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Dr. Zhao-Hui Wu is an Associate Professor in the Department of Pathology and Laboratory Medicine at the
University of Tennessee Health Science Center. The research in his lab focuses on exploring the mechanisms
involved in the acquired and innate therapeutic resistance of cancer cells. Through delineating the molecular
and cellular signaling pathway exploited by tumor cells to evade the elimination by anti-cancer drugs, they are
aiming to screen potential novel drug targeting these pathways to improve the therapeutic efficacy of cancer
treatments.
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INTRODUCTION

DNA damage is a vital challenge to cell homeostasis. Cellular responses to DNA damage
(DDR) play essential roles in maintaining genomic stability and survival, whose failure
could lead to detrimental consequences such as cancer development and aging. Nuclear
factor-kappa B (NF-«xB) is a family of transcription factors that plays critical roles in
cellular stress response. Along with p53, NF-kB modulates transactivation of a large
number of genes which participate in various cellular processes involved in DDR. Here the
authors summarize the recent progress in understanding DNA damage response and NF-
kB signaling pathways. This study particularly focuses on DNA damage-induced NF-kB
signaling cascade and its physiological and pathological significance in B cell development
and cancer therapeutic resistance. The authors also discuss promising strategies for
selectively targeting this genotoxic NF-kB signaling aiming to antagonize acquired
resistance and resensitize refractory cancer cells to cytotoxic treatments.

threatened by a variety of agents which cause DNA
damage. DNA lesions may occur by altering DNA

The genome of all living organisms is constantly bases (i.e. O%-methylguanine and thymine glycols),

@ (D)&)(@)| This is an open access article distributed under the terms of the Creative Commons Attribution-

NonCommercial-ShareAlike 3.0 License, which allows others to remix, tweak, and build upon the work
non-commercially, as long as the author is credited and the new creations are licensed under the identical terms.

For reprints contact: service@oaepublish.com

Quick Response Code:

-<°f® © 2017 OAE Publishing Inc. www.oaepublish.com



Wang et al.

Genotoxic NF-kB activation in cancer

creating breaks on DNA backbone, and forming cross-
links between DNA strands and proteins. Failure to
repair these lesions can lead to genomic instability and
detrimental consequences.!" Breaks on both strands
of DNA (double-stranded break, DSB) represent one
of the most lethal types of genomic lesion, which has
been associated with pathogenesis of a variety of
human diseases and aging.? DSB can be induced
by environmental exposure such as ultraviolet (UV)
or ionizing radiation (IR), as well as by endogenous
agents like reactive oxygen species generated by cell
metabolism.B! Genomic lesions can be recognized
and labeled by recruitment of sensor proteins, which
activates a complex network of cellular responses
known as DNA damage response (DDR) and
mobilizes DNA repair machinery in order to maintain
genomic integrity.®! Low levels of DNA damage cause
cell cycle arrest and promote repair of DNA lesions,
whereas severe DNA damage leads to apoptosis or
permanent cell cycle arrest (senescence) to avoid
neoplastic transformation.! DDR is often deregulated
in malignant cells, which allows them to escape
apoptosis or senescence. These cells could proliferate
while harboring DNA lesions, which significantly
increases the chance of genetic mutation. A number
of anti-apoptotic signaling pathways, such as nuclear
factor kappa B (NF-kB), have been shown to also play
critical roles in modulating cancer cell response to
DNA damage.®

NF-xB is a family of transcription factors that play
critical roles in inflammation, immunity, cell proliferation,
development, survival and apoptosis.’ The inactive
NF-«xB is present in the cytoplasm in most cell types
and it can be activated by a variety of extra-cellular
stimuli such as pro-inflammatory cytokines, bacterial
lipopolysaccharides, and viral RNA and DNA, via the
activation of membrane and cytosolic receptors.!'%
NF-«xB was also shown to be activated by DNA
damaging drugs in a membrane receptor-independent
manner, which involves a retrograde signaling cascade
from nucleus to cytoplasm.®'2'4 |t has been reported
that NF-xB was activated in response to a variety of
DNA lesions, such as temozolomide-induced S 1-
methylation, ' cisplatin-induced DNA cross-linking,!"®
and IR-induced DSB. Recent studies have revealed
a variety of roles of DNA damage-activated NF-«xB in
cancer cell responses to radiation and chemotherapies
as well as in cancer progression and metastasis.
This review will focus on the recent progress in
understanding DNA damage-induced signaling, DDR,
and genotoxic DSB agent-induced NF-«xB signaling
cascade, as well as their physiological functions
and pathological significance in cancer progression,
therapeutic resistance and metastasis.

DSB AND DNA DAMAGE SIGNALING

DSB is the most severe form of genomic lesion due
to the potential errors incurred during DSB repair.
Cells are equipped with several repair mechanisms
including homologous recombination (HR), classical
non-homologous end joining (cNHEJ), back-
up alternative NHEJ (aNHEJ) and single-strand
annealing.*'"'% Successful HR is generally error-free
while NHEJ and other alternative forms of DNA repair
are more likely to introduce DNA lesions. Most DSBs
are repaired quickly, but those DSBs which repaired
incorrectly or escaped repair mechanisms could cause
chromosomal aberrations, loss of heterozygosity,
oncogenic mutation, or cell death.

Endogenous and exogenous causes of DSBs
DSB can be induced by endogenous molecules
such as reactive oxygen species, lipid peroxides,
endogenous reactive chemicals (e.g. aldehydes
and S-adenosylmethionine), telomere attrition and
depurination mechanism.® Physiological DSB can
also be generated during V(D)J recombination of
immunoglobin chains in lymphocytes.?® Moreover,
DSBs are also formed indirectly from collapse of
stalled transcription forks or arrested replication forks.
These replication fork arrests could occur during
normal replication at sequences which are prone to
form secondary structures such as tRNA genes and
chromosomal fragile sites.?"??

Genotoxic agents are present in the environment at a
very low level, whereas higher levels can be found in
diagnostic tools and tumor therapies. The exogenous
causes of DSBs are mostly either accidental exposure
or medical procedures. A harmful dose of IR is normally
not present in the environment, but such a dose could
be received from accidental exposure to radioactive
materials or, theoretically, a nuclear attack. IR at a dose
of 1 Gy leads to approximately 1,000 SSBs and 20-40
DSBs per cell, among which DSBs are more cytotoxic
although less in the number of breaks.”! Keep in mind
that diagnostic imaging techniques such as X-rays and
mammograms use a very low level of radiation which
could induce DSB directly and indirectly via oxidative
stress. In addition, radiation therapy and cytotoxic
chemotherapeutic drugs, such as camptothecin,
doxorubicin and daunorubicin, induce DSBs in cancer
cells through directly damaging DNA or interfering
DNA topoisomerase function, leading to apoptosis and
elimination of malignant cells.

DNA damage response
Damage to DNA can elicit a complex cellular response
by activating multiple signaling cascades, which are
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generally termed DNA damage response.*! DNA
double-strand breaks could be recognized and bound
by a protein complex called MRE11/RAD50/NBS1
(MRN) within a few seconds of their formation. As a
DSB lesion sensor, MRN complex binds to the break
extremities, stabilizes them close to each other and
initiates DDR via NBS1-dependent recruitment of
ATM kinase.?*2? |n resting cells, inactive ATM dimer
associates with the Tip60 histone acetyltransferase
and protein phosphatase 2A.%6271 Upon DNA damage,
MRN complexes bound to DNA breaks recruit Tip60
on histone 3 trimethylated on K9 (H3K9me3). This
interaction activates Tip60 which in turn acetylates
ATM kinase on K3016.282°1 ATM acetylation induces
its confirmation change and auto phosphorylation on
S367, S1893, S1981 and S2996 as well as dimer-to-
monomer transition.2%32 The dissociation of protein
phosphatase 2A, which targets phosphorylated S1981,
from ATM is also required for full activation of ATM.2"

Around 10% of activated ATM by irradiation or
neocarzinostatin treatment associates with chromatin
in the form of ionizing radiation induced foci (IRIF),
whereas the majority of active ATM remains free in
nucleoplasms.®*34 As a master regulator of the DSB-
induced DDR, ATM phosphorylates various substrates
at the consensus target sequence, (S/T)Q, so as to
orchestrate the activation of multiple signaling pathways
regulating cell cycle arrest, DNA repair, and apoptosis
as well as other pathophysiological processes.® ATM
substrates can be divided into subsets based on their
subcellular localization, such as chromatin-associated
(H2AX, KAP1), integrated in the IRIF (MDC1, 53BP1,
BRCA1, NBS, MRE11, RNF20-RNF40), IRIF-adjacent
and phosphorylated by IRIF-bound ATM (Chk2),
or phosphorylated by a free-floating pool of ATM
(p53, NEMO) in nucleoplasm. Beyond those nuclear
substrates, a subset of ATM substrates localized in the
cytoplasm (4EBP1, TAB2) has also been reported to
play critical roles in cellular response to DSBs.24

ATM belongs to a family of PI3K-related protein
kinases which includes ATM, ATR, DNA-PKcs, mTOR,
SMG-1 and TRRAP.® Although they all share the
similar kinase domain as that in lipid kinase PI3K, they
are protein kinases except for TRRAP whose kinase
activity remains to be validated. Along with ATM, DNA-
PK and ATR also play essential roles in mediating
DNA damage response. In human cells, most breaks
are rapidly repaired by cNHEJ throughout the entire
cell cycle.l'* DNA-PKcs is indispensable for repairing
DNA double-strand breaks by NHEJ. DNA-PKcs can
be recruited to DSBs by the Ku70/Ku80 heterodimer
and form the active DNA-PK complex, which promotes
synapsis of the broken DNA ends.’"! Like ATM, DNA-

PKcs is constitutively associated with Tip60, which
controls its activity. Knockdown of Tip60 by siRNA
reduces the phosphorylation and activation of DNA-
PKcs in response to bleomycin.B® Most DNA-PK
substrates are implicated in DNA repair (DNA-PK
itself, Artemis, polynucleotide kinase, XLF, excision
repair cross complementing 4), whereas DNA-PK-
dependent phosphorylation of H2AX, KAP-1, p53
leads to activation of cell death machinery.%4% As
a replication stress sensor binding to single-strand
DNA, heterotrimeric Replication Protein A (RPA)
accumulates at stalled replication forks and recruits
ATR interacting protein (ATRIP) in association with
ATR kinase. Activation of ATR also requires Rad9/
Rad1/Hus1 heterotrimer (9-1-1 complex) and the DNA
topoisomerase binding protein 1 (TopBP1).#1 ATR
kinase activity is necessary for stabilization and restart
of stalled replication forks, and for signaling to cell cycle
checkpoint activation.#?43 Therefore, ATR is essential
for cell replication and viability as well as maintaining
genomic stability.44%

NF-xB ACTIVATION IN DNA DAMAGE
RESPONSE

Besides the prompt cellular responses (e.g. cell
cycle arrest, DNA repair) to counteract DNA lesions,
transcription/expression of a large number of genes
can also be altered in response to DNA damage. Two
transcription regulators, p53 and NF-kB, have been
identified as the major players for reprogramming
the transcription of these genes in response to
IR.4-481 DNA damage-dependent regulation of p53
signaling has been well studied and comprehensively
reviewed.24°*%1 Here we focus on the recent progress
in understanding genotoxic stress-induced NF-xB
signaling.

NF-«B family

NF-xB is a family of transcription factors composed
of five members, p65 (RelA), c-Rel, RelB, p105/p50
and p100/p52, which form hetero- or homo-dimers and
regulate a variety of physiological and pathological
processes. In resting cells, NF-xB localizes in the
cytoplasm in association with a family of inhibitor
proteins called IkBs (inhibitor of NF-kB), such as
[«Ba."®" Upon stimulation, NF-xB is released from
IxBs and translocates into the nucleus, where it binds
to the promoter and/or enhancer regions of its target
genes and regulates their transcription. In addition to
nuclear translocation, posttranslational modification
of NF-xB, such as phosphorylation, acetylation and
methylation of p65, also plays a significant role in
modulating transcriptional activity.''"*? A large number
of NF-kB-target genes have been identified (see list
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at www.nf-kb.org), which participate in a wide range
of physiological and pathological processes, such
as cell proliferation, innate and adaptive immune
responses, inflammation, cell migration, and regulation
of apoptosis, among others.[""53

Classical
pathways
Previous studies have established two well-defined
NF-kB activation signaling pathways initiated from
membrane-bound receptors, the so-called “classical”
and “alternative” pathways.5 The classical NF-«xB
pathway depends on activity of the IKK (IxB kinase)
kinase complex, which is composed of IKKa, IKKf and
IKKy/NEMO. Upon activation of the IKK complex, the
IKKP subunit directly phosphorylates NF-kB-associated
IxBa, leading toits proteasomal degradation and release
of p65/p50 heterodimer. Free NF-kB then translocates
into the nucleus and regulate gene transcription. The

and alternative NF-xB signaling

Genotoxic stress

K63-linked chain

Linear chain

§
¢

alternative pathway of NF-kB activation relies on the
IKKae homodimer activation in a manner dependent
on NF-xB inducing kinase (NIK). Activated IKKa. then
phosphorylates p100 and promotes partial processing
of p100 and yielding of p52. Consequent p52: RelB
dimmer then translocates into nucleus and regulate the
transcription of its target genes.

DNA damage-induced NF-xB
pathway

DNA-damaging agents also activate NF-xB in a
canonical IKK complex-dependent fashion. However,
in contrast to classical or alternative NF-xB signaling
pathways, this genotoxic signaling cascade is initiated
in the nucleus instead of via membrane-bound
receptors. In the following section, we will discuss
the detailed molecular signaling events mediating this

retrograde signaling pathway [Figure 1].614

signaling

Anti-apoptotic genes,
inflammatory cytokines,
Oncogenic miRNAs, efc.

Figure 1: lllustration of genotoxic stress-induced NF-«kB signaling cascades. In response to genotoxic treatments, NEMO translocated
into nucleus could be SUMOylated by PIASy, which enhances the nuclear accumulation of NEMO. The SUMOylation of NEMO may
be facilitated by PARP-1/Sam68 and/or PIDD/RIP complex. Nuclear accumulated NEMO can further form a complex with ATM that
phosphorylates NEMO and promotes NEMO monoubiqutination. Monoubiquitinated NEMO then exports into cytoplasm along with ATM,
where they form a complex with ELKS. ATM-promoted ELKS ubiquitination with K63 chains recruits LUBAC complex, which facilitates
the assembly of linear ubiquitin chain attached on NEMO. The ELKS/NEMO anchored ubiquitin chains stabilize binding of TAK1 and IKK
complex thereby promoting their activation. ATM may also export into cytoplasm and form a complex with TRAF6, which leads to TRAF6
polyubiquitination. The polyubiquitin chains attached on TRAF6 could also enhance IKK activation. Activated IKK then phosphorylates
IkBa and frees NF-kB for nuclear translocation. In the nucleus, NF-kB could drive transactivation of anti-apoptotic genes (e.g. Bcl-xL, XIAP
and Survivin), inflammatory cytokines (e.g. IL-6 and IL-8) and oncogenic miRNAs (e.g. miR-21 and miR-181a), resulting in therapeutic
resistance and aggressive metastasis in cancer cells. NF-xB: nuclear factor kappa B; PIASy: protein inhibitor of activated; PARP-1: poly
(ADP-ribose) polymerase 1; PIDD: p53-induced death domain protein; RIP: receptor interacting protein; TAK1: TGF-beta activated kinase;
IKK: IxB kinase 1; TRAF6: TNF receptor-associated factor 6
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Nuclear steps: ATM phosphorylates SUMOylated
NEMO

ATM is the pivotal kinase involved in NF-kB activation
following DNA damage. In 1998, Lee et al.l’¥ first
observed that NF-xB activation by IR was reduced
in human cells with ATM deficiency (A-T cells). Later
Piret et al.®® reported that decreased NF-«kB activation
by the chemotherapeutic drug CPT in A-T cells could
be restored by complementation with ATM. Moreover,
both IR and NCS treatment induced ATM-dependent
IKKB activation in HEK293 cells.s! Therefore, the
activation of ATM by DNA damage likely serves as a
cornerstone to bridge nuclear DNA damage response
to cytoplasmic activation of NF-xB signaling cascade.

The IKK kinase complex is the core component of the
classical NF-xB cascade which is also required for DNA
damage induced NF-kB activation. The non-catalytic
subunit of the IKK complex, NEMO, was found to play
unique roles in mediating genotoxic NF-kB activation
which may be dispensable in classical NF-«xB signaling.
For example, the C-terminal zinc finger (ZF) domain of
NEMO was shown to be essential for NF-kB activation
following treatment with DNA-damaging agents. In
contrast, NEMO ZF domain deletion minimally affected
NF-kB activation following treatment with canonical
stimuli (e.g. lipopolysaccharide). Importantly, a small
fraction of NEMO was found to disassociate from
IKKa/B upon DNA damage and translocate into nucleus
by association with IPO3 (importin 3, transportin 2).15"!
Subsequently, nuclear NEMO can be modified by a
small protein called SUMO (small ubiquitin-like modifier)
in the nucleus in response to DNA damage.®® Similar
to ubiquitin, SUMO can be covalently conjugated onto
lysine residue of its target proteins and thereby altering
the function and activity of the SUMOylated proteins.
SUMO E3 ligase PIASy (protein inhibitor of activated
STATy)-mediated SUMOylation on K277 and 309 of
NEMO enhanced its nuclear accumulation which is
essential for subsequent signaling events activating
NF-kB upon DNA damage.®®% Nevertheless, the
mechanism through which SUMOylated NEMO is
localized to nucleus is still unclear.

Two different protein complexes have been shown to
regulate the NEMO SUMOylation. Subsequent to DNA
damage, p53-induced death domain protein (PIDD)
and receptor interacting protein 1 (RIP1) associate with
nuclear NEMO as a heterotrimer and accumulate in the
nucleus. This PIDD/RIP1/NEMO complex may promote
NEMO SUMOylation following chemotherapeutic drug
treatment in HEK293 cells.!®® The second modulator of
NEMO SUMOylation is poly (ADP-ribose) polymerase
1 (PARP-1). PARP-1 is an abundant chromatin-
associated enzyme that can be quickly recruited

to sites of SSB and DSB as a DNA damage sensor.
After recruitment to the breaks, PARP-1 is activated
by post-translational modifications by adding poly
(ADP-ribose) to acceptor proteins such as itself and
histones. PARylation alters the steric properties of
the PARylated proteins, leading to change of their
interacting partners. PARP-1 is essential for maintaining
genomic integrity and involved in base excision repair,
SSB and DSB repair, DNA methylation, transcription
regulation, and also signal transduction.¢3 DNA-
bound PARylated PARP-1, or free PARylated PARP-
1 in the nucleoplasm, serves as a docking platform
for several proteins, such as PIASy.64¢5 Upon DNA
damage, PARylated PARP-1 was found to form a
transient nuclear signalsome along with ATM, NEMO
and PIASy, and PIASy binding to active PARylated
PARP1 is essential for DNA damage-induced NEMO
SUMOylation and nuclear accumulation.®® A recent
study also identified Src-associated-substrate-during-
mitosis-of-68 kDa/KH domain containing RNA binding,
signal transduction-associated 1 (Sam68/KHDRBS1)
as a key NF-«B regulator in the genotoxic stress-
initiated NF-xB signaling pathway.®® Sam68 deficiency
abolished DNA damage-induced PARylation and the
PARP1-dependent NF-kB-mediated transactivation
of anti-apoptotic genes. Consistently, Sam68 deficient
cells are hypersensitive to genotoxic treatment while
overexpression of Sam68 elevated PAR production
and NF-kB-mediated anti-apoptotic transcription in
colon cancer cells. Another study suggested that cell
membrane protein MUC13 may also participate in
regulation of genotoxic NF-kB signaling. Although
the detailed mechanism is still unclear, it may involve
stabilization of PARP1, enhanced ATM phosphorylation
and NEMO SUMOylation.®”

In cells exposed to genotoxic treatments, increased
nuclear localization of NEMO substantially enhances
its association with ATM.6® Furthermore, PARP-1
may also stabilize the interaction between NEMO
and ATM through PARYylation of ATM and formation
of the aforementioned nuclear signalsome.®® The
association between NEMO and activated ATM leads
to ATM-dependent phosphorylation of NEMO on Ser
85.%¢81 The precise function of NEMO phosphorylation
remains to be determined, but ATM activity and intact
NEMO-Ser85 are prerequistites for subsequent
NEMO  monoubiquitination,  suggesting NEMO
phosphorylation on Ser85 may serve as a cue for its
subsequent ubiquitination, such as clAP1 recruitment.
E3 ubiquitin ligase clAP1, was shown to mediate
NEMO mono-ubiquitination at K277 and 309 in the
nucleus upon DNA damage in an ATM-dependent
manner.¥ clAP1 may compete with SUMO ligase
PIASy for NEMO association, as both bind to the same
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region of NEMO and target the same residues. When
overexpressed, clAP1 inhibits NEMO SUMOylation.
Although the function of NEMO monoubiquitination
is not fully elucidated, various studies suggested that
ubiquitination also regulates subcellular localization of
NEMO. In contrast to SUMOylation, monoubiquitination
appears to promote nuclear export of NEMO so as to
transduce a nuclear signaling into cytoplasm and relay
to downstream signaling events.

The nuclear export of NEMO is essential to convey
the signal from nucleus to cytoplasm and the
underlying mechanisms have been only partially
elucidated. Huang et al.58¢ demonstrated that NEMO
monoubiquitination is required for its Ca?*- and Ran-
GTP-dependent nuclear export. ATM and NEMO
are found to be exported together. Another study
showed that NEMO may be monoubiquitinated in the
cytoplasm after the export of SUMOylated NEMO
from the nucleus.'™ ATM may be also exported
in a Ca?-dependent but PARP-1/NEMO/PIASy-
independent manner. Nevertheless, the presence
of monoubiquitinated NEMO in cytoplasm delivers
the nuclear DNA damage signal to cytoplasmic
compartment and leads to a cytoplasmic NEMO:
ATM: IKK complex, which further promotes NF-xB
activation.?!

Cytoplasmic steps: ATM mediates TAK71-IKK
activation

In the cytoplasm, ATM still plays important roles to
activate the IKK complex. NEMO and ATM were found
to form a complex with the IKK-associated protein ELKS
(a protein rich in glutamate, leucine, lysine and serine,
also called ERC1).81 ELKS has been shown to play
a role in synaptic plasticity, intracellular transport, and
exocytosis by regulating release of neurotransmitters
at presynaptic active zones."""3 ELKS has been found
as a putative IKK complex component regulating IKK-
dependent IkBa phosphorylation in TNFa-induced
NF-kB activation.'¥ ELKS also forms a complex with
NEMO, ATM and IKK, which is required for activation
of IKK-upstream kinase TGF-beta activated kinase 1
(TAK1).1%875 Further investigation revealed that ELKS is
conjugated with K63-linked polyubiquitin chains which
depends on ATM and ubiquitin ligase XIAP. Moreover,
ATM may also directly bind and promote the ubiquitin
ligase activity of TNF receptor-associated factor 6
(TRAF®6), leading to TRAF6 auto-ubiquitination with
K63-chains.™™ The K63-linked polyubiquitin chains
conjugated on ELKS and TRAF®6 could then serve as
a docking platform of TAK1/TAB1/TAB2 complex and
lead to its activation.

Besides K63-linked polyubiquitination, linear ubiquitin

chains also contribute to NF-xB activation by DNA
damage.™ Linear ubiquitin chains are connected by a
head-to-tail peptide bond between C-terminal Gly76 of
one ubiquitin and N-terminal a-amino group on Met1
of another ubiquitin molecule.’ The LUBAC protein
complex comprised of hemeoxidized IRP2 ubiquitin
ligase-1 (HOIL1), HOIL1-interacting protein (HOIP) and
shank-associated RH domain interactor (SHARPIN),
was identified as the only E3 ligase specifically to
promote linear ubiquitin chain formation.®81 Upon
TNFo stimulation, LUBAC was found in a TNFR-
supercomplex where it facilitates linear ubiquitination
of RIP1 and NEMO.®28% The UBAN domain of NEMO
has high affinity for interaction with the linear ubiquitin
chain,®+%! suggesting the linear ubiquitin chains
attached on NEMO or RIP1 may be stabilizing the
NEMO/IKK complex within the TNFR-supercomplex,
leading to effective activation of IKK. Similarly, NEMO
could be modified by linear ubiquitin chains in the
cytoplasm of cells exposed to DNA damage. LUBAC
is required for DNA damage-induced NEMO linear
ubiquitination.7®

The linear chain-conjugated lysine residues in NEMO
have been identified as Lys285 and Lys309. Lys309
could be modified by monoubiquitination and Lys285
was shown to be conjugated with a single ubiquitin
moiety upon DNA damage in another study.
Therefore, it is likely the mono-ubiquitin attached
on Lys285 and 309 may serve as a cornerstone for
further extension of linear ubiquitin chains. The K63
chains attached on ELKS and TRAF6, along with linear
chains anchored on NEMO, may form an intertwined
network which provides an optimal binding platform for
recruiting and stabilizing association of TAK1/TAB1/
TAB2 and IKK complexes. The clustering of TAK1 and
IKK complexes leads to effective auto-phosphorylation
and activation of TAK1 and subsequent TAK1-
dependent IKK activation upon DNA damage. After
IKK activation, the downstream signaling events are
similar to that in the classical NF-xB signaling cascade,
which involves IKK-dependent IkBo phosphorylation
and degradation, free NF-kB nuclear translocation and
target gene transcription alteration.

In addition to the well-described mechanistic
connection linking DNA damage signals to the
canonical IKK-NF-kB pathway, DNA damage may
also lead to activation of alternative NF-xB pathways.
RelB was found to be enriched in the nuclei following
ionizing radiation in prostate cancer cells, which
correlated with poor prognosis in prostate cancer
patients.®5-%! |n osteosarcoma cell lines, p100
phosphorylation and subsequent processing to p52
observed following multiple forms of DNA damage.
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However, how DNA damage activates alternative
NF-kB pathway, and the mechanistic roles of IKKa,
NEMO or ATM in this genotoxic signaling cascade,
still remain to be elucidated.

RESOLUTION OF DNA DAMAGE-INDUCED
NF-<xB ACTIVATION

As NF-kB activation plays critical roles in both
physiological (e.g. immunity, cell proliferation and
survival) and pathological (e.g. inflammation, auto-
immune response and cancer progression) processes,
tight control of NF-kB activation is essential for
maintaining homeostasis of cell functions. Negative
feedback regulation assumes an important part in
the control of NF-kB activity.®®) A classic example
is NF-xB-dependent induction of IkBa synthesis after
stimulation, which specifically antagonizes NF-xB
activity and prevents prolonged NF-kB activation.".%
Cells deficient in IkBa present basal, and more
sustained signal-inducible, NF-xB activities.*®

Another shared negative feedback mechanism relies
on an induced inhibitory mechanism targeting NF-
kB-activating signaling events. Recent studies have
shown that expression of deubiquitinases (DUBs),
such as A20, are prompted by TNFa stimulation in an
NF-kB-dependent manner. These DUBs then cleave
polyubiquitin chains to limit IKK activation.l®**"! Thus,
a deficiency in DUBs A20 or CYLD (cylindromatosis)
can prompt augmented and sustained NF-xB activity
in response to inflammatory stimuli and lead to
inflammatory disorders as well as oncogenesis. In the
following section, we focus on the negative feedback
mechanisms induced by DNA damage, which limit the
genotoxic NF-kB activation [Figure 2].

®
NEMO

SENP2-dependent inhibition of NF-xB
activation by DNA damage

In DNA damage signaling, SUMOylation of NEMO
is a critical signaling event in mediating IKK and NF-
kB activation.® SUMOylation is the posttranslational
modification of lysine residues in target proteins
by covalent connection of a SUMO moiety, and
is biochemically analogous to, but functionally
distinct from, ubiquitination. Like DUBs restricting
ubiquitination, individuals from the Sentrin/SUMO-
specific protease (SENP) family remove SUMO
conjugates from their substrates.®®%! Due to the
reversible nature of SUMOylation, it has been tempting
to speculate that desumoylation by an inducible SENP
may negatively regulate genotoxic NF-xB activation.
Indeed, it was found the SENP2 and SENP1 are major
and minor negative regulators, respectively, of NF-kB
signaling induced by genotoxic stimuli.l'® Among the
six human SENPs, SENP2 interacted most efficiently
with NEMO and robustly attenuated NF-xB activation
by genotoxic stress. SENP2 overexpression decreased
the level of NEMO SUMOylation and NF-«xB activation
initiated by DNA damage. While wild-type MEFs
demonstrated transient NF-xB activation, Senp2-
MEFs indicated increased genotoxic stress-instigated
NEMO SUMOylation and NF-xB activation.[' More
interestingly, SENP2and SENP1 genesaredirecttargets
of NF-kB whose transcription was substantial increased
upon DNA damage. Chromatin IP analysis indicated
that treatment with the genotoxic drug etoposide, but
not TNFa, leads to increased H3K4me2 at the SENP2
promoter, an epigenetic marker associated with active
transcription.l'"1%2l The induced histone methylation
was ATM-dependent, which is consistent with previous
findings that ATM regulates telomere elongation
through the H3K4 methyltransferase SpSet1p.['%d

P NEMO
phosphorylation linear polyUb
DNA damage \ 69 / \ @Aly \§ actlvatlon
NEMO NEMO ELKS
sumoylation mono-Ub K63 polyUb

J

Figure 2: Negative feedback mechanisms modulating genotoxic NF-kB activation. Upon genotoxic NF-kB activation, desumoylation
enzyme SENP2 can be transcriptionally upregulated, which in turn decreases NEMO sumoylation and suppresses genotoxic NF-xB
signaling. Similarly, MCPIP1 can be upregulated by NF-kB in response to genotoxic treatment. MCPIP1 may decrease NEMO linear
ubiquitination and ELKS K63 polyubiquitination by facilitating their interaction with USP10. Meanwhile, MCPIP1/USP10 forms a complex
with TANK, which bridges the association of the deubiquitinase complex with TRAF6 and suppresses TRAF6 ubiquitination. All these
deubiquitination events could contribute to the abrogation of genotoxic NF-xB activation. In addition, as a canonical NF-«xB target gene,
IxBa induction could also diminish NF-kB activation by DNA damage. NF-kB: nuclear factor kappa B; SENP2: Sentrin/SUMO-specific
protease 2; MCPIP1: monocyte chemotactic protein-1-induced protein-1; TANK: TRAF family member-associated NF-«xB activator; TRAF6:
TNF receptor-associated factor 6
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Moreover, ATM was shown to promote DNA repair
by regulating RNF20 phosphorylation and histone
methylation, including H3K4me2.1'941%5 These results
also indicate that ATM not only mediates activation of
NF-kB signaling in response to DNA damage, it also
facilitates NF-xB-dependent transcription by promoting
epigenetic modification to synergistically enhance NF-
kB-target gene induction. As in the situation with DUBs
in the cytokine signaling,!'®® the relative significance
of NF-kB-dependent feedback regulation mediated
by SENPs in genotoxic signaling probably depends
on cell types and the nature of DNA damage stimuli.
Nevertheless, SENP2/1 induction upon genotoxic
stress provided the first negative-feedback mechanism
to uniquely regulate DNA damage-induced NF-
kB activation through modulating SUMOylation/
desumoylation of NEMO.

Suppression of genotoxic NF-kB activation by
MCPIP1/USP10

Monocyte chemotactic protein-1-induced protein-1
(MCPIP1, also called ZC3H12A) wasiinitially recognized
as a potential transcription factor in cardiac myocytes
regulating apoptosis and chronic inflammatory
response.l'1  Further studies demonstrated that
MCPIP1 can be induced in macrophages, which
depend on down-regulation of NF-xB signaling, to
modulate inflammatory gene expression. MCPIP1-
knockout mice displayed severe immune disorders,
growth retardation and premature death.['%"9 |t was
found that MCPIP1 could bind to the 3’-untranslated
regions (UTRs) of a subset of inflammatory cytokine
genes including IL6 and IL12, and destabilize
the bound mRNAs through its RNase activity.[""%
Intriguingly, MCPIP1 was found to limit LPS-induced
NF-kB activation in macrophages through expulsion
of polyubiquitin chains from TRAF proteins.l'"® " The
transcription of MCPIP1 was also upregulated, in a NF-
«B-dependent fashion, in cells exposed to genotoxic
stimulation.[? Further investigation revealed that
MCPIP1, although itself lacks DUB activity, could
serve as an adaptor protein to enhance interaction of
deubiquitinase USP10 with polyubiquitinated NEMO,
which in turn removes the linear ubiquitin chains from
NEMO and suppresses NF-kB signaling upon DNA
damage. Two N-terminal domains of MCPIP1 are
essential for MCPIP1 to direct USP10-dependent
deubiquitination. The RNase-CCCH domain is required
for interaction between MCPIP1/NEMO/USP10 and
the UBA domain is required for MCPIP1 binding to
ubiquitin chains, which may present the ubiquitinated
substrates to USP10 for cleavage.[''? Consistently, NF-
kB-dependent gene transcription upon DNA damage
was significantly enhanced in MCPIP1-deficient cells.
Therefore, induction of MCPIP1 serves as a negative

feedback response to attenuate NF-xB activation by
DNA damage.

TANK-dependent inhibition of NF-xB signaling
TRAF family member-associated NF-xB activator
(TANK, also known as I-TRAF) was originally identified
as a protein associated with the TRAF2 and TRAF3,
and involved in TRAF-mediated NF-xB signaling
pathways.[''3""® |In response to viral infection-induced
retinoic acid-inducible gene 1 (RIG-I) activation, TANK
serves as an adaptor bridging TRAF3 association with
TBK1 and IKKe, which promotes phosphorylation and
activation of Interferon Regulatory Factor 3 (IRF3)/IRF7
as well as NF-«B signaling.l"¢""®l However, TANK was
alsoshowntonegativelyregulate NF-kBactivation.[''9.120)
NF-xB activation upon TLR or BCR (B-cell receptor)
stimulation was enhanced in macrophages and B
cells isolated from Tank—/- mice compared with their
wild-type counterparts. Interestingly, TANK deficiency
increased TRAF6 ubiquitination in response to TLR
stimulation in macrophages, which may account
for the increased NF-xB activation. However, no
canonical deubiquitination enzyme domain can be
found in TANK. Also, neither A20 nor CYLD, two
common DUBs involved in negative regulation of NF-
kB signaling, was found as TANK-binding partners.["'9
Therefore, the mechanism by which TANK inhibited
TRAF6 ubiquitination has been elusive.

We recently reported that TANK represses genotoxic
NF-xB activation, which may rely on suppression of
TRAF6 ubiquitination.l'?!’ TRAF6 polyubiquitination
has been shown to play an important role in mediating
IKK activation upon DNA damage.® DNA damage-
induced NF-xB activation and TRAF6 ubiquitination
were substantially increased in TANK-deficient cells
which was reduced by reconstitution of TANK. TRAF6
was found to interact with TANK through its TRAF-C
domain and this interaction is required for TANK-
mediated deubiquitination of TRAF6. Intriguingly,
TANK was identified as a MCPIP1-interacting protein
in a proteomic screen and we confirmed that TANK
forms a complex with MCPIP1 and USP10. The TANK-
associated USP10 is required for the decrease of
TRAF6 polyubiquitination, which in turn diminishes
the NF-xB activation by DNA damage. Therefore,
USP10 is able to efficiently terminate DNA damage-
induced NF-xB activation through attenuating two
critical ubiquitin events, linear ubiquitination of NEMO
and K63-ubiquitination of TRAF6, in genotoxic NF-xB
signaling. In addition to genotoxic stress, the TANK-
MCPIP1-USP10 complex is also responsible for
restraining TRAF6 ubiquitination in cells treated with
LPS or IL-1pB. Altogether, these data support that TANK
may also serve as a negative regulator of genotoxic
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NF-«B activation by directing USP10-MCPIP1 complex
to polyubiquitinated TRAF6.[12"]

Inhibiting genotoxic NF-xB activation by
targeting PARP-1

In cells undergoing apoptosis upon severe DNA
damage, PARP-1 is cleaved by caspases which likely
restrict any further activation of NF-xB. The PARP-1
cleavage not only diminishes the DNA repair capacity
of the cells, but also blocks anti-apoptotic NF-kB
activation in response to DNA damage, which ensures
the elimination of cells with unrepairable DNA lesions.
In signaling pathways leading to NF-kB activation,
PARP-1 plays a unique role in mediating DNAdamage-
induced signaling cascade. DNA damage-induced
NF-xB activation is believed to play important roles in
mediating acquired resistance in cancer cells treated
with genotoxic agents.['?2123 As NF-«B also has critical
physiological functions, selective inhibition of NF-
kB activated by genotoxic treatments is expected to
effectively reduce therapeutic resistance to radiation
and chemotherapies with minimal toxicity. Targeting
PARP-1 may provide an attractive opportunity for
selectively inhibiting genotoxic NF-xB activation
while sparing the canonical and alternative NF-xB
pathways. 24

PHYSIOLOGICAL AND PATHOLOGICAL
FUNCTIONS OF GENOTOXIC NF-«B
ACTIVATION

DNA damage-induced NF-xB activation and
B-cell differentiation

Endogenous DSBs occurrence is an obligate
consequence of B-lymphocyte development because
of somatic rearrangement of immunoglobulin loci that
is important for generation of antibody diversity and
isotype class switching. These physiological DSBs
mobilize the DDR machinery in a way reminiscent of
the cell reaction to exogenous DNA damage.l'?® As a
result, mice deficient in DDR components, particularly
in genes required for detecting and repair of DSBs (e.g.
ATM), demonstrate defects in normal B-lymphocyte
function and reactions to pathogens.['?! Also, in human,
a number of essential immune deficiencies occur,
owing to monogenic defects in DDR signaling.!'?"128]
Interestingly, NF-xB activation by endogenous
DSBs formed during lymphocyte differentiation has
been detected in mice.l'?®! Similar to the response to
exogenous DSBs, NF-xB activation by endogenous
DSBs requires NEMO and ATM signaling. In this
scenario, NF-xB activation by endogenous DSBs up-
regulates a cohort of genes including Pim2 and CD40,
whose expression is required for preventing apoptosis
and B-cell development. Consistently, patients with

mutations in the gene encoding NEMO show defects
in B-lymphocyte differentiation. Several mutations
in NEMO map to the C-terminal ZF area that is vital
for DNA damage-induced NF-kB activation. All tested
NEMO ZF alleles have proven specifically defective
for the genotoxic NF-kB pathway, although NF-«B
activation by LPS stimulation remains largely intact. A
prominent feature of B lymphocytes from patients with
NEMO ZF mutations is the inability to carry out class
switch recombination and almost complete absence of
memory B cells.!"3%31 Notably, microarray examination
indicated that those genes required for class switch
recombination and proliferation failed to be induced in
patient B cells undergoing class switching in vitro.['3"
This phenotype may be explained, to some degree,
by the modest defects in CD40 signaling that are
also observed in these samples. However, it is also
speculated that the defect in B-cell functions observed
in patients with NEMO ZF mutations may specifically
require DNA damage-induced NF-«B activation.['3?

Constitutive ATM-NEMO-NF-«B activity in AML
and MDS

Besides DNA  damage-induced ATM-NEMO-
dependent NF-xB activation, a recent study showed
that ATM-NEMO-NF-kB signaling is constitutively
activated in certain acute myeloid leukemia (AML)
cell lines and in a high percentage of primary
myelodysplastic syndrome (MDS) and AML patient
samples.l'3¥ Utilizing the P39 AML cell line, it was
found that ATM is constitutively active with NEMO
and PIDD in the nucleus, and an ATM-NEMO nuclear
complex is clearly detectable without genotoxic
treatments. Inhibition of ATM by KU55933 or ATM
knockdown results in the loss of nuclear NEMO and
PIDD, dissociation of ATM-NEMO complex, restraint
of NF-xB activation, and induction of cell death. Also,
active ATM was detected in CD34* bone marrow
mononuclear cells acquired from all high-risk MDS
or AML patient samples, indicating constitutive ATM
activation. In line with this notion, pharmacological
inhibition of ATM induced cytoplasmic redistribution of
NEMO and PIDD (which were found constitutively in
the nucleus of these cells), inhibition of constitutive NF-
kB activation and cell death.['*3! Although constitutive
activation of NF-kB is frequently found in various
types of tumor specimens,['*#'%! in many cases, the
mechanisms that maintain NF-xB activity are unclear.
Considering the genomic instability as a hallmark for
human cancers,[®" it is tempting to speculate that
endogenous DNA damage-induced signaling may
account for, at least in part, maintaining constitutive
NF-xB activation in various human malignancies, in
addition to high-risk MDS and AML.
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Genotoxic NF-kB activation in acquired cancer
therapeutic resistance

Substantial evidence indicates that NF-xB regulates
oncogenesis and tumor progression. NF-«kB activation
(i.e. nuclear localization) has been observed in a variety
of solid tumors.['*81%9 |In general, NF-«B is believed to
promote cancer development by contributing to all
intrinsic hallmarks of cancer, including therapeutic
resistance and metastasis.[¥""3¢ |onizing radiation
and chemotherapeutic drugs such as doxorubicin,
5-fluorouracil and cisplatin have been found to activate
NF-xB signaling in various cancer cells.%142 The
genotoxic agent-induced NF-kB activation has been
considered as a major mechanism through which
various cancers acquire therapeutic resistance.l'+?

A number of NF-xB target genes which prevent
apoptosis and promote proliferation, such as cyclin
D1, bcl-2, bel-xL, survivin, and XIAP, were upregulated
in cancer cells upon genotoxic treatments.[44-146]
Furthermore, chemotherapeutic resistance of cancer
cells highly correlates with their ability to metastasize,
which indicates that genotoxic treatment may induce
pro-metastatic responses in refractory cancer cells.['*”]

Recent studies have suggested that DNA damage
response could enhance the expression of pro-
inflammatory cytokines, such as Interleukin-6 (IL-6) and
Interleukin-8 (IL-8), favoring tumorgrowth, angiogenesis
and malignant cell invasion.l'¥® Inflammation has
been shown to play a significant role in promoting
cancer metastasis."*! As NF-«xB is a key modulator of
inflammation, it is plausible that chemotherapy-induced
NF-xB activation may facilitate tumor metastasis
by promoting an inflammatory response. Along with
pro-inflammatory cytokines, accumulating evidence
also suggests that certain cancer-related microRNAs
may also play important roles in breast cancer
metastasis.!'*52l MicroRNAs are a class of small non-
coding RNAs (~20-24 nucleotides), which primarily
bind to the 3'-untranslated region (3'-UTR) of target
mRNA and negatively regulate gene expression at the
post-transcriptional level.l'¥ Most miRNA genes are
transcribed into primary miRNAs by RNA polymerase
II, which can be sequentially processed into precursor,
then mature miRNAs. The transcription of miRNA
can be regulated by both upstream DNA transcription
regulatory elements, such as conserved transcription
factor binding sites, and epigenetic modifications.!'54
Genotoxic stimulation was shown to alter miRNAs
expression in cancer cells at transcriptional and post-
transcriptional levels.!"s"51 NF-xB has also emerged
as an important transcription regulator of miRNA
genes.[8181 A recent report showed that genotoxic
NF-kB activation regulates the expression of both pro-

inflammatory cytokine IL-6 and oncogenic miR-21 in
TNBC cells, which may promote TNBC cell survival
and invasion upon Dox treatment.l's2 Moreover, |L-6-
dependent STAT3 activation further enhanced miR-
181a transcription, whose upregulation suppressed
pro-apoptotic gene BAX level and reduced cancer cell
apoptosis upon chemotherapy.l's¥ It is plausible that
NF-xB plays a critical role in regulating therapeutic
resistance and subsequent metastasis in genotoxic
drug-treated breast cancer cells, through coordinating
expression of anti-apoptotic genes, pro-inflammatory
cytokines and oncogenic miRNAs. Thus, inhibiting
genotoxic drug-induced NF-kB activation may serve
as a promising strategy to reduce chemotherapeutic
resistance and subsequent metastasis.

TARGETING NF-xB TO SUPPRESS
THERAPEUTIC RESISTANCE

A number of NF-xB blocking agents, such as IKK
inhibitors, inhibitory peptides, antisense RNA,
proteasome inhibitors and dietary supplements,
are currently being tested in combination with
chemotherapy and radiotherapy. These studies aim
to sensitize cancer cells to the tumoricidal effects of
chemotherapeutic drugs and radiation by blocking NF-
kB activation, thereby preventing acquired resistance.
It is noteworthy that NF-kB also plays critical roles
in regulating physiological process, such as immune
response. Non-selectively inhibiting NF-«B may lead
to severe adverse effects such as immunodeficiency.
Whether such a NF-kB inhibitor will do more harm than
good with respect to the immune system in cancer
patients is likely to depend on the particular target or
combination of targets on which it acts.

In this regard, agents selectively targeting NF-«B
signaling activated specifically by DNA damage are
expected to show much greater promise in antagonizing
therapeutic resistance without compromising the
immune system. The recent development of PARP-
1 inhibitors may provide an extraordinary opportunity
for clinical application of such a genotoxic NF-xB
selective inhibitor. It has been shown that PARP
inhibitors  significantly augmented cell death in
BRCA1/2-deficient cancer cells, while no overt toxicity
was observed in normal cells expressing functional
BRCA1/2.1'¢41651 This effect was termed “synthetic
lethality”, which is believed to be a promising “targeted”
strategy to selectively eliminate cancer cells harboring
BRCA1/2 mutation while sparing normal cells.[¢6.167]
Currently, FDA has approved the PARP inhibitors
olaparib and rucaparib for treating ovarian cancer
patients with BRCA mutation. It has been shown that
DNA damage-induced NF-«B activation in human
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cancer cells was significantly attenuated by PARP-1
inhibitors.["%8 Moreover, a PARP1 inhibitor, AG-014699
was shown to sensitize glioma cells to radiation via
inhibiting NF-xB activation.['®® Thus, inhibiting PARP1
may not only further diminish the DNA repair capacity
of BRCA-deficient breast cancer cells, but also abolish
genotoxic drug-induced NF-«xB activation and sensitize
TNBC patients to chemotherapy.

CONCLUSION AND PERSPECTIVE

The studies on DNA damage response and NF-kB have
significantly improved our understanding of molecular
signaling leading to genotoxic NF-xB activation
in the last two decades. These studies have also
provided promising drug targets, such as PARP-1, for
selectively inhibiting NF-xB activation by radiation
and chemotherapeutics in cancer cells, which may be
able to resensitize treatment-refractory cancer cells to
conventional chemotherapy. The extension of the period
that cancer patients can benefit from these cost-effective
“old” chemotherapeutic drugs will also substantially
alleviate the financial burden the patients bear due to
the high cost of newly developed therapeutic agents.
Nevertheless, further investigation is still much needed
to explore the critical downstream NF-«xB-target genes
which are specifically induced by DNA damage. Better
understanding of how these induced genes, protein
genes or non-coding RNAs, modulate cell response
to DNA damage, will help to develop novel therapeutic
agents selectively targeting those pro-survival/
metastatic targets and counteract acquired therapeutic
resistance. Furthermore, these gene signatures may
also serve as predictive biomarkers for evaluating the
potential benefit and effectiveness in patients who
receive cytotoxic chemotherapies and radiation.
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