5):831-44.

Rahighi S, Ikeda F, Kawasaki M, Akutsu M, Suzuki N, Kato R, et al. Specific
recognition of linear ubiquitin chains by NEMO is important for NF-
kappaB activation. Cell. 2009;136(6):1098-109.

Gerlach B, Cordier SM, Schmukle AC, Emmerich CH, Rieser E, Haas

TL, et al. Linear ubiquitination prevents inflammation and regulates
immune signalling. Nature. 2011;471(7340):591-6.

Sun SC. Deubiquitylation and regulation of the immune response. Nat
Rev Immunol. 2008;8:501-11.

Sun SC. CYLD: a tumor suppressor deubiquitinase regulating NF-kB
activation. Cell Death Differ. 2010;17:25-34.

Jin W, Reiley WR, Lee AJ, Wright A, Wu X, Zhang M, et al. Deubiquitinat-
ing enzyme CYLD regulates the peripheral development and naive
phenotype maintenance of B cells. J Biol Chem. 2007;282:15884-93.
Komander D, Reyes-Turcu F, Licchesi JD, Odenwaelder P, Wilkinson

KD, Barford D. Molecular discrimination of structurally equivalent Lys
63-linked and linear polyubiquitin chains. EMBO Rep. 2009;10:466-73.
Harhaj EW, Dixit VM. Deubiquitinases in the regulation of NF-kappaB
signaling. Cell Res. 2011;21(1):22-39.

Harhaj EW, Dixit VM. Regulation of NF-kappaB by deubiquitinases.
Immunol Rev. 2012;246(1):107-24.

De A, Dainichi T, Rathinam CV, Ghosh S. The deubiquitinase activ-

ity of A20 is dispensable for NF-kappaB signaling. EMBO Rep.
2014;15(7):775-83.

Sun S-C, Ganchi PA, Beraud C, Ballard DW, Greene WC. Autoregula-
tion of the NF-kB transactivator Rel A (p65) by multiple cytoplas-

mic inhibitors containing ankyrin motifs. Proc Natl Acad Sci USA.
1994,91:1346-50.

Senftleben U, Cao 'Y, Xiao G, Kraehn G, Greten F, Chen Y, et al. Activation
of IKKa of a second, evolutionary conserved, NF-kB signaling pathway.
Science. 2001;293:1495-9.

Xiao G, Harhaj EW, Sun SC. NF-kappaB-inducing kinase regulates the
processing of NF-kappaB2 p100. Mol Cell. 2001;7:401-9.

Liao G, Zhang M, Harhaj EW, Sun SC. Regulation of the NF-kappaB-
inducing kinase by tumor necrosis factor receptor-associated factor
3-induced degradation. J Biol Chem. 2004;279(25):26243-50.



Zhang and Sun Cell Biosci (2015) 5:63

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Hu H, Brittain GC, Chang JH, Puebla-Osorio N, Jin J, Zal A, et al. OTUD7B
controls non-canonical NF-kappaB activation through deubiquitination
of TRAF3. Nature. 2013;494(7437):371-4.

Jin J, XiaoY, Chang JH, Yu J, Hu H, Starr R, et al. The kinase TBK1 controls
IgA class switching by negatively regulating noncanonical NF-kappaB
signaling. Nat Immunol. 2012;13(11):1101-9.

Razani B, Zarnegar B, Ytterberg AJ, Shiba T, Dempsey PW, Ware CF, et al.
Negative feedback in non-canonical NF-kB signaling modulates NIK sta-
bility through IKKa-mediated phosphorylation. Sci Sig. 2010;3(123):ra41.
Medzhitov R. Origin and physiological roles of inflammation. Nature.
2008;454:428-35.

Ashley NT, Weil ZM, Nelson RJ. Inflammation: mechanisms, costs, and
natural variation. Annu Rev Ecol Evol Syst. 2012;43:407-28.

Brubaker SW, Bonham KS, Zanoni |, Kagan JC. Innate immune pat-

tern recognition: a cell biological perspective. Annu Rev Immunol.
2015;33:257-90.

Tak PP, Firestein GS. NF-kappaB: a key role in inflammatory diseases. J
Clin Invest. 2001;107(1):7-11.

O'Shea JJ, Paul WE. Mechanisms underlying lineage commitment and
plasticity of helper CD44T cells. Science. 2010,327(5969):1098-102.
Bartlett HS, Million RP. Targeting the IL-17-T(H)17 pathway. Nat Rev Drug
Discov. 2015;14(1):11-2.

Lubberts E. The IL-23-IL-17 axis in inflammatory arthritis. Nat Rev Rheu-
matol. 2015;11(7):415-29.

Oh H, Ghosh S. NF-kappaB: roles and regulation in different CD4(+) T
cell subsets. Immunol Rev. 2013;252(1):41-51.

Hilliard BA, Mason N, Xu L, Sun J, Lamhamedi-Cherradi SE, Liou HC, et al.
Critical roles of c-Rel in autoimmune inflammation and helper T cell
differentiation. J Clinic Invest. 2002;110:843-50.

Corn RA, Aronica MA, Zhang F, Tong Y, Stanley SA, Kim SR, et al. T cell-
intrinsic requirement for NF-kappa B induction in postdifferentiation
IFN-gamma production and clonal expansion ina Th1 response. J
Immunol. 2003;171(4):1816-24.

Chen G, Hardy K, Pagler E, Ma L, Lee S, Gerondakis S, et al. The NF-
kappaB transcription factor c-Rel is required for Th17 effector cell devel-
opment in experimental autoimmune encephalomyelitis. J Immunol.
2011;187(9):4483-91.

Ruan Q KameswaranV, Zhang Y, Zheng S, Sun J, Wang J, et al. The Th17
immune response is controlled by the Rel-RORgamma-RORgamma T
transcriptional axis. J Exp Med. 2011;208(11):2321-33.

Gaffen SL. Structure and signalling in the IL-17 receptor family. Nat Rev
Immunol. 2009;9(8):556-67.

Gu G, Wu L, Li X.IL-17 family: cytokines, receptors and signaling.
Cytokine. 2013;64(2):477-85.

Yu J, Zhou X, Nakaya M, Jin W, Cheng X, Sun SC.T Cell-intrinsic function
of the noncanonical NF-kappaB pathway in the regulation of GM-CSF
expression and experimental autoimmune encephalomyelitis. Patho-
genesis. J Immunol. 2014;193(1):422-30.

Codarri L, Gyulveszi G, Tosevski V, Hesske L, Fontana A, Magnenat L,

et al. RORgammat drives production of the cytokine GM-CSF in helper T
cells, which is essential for the effector phase of autoimmune neuroin-
flammation. Nat Immunol. 2011;12(6):560-7.

El-Behi M, Ciric B, Dai H, Yan Y, Cullimore M, Safavi F, et al. The encepha-
litogenicity of T(H)17 cells is dependent on IL-1- and IL-23-induced
production of the cytokine GM-CSF. Nat Immunol. 2011;12(6):568-75.
Imig JD, Ryan MJ. Immune and inflammatory role in renal disease.
Compr Physiol. 2013;3(2):957-76.

Kurts C, Panzer U, Anders HJ, Rees AJ. The immune system and kidney
disease: basic concepts and clinical implications. Nat Rev Immunol.
2013;13(10):738-53.

Anders HJ, Schlondorff D. Toll-like receptors: emerging concepts in
kidney disease. Curr Opin Nephrol Hypertens. 2007;16(3):177-83.
Schroppel B, He JC. Expression of Toll-like receptors in the kidney: their
potential role beyond infection. Kidney Int. 2006;69(5):785-7.

Lech M, Anders HJ. The pathogenesis of lupus nephritis. J Am Soc
Nephrol JASN. 2013;24(9):1357-66.

Sterner RM, Hartono SP, Grande JP. The pathogenesis of lupus nephritis.
J Clin Cell Immunol. 2014;5(2):205. doi:10.4172/2155-9899.1000205.
Davidson A, Aranow C. Lupus nephritis: lessons from murine models.
Nat Rev Rheumatol. 2010;6(1):13-20.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Page 10 of 12

Bagavant H, Fu SM. Pathogenesis of kidney disease in systemic lupus
erythematosus. Curr Opin Rheumatol. 2009;21(5):489-94.

Clynes R, Dumitru C, Ravetch JV. Uncoupling of immune complex
formation and kidney damage in autoimmune glomerulonephritis.
Science. 1998;279(5353):1052-4.

Turnberg D, Cook HT. Complement and glomerulonephritis: new
insights. Curr Opin Nephrol Hypertens. 2005;14(3):223-8.

Kiryluk K, Novak J. The genetics and immunobiology of IgA nephropa-
thy. J Clin Invest. 2014;124(6):2325-32.

Guijarro C, Egido J. Transcription factor-kappa B (NF-kappa B) and renal
disease. Kidney Int. 2001,59(2):415-24.

Wardle EN. Nuclear factor kappaB for the nephrologist. Neph-

rol Dial Transpl Off Publ Eur Dial Transpl Assoc Eur Renal Assoc.
2001;16(9):1764-8.

Sanz AB, Sanchez-Nino MD, Ramos AM, Moreno JA, Santamaria B, Ruiz-
Ortega M, et al. NF-kappaB in renal inflammation. J Am Soc Nephrol
JASN. 2010;21(8):1254-62.

Yang CW, Wu MS, Pan MJ, Hong JJ, Yu CC, Vandewalle A, et al. Lepto-
spira outer membrane protein activates NF-kappaB and downstream
genes expressed in medullary thick ascending limb cells. J Am Soc
Nephrol JASN. 2000;11(11):2017-26.

Donnahoo KK, Shames BD, Harken AH, Meldrum DR. Review article: the
role of tumor necrosis factor in renal ischemia-reperfusion injury. J Urol.
1999;162(1):196-203.

Ruiz-Ortega M, Lorenzo O, Ruperez M, Konig S, Wittig B, Egido J. Angio-
tensin Il activates nuclear transcription factor kappaB through AT(1) and
AT(2) in vascular smooth muscle cells: molecular mechanisms. Circ Res.
2000;86(12):1266-72.

Ruiz-Ortega M, Ruperez M, Lorenzo O, Esteban V, Blanco J, Mez-

zano S, et al. Angiotensin Il regulates the synthesis of proinflam-
matory cytokines and chemokines in the kidney. Kidney Int Suppl.
2002;82:512-22.

Arumugam S, Sreedhar R, Thandavarayan RA, Karuppagounder V,
Krishnamurthy P, Suzuki K, et al. Angiotensin receptor blockers: Focus
on cardiac and renal injury. Trends Cardiovasc Med. 2015;Epub ahead of
print.

Ruiz-Ortega M, Bustos C, Hernandez-Presa MA, Lorenzo O, Plaza JJ,
Egido J. Angiotensin Il participates in mononuclear cell recruitment in
experimental immune complex nephritis through nuclear factor-kappa
B activation and monocyte chemoattractant protein-1 synthesis. J
Immunol. 1998;161(1):430-9.

Ruiz-Ortega M, Lorenzo O, Ruperez M, Blanco J, Egido J. Systemic infu-
sion of angiotensin Il into normal rats activates nuclear factor-kappaB
and AP-1 in the kidney: role of AT(1) and AT(2) receptors. Am J Pathol.
2001;158(5):1743-56.

EstebanV, Lorenzo O, Ruperez M, Suzuki Y, Mezzano S, Blanco J, et al.
Angiotensin Il, via ATT and AT2 receptors and NF-kappaB pathway,
regulates the inflammatory response in unilateral ureteral obstruction. J
Am Soc Nephrol JASN. 2004;15(6):1514-29.

Duque N, Gomez-Guerrero C, Egido J. Interaction of IgA with Fc alpha
receptors of human mesangial cells activates transcription factor
nuclear factor-kappa B and induces expression and synthesis of mono-
cyte chemoattractant protein-1, IL-8, and IFN-inducible protein 10.J
Immunol. 1997;159(7):3474-82.

Coppo R, Amore A. Aberrant glycosylation in IgA nephropathy (IgAN).
Kidney Int. 2004,65(5):1544~7.

Zhang F, Siow YL, O K. Hyperhomocysteinemia activates NF-kappaB
and inducible nitric oxide synthase in the kidney. Kidney Int.
2004,65(4):1327-38.

Kumagai H, Katoh S, Hirosawa K, Kimura M, Hishida A, Ikegaya N. Renal
tubulointerstitial injury in weanling rats with hyperhomocysteinemia.
Kidney Int. 2002;62(4):1219-28.

Fischer PA, Dominguez GN, Cuniberti LA, Martinez V, Werba JP,

Ramirez AJ, et al. Hyperhomocysteinemia induces renal hemody-
namic dysfunction: is nitric oxide involved? J Am Soc Nephrol JASN.
2003;14(3):653-60.

Wang G, Siow YL, O K. Homocysteine stimulates nuclear factor kappaB
activity and monocyte chemoattractant protein-1 expression in vascu-
lar smooth-muscle cells: a possible role for protein kinase C. Biochem J.
2000;352(Pt 3):817-26.


http://dx.doi.org/10.4172/2155-9899.1000205

Zhang and Sun Cell Biosci (2015) 5:63

86.

87.

88.

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

101.

107.

108.

Wang G, Siow YL, OK. Homocysteine induces monocyte chemoattract-
ant protein-1 expression by activating NF-kappaB in THP-1 mac-
rophages. Am J Physiol Heart Circ Physiol. 2001,280(6):H2840-7.
Hussain S, Romio L, Saleem M, Mathieson P, Serrano M, Moscat J, et al.
Nephrin deficiency activates NF-kappaB and promotes glomerular
injury. J Am Soc Nephrol JASN. 2009;20(8):1733-43.

le Luong A, Fragiadaki M, Smith J, Boyle J, Lutz J, Dean JL, et al. Cezanne
regulates inflammatory responses to hypoxia in endothelial cells by
targeting TRAF6 for deubiquitination. Circ Res. 2013;112(12):1583-91.
Evans PC, Taylor ER, Coadwell J, Heyninck K, Beyaert R, Kilshaw PJ. Isola-
tion and characterization of two novel A20-like proteins. Biochem J.
2001;357:617-23.

Panzer U, Steinmetz OM, Turner JE, Meyer-Schwesinger C, von Ruffer
C, Meyer TN, et al. Resolution of renal inflammation: a new role for
NF-kappaB1 (p50) in inflammatory kidney diseases. Am J Physiol Renal
Physiol. 2009;,297(2):F429-39.

Cao C,Wang S, Fan L, Wan X, Liu X, Chen X. Renal protection by
ischemic preconditioning is associated with p50/p50 homodimers. Am
JNephrol. 2010;31(1):1-8.

Murugan R, Kellum JA. Acute kidney injury: what'’s the prognosis? Nat
Rev Nephrol. 2011;7(4):209-17.

Coca SG, Singanamala S, Parikh CR. Chronic kidney disease after acute
kidney injury: a systematic review and meta-analysis. Kidney Int.
2012,81(5):442-8.

Bonventre JV, Zuk A. Ischemic acute renal failure: an inflammatory
disease? Kidney Int. 2004,66(2):480-5.

Volpini RA, Costa RS, da Silva CG, Coimbra TM. Inhibition of nuclear
factor-kappaB activation attenuates tubulointerstitial nephritis induced
by gentamicin. Nephron Physiol. 2004;98(4):p97-106.

Fujihara CK, Antunes GR, Mattar AL, Malheiros DM, Vieira JM Jr, Zatz

R. Chronic inhibition of nuclear factor-kappaB attenuates renal

injury in the 5/6 renal ablation model. Am J Physiol Renal Physiol.
2007,292(1):F92-9.

Ding W, Yang L, Zhang M, Gu Y. Chronic inhibition of nuclear factor
kappa B attenuates aldosterone/salt-induced renal injury. Life Sci.
2012;90(15-16):600-6.

Wan X, Fan L, Hu B, Yang J, Li X, Chen X, et al. Small interfering RNA
targeting IKKbeta prevents renal ischemia-reperfusion injury in rats. Am
J Physiol Renal Physiol. 2011;300(4):F857-63.

Kumar D, Singla SK, PuriV, Puri S. The restrained expression of NF-kB in
renal tissue ameliorates folic acid induced acute kidney injury in mice.
PLoS One. 2015;10(1):e115947.

Henke N, Schmidt-Ullrich R, Dechend R, Park JK, Qadri F, Wellner M, et al.

Vascular endothelial cell-specific NF-kappaB suppression attenuates
hypertension-induced renal damage. Circ Res. 2007;101(3):268-76.

Muller DN, Dechend R, Mervaala EM, Park JK, Schmidt F, Fiebeler A, et al.

NF-kappaB inhibition ameliorates angiotensin Il-induced inflammatory
damage in rats. Hypertension. 2000;35(1 Pt 2):193-201.

Lai KN. Pathogenesis of IgA nephropathy. Nat Rev Nephrol. 2012;Epub
ahead of print. doi:10.1038/nrneph.2012.58.

Roberts IS. Pathology of IgA nephropathy. Nat Rev Nephrol.
2014;10(8):445-54.

Ashizawa M, Miyazaki M, Abe K, Furusu A, Isomoto H, Harada T,

et al. Detection of nuclear factor-kappaB in IgA nephropathy using
Southwestern histochemistry. Am J Kidney Dis Off J Nat Kidney Found.
2003;42(1):76-86.

Danilewicz M, Wagrowska-Danilewicz M. Tubular NF-kB is overex-
pressed in proteinuric patients with IgA nephropathy. Folia histochem-
ica et cytobiologica/Polish Acad Sci Polish Histochem Cytochem Soc.
2012;50(1):93-8.

Silva GE, Costa RS, Ravinal RC, Ramalho LZ, Dos Reis MA, Coimbra TM,
et al. NF-kB expression in IgA nephropathy outcome. Dis Markers.
2011;31(1):9-15.

Lopez-Franco O, Suzuki Y, Sanjuan G, Blanco J, Hernandez-Vargas P, Yo
Y, et al. Nuclear factor-kappa B inhibitors as potential novel anti-inflam-
matory agents for the treatment of immune glomerulonephritis. Am J
Pathol. 2002;161(4):1497-505.

Hua KF, Yang SM, Kao TY, Chang JM, Chen HL, Tsai YJ, et al. Osthole
mitigates progressive IgA nephropathy by inhibiting reactive oxygen
species generation and NF-kappaB/NLRP3 pathway. PLoS One.
2013;8(10):e77794.

109.

1.

114.

116.

117.

121.

122.

125.

127.

128.

129.

130.

131.

132

Page 11 of 12

McCarthy DD, Chiu S, Gao Y, Summers-deluca LE, Gommerman JL.
BAFF induces a hyper-IgA syndrome in the intestinal lamina propria
concomitant with IgA deposition in the kidney independent of LIGHT.
Cell Immunol. 2006;241:85-94.

McCarthy DD, Kujawa J, Wilson C, Papandile A, Poreci U, Porfilio EA, et al.
Mice overexpressing BAFF develop a commensal flora-dependent, IgA-
associated nephropathy. J Clin Invest. 2011;121:3991-4002.

Mok CC, Kwok RC, Yip PS. Effect of renal disease on the standardized
mortality ratio and life expectancy of patients with systemic lupus
erythematosus. Arthritis Rheum. 2013;65(8):2154-60.

Zheng L, Sinniah R, Hsu SI. In situ glomerular expression of acti-

vated NF-kappaB in human lupus nephritis and other non-prolif-
erative proteinuric glomerulopathy. Virchows Archiv Int J Pathol.
2006;448(2):172-83.

Zheng L, Sinniah R, Hsu SI. Pathogenic role of NF-kappaB activation

in tubulointerstitial inflammatory lesions in human lupus nephritis. J
Histochem Cytochem Off J Histochem Soc. 2008;56(5):517-29.

Wan X, Yang J, Xing L, Fan L, Hu B, Chen X, et al. Inhibition of lkappaB
Kinase beta attenuates hypoxia-induced inflammatory mediators in rat
renal tubular cells. Transpl Proc. 2011;43(5):1503-10.

Zhao J, Zhang H, Huang Y, Wang H, Wang S, Zhao C, et al. Bay11-7082
attenuates murine lupus nephritis via inhibiting NLRP3 inflammasome
and NF-kappaB activation. Int Immunopharmacol. 2013;17(1):116-22.
Bates JS, Lessard CJ, Leon JM, Nguyen T, Battiest LJ, Rodgers J, et al.
Meta-analysis and imputation identifies a 109 kb risk haplotype
spanning TNFAIP3 associated with lupus nephritis and hematologic
manifestations. Genes Immun. 2009;10(5):470-7.

Caster DJ, Korte EA, Nanda SK, McLeish KR, Oliver RK, G'Sell RT, et al.
ABINT dysfunction as a genetic basis for lupus nephritis. J Am Soc
Nephrol JASN. 2013;24(11):1743-54.

Shembade N, Harhaj EW. Regulation of NF-kappaB signaling by the A20
deubiquitinase. Cell Mol Immunol. 2012;9(2):123-30.

Wertz |, Dixit V. A20—a bipartite ubiquitin editing enzyme with immu-
noregulatory potential. Adv Exp Med Biol. 2014;809:1-12.

Verstrepen L, Carpentier |, Verhelst K, Beyaert R. ABINs: A20 binding
inhibitors of NF-kappa B and apoptosis signaling. Biochem Pharmacol.
2009;78(2):105-14.

Ma A, Malynn BA. A20: linking a complex regulator of ubiquitylation to
immunity and human disease. Nat Rev Immunol. 2012;12(11):774-85.
Nanda SK, Venigalla RK, Ordureau A, Patterson-Kane JC, Powell DW, Toth
R, et al. Polyubiquitin binding to ABIN1 is required to prevent autoim-
munity. J Exp Med. 2011;208(6):1215-28.

Jiang T, Tian F, Zheng H, Whitman SA, Lin Y, Zhang Z, et al. Nrf2
suppresses lupus nephritis through inhibition of oxidative injury

and the NF-kappaB-mediated inflammatory response. Kidney Int.
2014,85(2):333-43.

Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory network provides
an interface between redox and intermediary metabolism. Trends
Biochem Sci. 2014;39(4):199-218.

LiW, Khor TO, Xu C, Shen G, Jeong WS, Yu S, et al. Activation of Nrf2-
antioxidant signaling attenuates NFkappaB-inflammatory response and
elicits apoptosis. Biochem Pharmacol. 2008;76(11):1485-9.

Yoh K, Itoh K, Enomoto A, Hirayama A, Yamaguchi N, Kobayashi M, et al.
Nrf2-deficient female mice develop lupus-like autoimmune nephritis.
Kidney Int. 2001;60(4):1343-53.

Winkles JA. The TWEAK-Fn14 cytokine-receptor axis: discovery, biology
and therapeutic targeting. Nat Rev Drug Discov. 2008;7(5):411-25.
Poveda J, Tabara LC, Fernandez-Fernandez B, Martin-Cleary C, Sanz AB,
Selgas R, et al. TWEAK/Fn14 and non-canonical NF-kappaB signaling in
kidney disease. Front Immunol. 2013;4:447.

Sanz AB, Sanchez-Nino MD, Ortiz A. TWEAK, a multifunctional cytokine
in kidney injury. Kidney Int. 2011;80(7):708-18.

Justo P, Sanz AB, Sanchez-Nino MD, Winkles JA, Lorz C, Egido J, et al.
Cytokine cooperation in renal tubular cell injury: the role of TWEAK.
Kidney Int. 2006;70(10):1750-8.

Sanz AB, Izquierdo MC, Sanchez-Nino MD, Ucero AC, Egido J, Ruiz-
Ortega M, et al. TWEAK and the progression of renal disease: clinical
translation. Nephrol Dial Transpl Off Publ Eur Dial Transpl Assoc Eur
Renal Assoc. 2014;29(Suppl 1):i54-62.

Sasaki 'Y, Shimizu' Y, Suzuki Y, Horikoshi S, Tomino Y. TWEAK/Fn14 system
and crescent formation in IgA nephropathy. BMC Nephrol. 2015;16:27.


http://dx.doi.org/10.1038/nrneph.2012.58

Zhang and Sun Cell Biosci (2015) 5:63

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Sanz AB, Justo P, Sanchez-Nino MD, Blanco-Colio LM, Winkles JA,
Kreztler M, et al. The cytokine TWEAK modulates renal tubulointerstitial
inflammation. J Am Soc Nephrol JASN. 2008;19(4):695-703.

Sanz AB, Sanchez-Nino MD, Izquierdo MC, Jakubowski A, Justo P,
Blanco-Colio LM, et al. TWEAK activates the non-canonical NFkappaB
pathway in murine renal tubular cells: modulation of CCL21. PLoS One.
2010;5(1):28955.

Ucero AC, Benito-Martin A, Fuentes-Calvo |, Santamaria B, Blanco J,
Lopez-Novoa JM, et al. TNF-related weak inducer of apoptosis (TWEAK)
promotes kidney fibrosis and Ras-dependent proliferation of cultured
renal fibroblast. Biochim Biophys Acta. 2013;1832(10):1744-55.

Zhao Z, Burkly LC, Campbell S, Schwartz N, Molano A, Choudhury A,

et al. TWEAK/Fn14 interactions are instrumental in the pathogenesis
of nephritis in the chronic graft-versus-host model of systemic lupus
erythematosus. J Immunol. 2007;179(11):7949-58.

XiaY, Campbell SR, Broder A, Herlitz L, Abadi M, Wu P, et al. Inhibition
of the TWEAK/Fn14 pathway attenuates renal disease in nephrotoxic
serum nephritis. Clin Immunol. 2012;145(2):108-21.

Xia'Y, Herlitz LC, Gindea S, Wen J, Pawar RD, Misharin A, et al. Deficiency
of fibroblast growth factor-inducible 14 (Fn14) preserves the filtra-

tion barrier and ameliorates lupus nephritis. J Am Soc Nephrol JASN.
2015;26(5):1053-70.

Sun SC, Chang JH, Jin J. Regulation of nuclear factor-kappaB in autoim-
munity. Trends Immunol. 2013;34(6):282-9.

Ooi JD, Kitching AR, Holdsworth SR. Review: T helper 17 cells: their role
in glomerulonephritis. Nephrology. 2010;15(5):513-21.

Turner JE, Paust HJ, Steinmetz OM, Panzer U. The Th17 immune
response in renal inflammation. Kidney Int. 2010;77(12):1070-5.

Dong X, Bachman LA, Miller MN, Nath KA, Griffin MD. Dendritic cells
facilitate accumulation of IL-17 T cells in the kidney following acute
renal obstruction. Kidney Int. 2008;74(10):1294-309.

Summers SA, Steinmetz OM, Li M, Kausman JY, Semple T, Edgtton KL,
etal. Th1 and Th17 cells induce proliferative glomerulonephritis. J Am
Soc Nephrol JASN. 2009;20(12):2518-24.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Page 12 of 12

Ooi JD, Phoon RK, Holdsworth SR, Kitching AR. IL-23, not IL-12, directs
autoimmunity to the Goodpasture antigen. J Am Soc Nephrol JASN.
2009;20(5):980-9.

Paust HJ, Turner JE, Steinmetz OM, Peters A, Heymann F, Holscher C,

et al. The IL-23/Th17 axis contributes to renal injury in experimental
glomerulonephritis. J Am Soc Nephrol JASN. 2009;20(5):969-79.

Gan PY, Steinmetz OM, Tan DS, O'Sullivan KM, Ooi JD, Iwakura Y, et al.
Th17 cells promote autoimmune anti-myeloperoxidase glomerulone-
phritis. J Am Soc Nephrol JASN. 2010;21(6):925-31.

Chan OT, Madaio MP, Shlomchik MJ. The central and multiple roles of B
cells in lupus pathogenesis. Immunol Rev. 1999;169:107-21.
Gregersen JW, Jayne DR. B cell depletion in the treatment of lupus
nephritis. Nat Rev Nephrol. 2012;8(9):505-14.

Kaileh M, Sen R. NF-kappaB function in B lymphocytes. Immunol Rev.
2012;246(1):254-71.

Mackay F, Browning JL. BAFF: a fundamental survival factor for B cells.
Nat Rev Immunol. 2002,2(7):465-75.

LiW, Peng X, LiuY, Liu H, Liu F, He L, et al. TLR9 and BAFF: their
expression in patients with IgA nephropathy. Mol Med Rep.
2014;10(3):1469-74.

Frieri M, Heuser W, Bliss J. Efficacy of novel monoclonal antibody beli-
mumab in the treatment of lupus nephiritis. J Pharmacol Pharmacother.
2015,6(2):71-6.

Neusser MA, Lindenmeyer MT, Edenhofer |, Gaiser S, Kretzler M, Regele
H, et al. Intrarenal production of B cell survival factors in human lupus
nephritis. Modern Pathol Off J United StatesCan Acad Pathol Inc.
2011;24(1):98-107.

Vincent FB, Northcott M, Hoi A, Mackay F, Morand EF. Association of
serum B cell activating factor from the tumour necrosis factor family
(BAFF) and a proliferation-inducing ligand (APRIL) with central nervous
system and renal disease in systemic lupus erythematosus. Lupus.
2013,22(9):873-84.

Xin G, ShiW, Xu LX, Su'Y, Yan LJ, Li KS. Serum BAFF is elevated in patients
with IgA nephropathy and associated with clinical and histopathologi-
cal features. J Nephrol. 2013;26(4):683-90.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

® Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolMed Central
J




	NF-κB in inflammation and renal diseases
	Abstract 
	Background
	NF-κB signaling pathways
	NF-κB in inflammation
	Inflammation and kidney diseases
	NF-κB activation by pathophysiological triggers in renal cells
	NF-κB in kidney injury
	NF-κB in IgA nephropathy
	NF-κB in lupus nephritis
	NF-κB in TWEAK-stimulated inflammation in kidney diseases
	NF-κB in lymphocyte-mediated renal inflammation

	Concluding remarks
	Authors’ contributions
	References




