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Abstract

The airway mucosa is responsible for mounting a robust in-
nate immune response (lIR) upon encountering pathogen-
associated molecular patterns. The IIR produces protective
gene networks that stimulate neighboring epithelia and
components of the immune system to trigger adaptive im-
munity. Little is currently known about how cellular reactive
oxygen species (ROS) signaling is produced and cooperates
in the IIR. We discuss recent discoveries about 2 nuclear ROS
signaling pathways controlling innate immunity. Nuclear
ROS oxidize guanine bases to produce mutagenic 8-oxogua-
nine, a lesion excised by 8-oxoguanine DNA glycosylase1/
AP-lyase (OGG1). OGG1 forms a complex with the excised
base, inducing its nuclear export. The cytoplasmic OGG1:8-
oxoG complex functions as a guanine nucleotide exchange
factor, triggering small GTPase signaling and activating
phosphorylation of the nuclear factor (NF)kB/RelA transcrip-
tion factor to induce immediate early gene expression. In
parallel, nuclear ROS are detected by ataxia telangiectasia
mutated (ATM), a P13 kinase activated by ROS, triggering its

nuclear export. ATM forms a scaffold with ribosomal S6 ki-
nases, inducing RelA phosphorylation and resulting in tran-
scription-coupled synthesis of type | and type Il interferons
and CC and CXC chemokines. We propose that ATM and
OGGT1 are endogenous nuclear ROS sensors that transmit
nuclear signals that coordinate with outside-in pattern rec-
ognition receptor signaling, regulating the IIR.

© 2016 S. Karger AG, Basel

Role of the Pulmonary Mucosa in Initiating Innate
Immunity

The respiratory tract is composed of a surface area that
covers over 100 m? and is highly evolved to facilitate gas
exchange and prevent fluid losses. Typically, a normal
adultinhales over 11,000 liters of air daily that enter 3 mil-
lion alveoli for exchanging carbon dioxide with oxygen.
The pulmonary tree is lined throughout with a semi-im-
permeable barrier formed by highly adapted epithelial
cells [1]. The airway epithelium is the primary cellular
surface that comes in contact with inhaled particulates,
pathogens and aeroallergens, and the epithelial cells play
a central role in triggering the protective host response.
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Upon sensing viral or bacterial pathogens, airway epi-
thelial cells trigger an intracellular host-signaling re-
sponse known as the innate immune response (IIR). The
IIR is initially triggered by germline-encoded pattern
recognition receptors (PRRs) normally located on cell
membranes in cytosolic and endosomal cellular com-
partments. These PRRs function to detect cognate path-
ogen-associated molecular patterns (PAMPs) or damage-
associated patterns (DAMPs). PAMPs, which include
dsRNA, 5-phosphorylated RNA or CpG-DNA of viral
origin and lipopeptides, mannans and flagellins of bacte-
rial origin, indicate the presence of replicating microbial
agents [2]. DAMPs include uric acid, Hsp70, or high-mo-
bility group 1 proteins that represent signatures of cellu-
lar necrosis/damage. Upon binding their cognate ligands,
PRRs trigger an intracellular signaling response that pre-
vents/decreases the spread of a foreign pathogen until the
adaptive immune response is mobilized [3].

PRRs in the Pulmonary Host Defense to RNA Virus
Infections

The study of the pulmonary host defense to RNA in-
fection has significantly advanced our knowledge of the
distinct roles that PRRs play in triggering the IIR and also
their interactions (fig. 1). These studies have shown that
airway epithelial cells (AECs) play a major modulatory
role in the pulmonary IIR to viral infection [4-6]. In
AECs, the 2 major classes of PRRs that sense the presence
of RNA virus infection are the cytoplasmic retinoic acid
inducible gene (RIG)-I-like RNA helicases (RLHs) and
the membrane/endosomal Toll-like receptors (TLRs).
The PRRs have been extensively studied and reviewed [7];
only salient aspects will be addressed here.

RIG-I and the melanoma differentiation-associated
gene-5 (MDAS) are 2 members of the caspase recruit-
ment domain-rich RIG-I-like receptor helicase family.
These are essential PRRs for detecting cytoplasmic viral
PAMPs and recognizing ds- and 5-phosphorylated RNA
[7]. Although these proteins are highly similar, it is cur-
rently thought that RIG-I and MDAS recognize different
types of virus and dsRNAs, with RIG-I responding to
most ssRNA viruses and short viral RNAs whereas MDA5
responds to picornavirus RNA and longer dsRNAs [8]. In
AECs, RIG-I is the major PRR recognizing ssRNA infec-
tions (fig. 1). Activation of RIG-I involves RNA binding
that induces energy-dependent conformational changes,
followed by its Lys 63-linked ubiquitylation. K63 ubiqui-
tylation is a nondestructive posttranslational modifica-
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tion that promotes protein complex formation with a
downstream adaptor known as mitochondrial antiviral
signaling (MAVS). MAVS is an integral mitochondrial
membrane protein that contains an NH2-terminal CARD
domain, which binds cognate CARD domains in acti-
vated RIG-I or MDAS5. The formation of a RIG-I/
MDA5:CARD complex induces MAVS oligomerization
into ‘prion-like’ particles, and K63-linked ubiquitylation
of the IKKy, TRAF and RIP adapter proteins, to generate
a functional mitochondrial signal generator complex.
This complex, in turn, activates both primary effector
arms of the IIR, the interferon regulatory factor (IRF)3
and nuclear factor (NF)kB transcription factors, coordi-
nating genes of the antiviral IFN and proinflammatory
cytokine genes, respectively (fig. 1).

In AECs, RIG-1 is the primary initial PRR sensing the
presence of replicating respiratory syncytial virus (RSV)
[9]. Using UV cross-linking immunoprecipitation PCR
experiments, we found that RIG-I, but not MDA5, binds
RSV genomic RNA; siRNA-treated RIG-I-depleted cells
show inhibition of early NFkB and IRF3 translocation in
response to RSV infection, with decreased type I inter-
feron (IFN) expression and enhanced viral replication
[9]. Activation of the RIG-I-IFN pathway produces an
amplification loop (fig. 1), an essential component of a
robust IIR, the mechanism of which is ROS-dependent
and is discussed below. Together, these findings indicate
that paramyxovirus-RLH interactions are dynamic, cell
type-specific and dependent on viral replication.

TLRs are a family of 12 related membrane-localized
PRRs that bind diverse PAMPs including lipopolysaccha-
ride (LPS), lipoteichoic acids, mannans, flagellins, dssSRNA
and DNA oligonucleotides. TLRs are expressed in dis-
tinct compartments of sentinel mucosal cells, the location
of which is cell type-specific and dynamic, depending on
the state of cellular activation. In resting AECs, TLR9 is
cell-surface-associated, TLR3 is endosomal and TLR4 is
absent [10]. After viral infection, IFN stimulation upreg-
ulates TLR3 expression and redistributes it to the cell sur-
face [9]. TLR3 activation in AECs is coupled to essential
phosphorylation of the NFkB/RelA pathway, contribut-
ing secondarily to the IIR (fig. 1). In contrast to the intra-
cellular distribution of TLRs in AECs, in dendritic cells
(DCs) and alveolar macrophages (AMs), TLR1, TLR2
and TLR4-6 localize at the cell surface, whereas TLR3 and
TLR7-9 are contained within the endosomal compart-
ment. TLR signaling is initiated by recruiting specific
adapter proteins, including MyD88 and TRIF, to form
active signaling complexes. TLR4 binds LPS and induces
complex formation with CD14 and MD2. TLR3 is the pri-
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Fig. 1. Intracellular signaling of the IIR via
the IRF3 and RelA effectors. For an ideal-
ized AEC, the intracellular RIG-I and en-
dosomal TLR3 PRRs in response to intra-
cellular dsRNA are shown. Downstream of
the PRR signaling complexes, the typical
IkB kinase (IKKa/P) and atypical IKK
(IKKvTBK1) trigger phosphorylation and
nuclear translocation of the NF«B/RelA
and IRF3 transcription factors, represent-
ing the primary effector arms of the IIR.
The 2 pathways are coupled by positive
cross-talk via the NFkB-dependent activa-
tion of IRF7, involved in amplification of
RIG-I-IEN production and negative RelA-
IRF3 cross-talk. pRelA = Phospho-RelA.
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mary receptor for dsRNA and activates innate signaling
by recruiting the cytoplasmic adapter known as TRIF.
TLR7-9 bind ssDNA and unmethylated CpGs, respec-
tively. The roles of TLRs are, therefore, compartment-
and cell-type-specific.

The NFkB-IRF3 Core Transcription Factor Network

Upon binding to cognate PAMPs, RLH and TLR-type
PRRs trigger a coupled intracellular serine kinase-ubiqui-
tin ligase cascade that produces protein complex forma-
tion, signal adapter recruitment and kinase activation.
Both RLH and TLRs converge on primary transcription
effectors of the IIR, known as IRF and NF«B (fig. 1). Ac-
tivated by coupled phosphorylation-acetylation post-
translational modifications, these effectors form tran-
scriptionally activated complexes that induce the expres-
sion of inflammatory cytokines and type I IFN genes.

The IRF family transcription factors primarily control
IFN expression. So far, 9 human IRFs have been reported
(IRF1-9); of these, IRF1, IRF3 and IRF7 are the key regu-
lators of type I and type III IFN gene expression. These
IRF proteins regulate the expression of various genes with
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antiviral, antiproliferative, apoptotic and immune modu-
latory functions. Of these, IRF3 is the major early signal-
ing protein constitutively expressed in the cytoplasm
(fig. 1). The molecular mechanisms by which RIG-
I-MAVS activates IRF3 involves recruitment of TRAF3,
asignal adapter that mediates activation of the tank-bind-
ing kinase (TBK)1-IKKe/i, a complex representing the
major rate-limiting kinases of IRF3 activation. Phosphor-
ylation of IRF3 on COOH-terminal domain serine resi-
dues allows it to homodimerize, associate with p300/CBP
and translocate into the nucleus [11]. Phospho-IRF3 ac-
tivates target genes containing IFN-stimulated response
elements, such as IFNB/IFNa4 and downstream IRF1 and
IRF7. The IRF network has been subjected to computa-
tional modeling and experimental validation by gene de-
letion experiments. These studies show that IRF7 upregu-
lation mediated by NFxB stimulates RIG-I amplification,
the upregulation of which sustains the antiviral type I IFN
response [12] (fig. 1).

NFxkB is a family of heterodimeric inducible cytoplas-
mic complexes tethered in the cytoplasm by association
with IkB inhibitors [13]. The well-known ‘canonical’
NF«B pathway is initiated by either activated TNF super-
family receptors or the cytoplasmic PRR RIG-I, which
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converge on IkB kinase (IKK), the rate-limiting kinase
controlling IxBa degradation. By contrast, the ‘nonca-
nonical’ NFkB pathway is activated by RIG-I in an IKKy-
independent manner to converge on the NFkB inducing
kinase (NIK)-IKKa complex that initiates NFkB2/p100
processing to liberate both sequestered RelB/p52 and
RelA complexes from a cytoplasmic NFkB2/p100 precur-
sor [14]. This latter arm has been termed the ‘cross-talk’
pathway, because it is dependent on noncanonical NIK-
IKKa kinases, but liberates the canonical RelA transcrip-
tional activator.

We recently discovered that NF«B activation is a two-
step process, mediated by IkBa release from cytoplasmic
stores coupled to reactive oxygen species (ROS)-triggered
mitogen and stress kinase (MSK)-1 mediated phosphory-
lation on RelA serine (Ser) 276 [15]; this activating mod-
ification is required for RelA acetylation and its stable as-
sociation with the activated positive transcriptional elon-
gation factor (PTEF-b) complex, Brd4-CDK9 [16-18].
Activation of the downstream chemokine network is de-
pendent on transcriptional elongation of paused RNA
polymerase II, mediated by Brd4-CDK9. The NFkB-
CDK9-BRD4 complex mediates a subnetwork of imme-
diate early genes including IL-8 and Grof, cytokines in-
volved in leukocyte chemotaxis and activation [16-18].
The essential role of ROS signaling in controlling
phospho-NFkB formation in the IIR was a seminal find-
ing that functionally links the intracellular redox signal-
ing and PRR pathways.

Cellular Oxidative Stress Pathways

ROS are ubiquitous components of innate signaling
initiated by host-pathogen interactions. Most, if not all,
receptor-ligand (e.g. cytokines, chemokines, growth fac-
tors and LPS) interactions, cellular metabolic processes,
environmental exposures and viral replication elicit the
generation of ROS. Cellular sites for ROS generation po-
tentially include the mitochondria, phagosomes and mi-
crosomes as well as various enzymes such as COX, lipox-
ygenase, xanthine oxidase and NADPH oxidases [19-22].
NADPH oxidases are the most important source of in-
ducible intracellular ROS, generated in response to a va-
riety of stimuli (reviewed extensively [23, 24]).

The primary ROS generated by oxidoreductases such
NADPH oxidases (NOX1-3 and NOX5) is the superox-
ide anion (O3), while others (NOX4 and DOUX2) pro-
duce the nonradical oxidant hydrogen peroxide (H,0,
[24]). ROS is counterbalanced by intracellular antioxi-
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dants (e.g. glutathione and thioredoxin), and by ROS me-
tabolizing antioxidant enzymes (AOEs; e.g. glutathione
peroxidases, superoxide dismutase and catalase). AOEs
can directly metabolize ROS (superoxide dismutase and
catalase) or facilitate their elimination using GSH as a re-
ducing agent. Superoxide dismutases convert the super-
oxide anion to H,0O, and molecular oxygen, and catalase
and glutathione peroxidases convert H,0O, to water and
oxygen. Peroxiredoxins are cysteine-dependent peroxi-
dases that catalyze the reduction of H,O, and alkyl hydro-
peroxides in the presence of thioredoxin and NADPH
(reviewed [19-22, 24]). In addition to their production
through aerobic metabolism, ROS are generated physio-
logically through PRR signal transduction cascades.
Many RNA viruses such as RSV modulate cellular redox
via the involvement of NOX/DUOX [23], the depletion
of antioxidant enzymes or the induction of antioxidant
responses [15, 25, 26]. Ligation of TLRs induces ROS for-
mation, essential for the activation of key transcriptional
mediators of the IIR [27, 28]. Similarly, ligation of the
TNF receptor induces ROS and oxidative DNA damage
[29]. Recently, it was acknowledged that these PRR-gen-
erated ROS signals play essential roles in signal transduc-
tion by controlling inducible phosphorylation. For exam-
ple, ROS generation by TNF and RSV is required for
increased RelA (Ser 276) phosphorylation and the subse-
quent induction of a set of phospho-RelA (Ser 276)-de-
pendent and antioxidant-sensitive NFkB-dependent
genes [15, 16, 29].

An important question about signal-induced ROS is
how ROS signals are detected and transduced into intra-
cellular kinase cascades. We propose and discuss the role
of 2 major sensors of oxidative DNA damage, 8-oxogua-
nine DNA glycosylasel (OGG1) and ataxia telangiecta-
sia-mutated (ATM), that serve as key transducers linking
nuclear ROS to the IIR and inflammation.

Oxidative DNA Damage Response Pathways

More than a hundred products are generated by the
interaction of free radicals (primarily *OH) with DNA
bases and the DNA backbone. Many, if not all, have po-
tential biological consequences. Oxidative damage to the
DNA produces oxidized purine and/or pyrimidine bases,
apurinic/apyrimidinic sites and DNA single- and double-
strand breaks (SSBs and DSBs). Of these, the most abun-
dant oxidation products are 8-0x0-7,8-dihydroguanosine
(8-0x0G), 8-ox0-7,8-dihydroadenine and pyrimidine
ring saturation products (e.g. uracil glycol, dihydroura-
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cyl, 5-hydroxycytosin and thimidine thymidine glycol).
The characterization of these modified purines and py-
rimidines has provided useful information on their bio-
logical importance [30].

Five oxidized, base-specific DNA glycosylases grouped
into 2 mechanistic families have been identified in mam-
malian cells, and prevent the accumulation of oxidatively
modified bases and their biological or mutagenic effects.
The first family includes OGG1 and endonuclease I1I-like
protein 1 (NTH1) of the Nth family. OGG1/NTHI re-
moves base lesions only from duplex DNA and has
B-elimination activity, generating an apurinic/apyrimi-
dinic (AP)-site at the resulting SSB. The second family is
composed of Nei-like (NEIL1-3) members that preferen-
tially repair oxidative base damage from transcribed
genes, suggesting their involvement in DNA repair dur-
ing replication and transcription. The detailed enzymatic
processes in oxidative DNA damage repair have already
been extensively reviewed [31].

The Role of 0GG1 in Innate Immunity

One of the most abundant DN A base lesions is 8-0x0G,
due to the chemical property of guanines having the low-
est ionization potential among nucleic acid bases [31, 32].
8-Ox0G is primarily repaired by the OGG1-initiated base
excision repair pathway (OGG1-BER; fig. 2a). Accumula-
tion of 8-0x0G in DNA has been linked to accelerated ag-
ing and various inflammatory diseases. Intriguingly, ac-
cumulation of genomic 8-0x0G in Oggl~'~ mice resulted
in a decreased innate and adaptive inflammatory re-
sponse [33], a finding which suggests that OGG1 may
have independent actions in innate inflammation apart
from its base excision activity.

Our recent studies showed that OGG1 binds the free
8-0x0G base (product of OGG1-BER) with high affinity,
a subnanomolar binding constant [31]. The resulting
OGG1:8-0x0G complex interacts with the RAS family
GTPases, including Kirsten (K)-RAS, neuroblastoma
RAS viral oncogene homolog (N)-RAS and Harvey (H)-
RAS, resulting in their activation (fig. 2a). These studies
indicated that the cytoplasmic OGG1:8-0x0G complex
functions as a guanine nucleotide exchange factor (GEF)
[31, 34]. The OGG1:8-0x0G complex activates RAS by
exchange of GDP for GTP. Activated RAS-GTPase, in
turn, stimulates downstream mitogen-activated protein
kinase (MAPK) kinase (MEK1/2) and extracellular sig-
nal-regulated kinase (ERK1/2) [10, 31]. Activation of
RAS GTPases and their downstream signaling occur
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upon both the OGG1-BER and 8-0xoG base challenge of
cells. Further studies documented that activation of
OGG1-BER by oxidative stress increases GTP-bound lev-
els of small GTPases. Intriguingly, in OGGI-deficient
cells, oxidative stress failed to induce guanine nucleotide
exchange [10, 31-36]. These observations were unexpect-
ed, as many small GTPases are directly redox-sensitive,
and ROS have an effect similar to that of GEFs in that they
modulate guanine nucleotide binding of GTPase, causing
an increase in their GTP-bound form [37].

We further reported that, in addition to the canonical
RAS family members, the OGG1:8-0x0G complex physi-
cally interacts with guanine nucleotide-free and GDP-
bound Ras-related C3 botulinum toxin substrate 1 (RAC1
[35]). OGG1:8-0x0G interaction with RAC1 also results
in a rapid increase in the levels of RAC1-GTP, suggesting
that OGG1:8-0x0G functions also as a GEF for RAC1
[35]. Downstream from OGG1:8 0xoG-RAC1-GTP, in-
creases in ROS levels were observed via NADPH oxidases
(NOX). It is not known whether enhanced ROS result
from RACI1-generated signaling or are produced directly
by NOX4 [35]. Alternatively, OGG1-BER/RAC1-GTP
may be influencing NOX1, NOX2 or NOX3. NOX4 is
considered constitutively active; however, a growing
number of studies suggest that NOX4 can be acutely ac-
tivated in response to agonist stimulation [8, 24, 38-40].
NOX isoform(s) generate H,O, (either forming H,O, di-
rectly or secondarily to its dismutation) that enters vari-
ous cellular compartments, including the nucleus, where
it serves as a signaling entity and may induce DNA dam-
age by oxidizing bases as well as inducing strand breaks.
The biological significance of OGG1-BER-associated
ROS generation is not presently known; at first glance, it
seems feasible that ROS generated locally could generate
cell activation signals and/or inactivate OGG1’s glycosyl-
ase/AP-lyase activity [41]. To this end, a recent study doc-
umented that inactivating OGGI at cysteine facilitated
the recruitment of transacting factors to the promoter of
the proinflammatory chemokine CXCL2 [42].

Inside-Out Signaling of OGG1 in the IRR

Recent studies have shown that the repair of 8-0xoG
via OGG1-BER is a prerequisite for increased expression
of proinflammatory chemokines and cytokines as well as
for the induction of an IIR in the airways [33, 42]. Down-
stream of OGG1-BER, K-RAS-GTP, activated phospha-
tidylinositol-4,5-bisphosphate 3-kinase, mitogen-acti-
vated kinases (MEK1,2 and ERK1,2), mitogen-stress re-
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Fig. 2. The 8-0x0G-OGGI1-K-Ras pathway.
a ROS generated from mitochondria, per-
oxisomes or membrane-resident PRRs, re-
sulting in oxidation of guanine residues.
Intrahelical 8-0x0G is recognized and ex-
cised by OGG1. In the cytoplasm, the free
8-0x0G base is bound by cytoplasmic
OGG1, with the complex functioning as a
GEF activating K-Ras. Downstream, K-Ras
stimulates phosphorylation of NFkB/Rel A
on Ser 276. b The ATM-RSK pathway. ROS
stimulates the autophosphorylation of
ATM, either directly or via dsDNA breaks.
Phospho-ATM (pATM) is translocated
from the nucleus into the cytoplasm, where

it forms a scaffold with the RSKs, PKAc and \

MSK-1, facilitating activation of phospho-
Ser 276 RelA (pRelA). Phospho-Ser 276

RelA activates IRF7, the proximal tran- b

scription factor of the RIG-I-IFN amplifi-
cation loop.
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lated kinase-1 and IxB kinase activate the canonical NFxB
pathway, a central mediator of airway mucosal inflamma-
tion, which includes RelA phosphorylation at Ser 276 and
its nuclear translocation ([33] fig. 2a). Described above,
these two events are essential for the full activation of
NF«xB-dependent inflammation via transcriptional elon-
gation of immediate early proinflammatory gene subnet-
works.

When OGGl1-expressing and OGG1-deficient muco-
sal airway epithelia were exposed to oxidative stress, only
AECs expressing OGG1 showed activation of K-RAS and
increased chemokine/cytokine expression. Interestingly,
exposure of the airways to 8-0xoG or the initiation of
OGG1-BER (activated by an oxidative burst) increased
an identical pattern of chemokine and cytokine expres-
sion [33, 42], suggesting that OGG1-BER and formation
of OGG1-GEF is an upstream event in proinflammatory
gene expression. Accordingly, oxidative challenge failed
to induce an IIR in OGG1-deficient airways.

To extend these results, our RNA-sequencing analysis
identified 1,592 differentially expressed mRNA tran-
scripts, the expression of which changed by >3-fold [33].
The upregulated mRNAs were related to the immune sys-
tem, macrophage activation, regulation of liquid-surface
tension and stimulus-response processes. These biologi-
cal processes were mediated by chemokines, cytokines,
gonadotropin-releasing hormone receptor, integrin and
interleukin signaling pathways. These findings point to a
new paradigm in which OGG1-BER plays a central role.
Specifically, we propose that ROS generate intrahelical
8-0x0G lesions (due to the susceptibility of guanine to
oxidation) that are corrected by the OGG1-BER pathway.
Through OGG1:8-0x0G’s GEF activity, OGG1-BER in-
creases the levels of RAS-GTP, which induces down-
stream signaling via the NFxB arm of the IIR (fig. 2a).

The Role of ATM in the DSB Response

The presence of DSBs initiates a well-coordinated
DNA-damage response (DDR) signaling cascade regulat-
ed by sensors, transducers and effector proteins [43]. The
net effect of the DDR is to induce cell-cycle arrest. How-
ever, if the DNA damage is too extensive for DNA repair,
the DDR pathway alternatively induces a proapoptotic
signaling program. In mammalian cells, the DDR pathway
is coordinated by the members of the phosphoinositide-
3-kinase-related protein kinase family consisting of DNA-
dependent protein kinase (DNA-PK), ATM and Rad3-re-
lated (ATR) kinase and ATM. DNA-PK and ATM are ac-
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tivated in response to DSBs, whereas ATR is activated by
replication stress [44]. Once these kinases are activated,
they transduce the signal by phosphorylating a wide range
of substrates. Genetic alterations or dysfunctional activi-
ties of the DDR pathway are linked to a spectrum of hu-
man diseases, emphasizing the vital role of the DDR in
maintaining cellular viability and function.

ATM is a serine/threonine-specific protein kinase that
plays a major role as a cell-cycle checkpoint kinase regu-
lating cell-cycle arrest, DNA repair or apoptosis. Under
unstimulated conditions, ATM exists as an inactive dimer
(or higher-order multimer) in the nucleus, where its ki-
nase domain is inactivated by its interaction with a Frap
ATM Trapp (FAT) domain of an adjacent ATM protein
[45]. When DSBs are induced in cells, typically by means
of ionizing radiation or chemotherapeutic drugs, a pro-
tein complex consisting of meiotic recombination 11, ra-
diation sensitive 50 and Nijmegen breakage syndrome 1
(the MRN complex) is recruited to DNA DSBs [46]. This
process induces the hallmark ATM autophosphorylation
at Ser 1981, releasing 2 monomeric activated ATM mol-
ecules [45]. Activated ATM phosphorylates a network of
downstream target proteins, including histone 2A family
member X (H2AX), p53, checkpoint kinase 2 homolog
(Chk-2), breast cancer 1 (BRCA1, early onset) and p53-
binding protein-1 (53BP1) [47].

Although ATM’s physiological function is a first line
of defense in maintaining genomic integrity, several new
functions have recently been attributed to it that could be
dependent or independent of extensive double-stranded
DNA damage. Outside of its role in cell-cycle control and
DNA repair, its role in regulating cellular redox status,
mitochondrial function, metabolic control and the acti-
vation of innate immune pathway via NFkB or IRF has
been a growing area of interest.

ATM-Driven Activation of NFKB

As described above, the NFkB transcription factor ex-
ists in the cytoplasm as an inactive form in most cells and
itsactivation, typically either via the canonical or the non-
canonical pathway, is induced by engagement of cell sur-
face receptors of the TNF receptor or PRR superfamilies.
Unlike these outside-in signaling pathways for activating
NFkB transcription factors via the cytosolic IKK com-
plex, genotoxic stress produced by y-irradiation or topo-
isomerase-targeted drugs initiates DSB signaling in the
nucleus. Upon activation and cytoplasmic export, ATM
plays a critical role in NF«B activation (fig. 2b).
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This cytosolic ATM response is functionally interde-
pendent with the NF«B signaling pathway. For example,
earlier work has shown that activated ATM undergoes
nuclear export in a manner dependent on posttransla-
tional modifications of nuclear IKKy [48, 49]. IKKYy resi-
dence in the nucleus is the consequence of its ATM-de-
pendent phosphorylation, coupled to its monoubiq-
uitination at Ser 85 [50]. Upon activation, ATM
phosphorylates IKKYy, causing its sumolyation on lysine
residues at 277 and 309 and thus promoting export of the
ATM-IKKy complex [48]. Several E3 ligase candidates
responsible for IKKy sumoylation have been identified,
including the protein inhibitor of activated STATy
(PIASy), p53-induced death domain protein (PIDD)/re-
ceptor interacting protein 1 (RIP1) and or poly-ADP-ri-
bose polymerase 1 (PARP1). More work will be required
to dissect this important regulatory step in DSB-ATM
signaling.

Although IKKYy sumoylation is absolutely essential for
ATM-IKKYy nuclear export, this event is not sufficient to
facilitate DNA damage-induced NFkB activation [51].
For example, an ATM phosphoacceptor site mutant of
IKKYy (S85A) is sumoylated in response to DSB, but is not
monoubiquitinated or exported into the cytosol. How-
ever, when a monoubiquitin moiety was expressed in
frame to the N-terminus of S85A mutant IKKy, it re-
stored all the downstream events of genotoxic insult-in-
duced IKKYy cytoplasmic translocation in an ATM-de-
pendent manner as well as IKK complex activation and
NF«B activation, suggesting an important downstream
role of IKKy monoubiquitination in the nuclear export
and subsequent activation of NFkB. The cellular inhibitor
of apoptosis 1 (cIAP1) has been recognized as a specific
ubiquitin ligase responsible for IKKy monoubiquitina-
tion. Nuclear export of the phospho-Ser 1981 ATM-IKKy
is thought to be CRM1-independent and, instead, may
depend on transient association with Ran-GTP in a calci-
um-dependent pathway.

Itis currently thought that cytosolic phospho-Ser 1981
ATM-IKKYy associates with cytosolic ELKS (a protein rich
in glutamic acid, leucine, lysine and serine) to regulate
IKK activation [50]. DNA damage-induced NFkB activa-
tion requires an active IKK complex because the loss of
IKKa, IKKp or IKKy completely abolishes DSB-induced
NFkB activation. To effect IKK activation, the phospho-
Ser 1981 ATM-IKKy complex regulates the activity of
TGFp-activated kinase 1 (TAK1), an IKK upstream ki-
nase, the activity of which is essential for NFkB activa-
tion by DNA-damaging agents [52]. TAK1 activation re-
quires XIAP-dependent K63-linked polyubiquitination
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of ELKS, which promotes clustering of activated TAK1 in
the complex with TAK1-binding proteins (TABs)-1 or -2,
and IKK complex activation [53]. Cytoplasmic ATM can
also regulate TAK1 activation by binding to TRAF6 and
inducing E3 ligase activity in response to irradiation [54].
TRAF6 K63-linked polyubiquitination leads to TAK1 ac-
tivation and cIAP1-dependent IKKy monoubiquitina-
tion, resulting in IKK activation [54]. Thus overall, nucle-
ar DSBs are linked to cytoplasmic IKK complex activation
viaan ATM-dependent IKKy posttranslational modifica-
tion and its translocation to the cytoplasm.

ATM Activation by Signal-Induced ROS

In addition to the classic ATM activation pathway, it has
recently been reported that ROS can directly induce ATM
activation independent of DSBs [46]. Direct oxidation of
ATM results in its intermolecular dimerization via disul-
fide bridges. In the ROS-induced dimer form, one ATM
molecule phosphorylates the other, leading to ATM activa-
tion. Mutation of the critical Cys residue 2991 involved in
the disulfide bridge blocks ATM activation by oxidants.
Thus, these findings clearly suggest that ATM may serve as
an important nuclear ROS sensor in mammalian cells, reg-
ulating the IIR. The fact that ROS can activate ATM and
the DDR opens a new frontier for understanding the phys-
iological relevance of this event and provide potential new
possibilities for the treatment of ROS-related disease.

In this context, our recent, unbiased, high-throughput
siRNA screening studies of 636 members of the human
kinome identified ATM as an important regulator of the
canonical NFkB pathway triggered by extracellular death
domain-containing receptors [55]. In follow-up studies,
we observed that ATM is activated by phosphorylation at
Ser 1981 and undergoes rapid IKKy-dependent nuclear
export, which controls the NFkB pathway at several dis-
tinct points in the cytoplasm [56]. First, cytoplasmic
ATM complexes with B-TrCP, an E3-ubiquitin ligase, to
promote rapid proteasomal degradation of phospho-
IxBa, the rate-limiting step in controlling NF«B entry
into the nucleus. Second, cytosolic phospho-ATM binds
and activates the catalytic subunit of protein kinase A
(PKAc), a ribosomal S6 kinase (RSK) essential for RelA
Ser 276 phosphorylation (fig. 2b). In the absence of ATM
or in response to a small-molecule inhibitor thereof,
TNF-inducible RelA Ser 276 phosphorylation is com-
pletely inhibited [56], although inducible Ser 536 phos-
phorylation is unaffected. Taken together with our previ-
ous studies demonstrating that RelA Ser 276 phosphory-
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lation is an oxidative stress- dependent event [29], these
data strongly indicate that ATM is a nuclear ROS sensor
that couples signal-inducible nuclear ROS to RelA activa-
tion via a cytoplasmic scaffolding function. ATM thus fa-
vors cell survival and proliferation by increasing NFkB-
dependent immediate early and antiapoptotic genes via
transcriptional elongation.

Mechanism of ATM in the Virus-Inducible RIG-I-IFN
Ampilification Loop

As discussed above, the activation of the RIG-I PRR
pathway produces a dramatic induction of RIG-I/IFN
genes essential for the antiviral response of the IIR (fig. 1).
Among the IRF family members, IRF1 and IRF7 are high-
ly inducible isoforms known for their vital role in the IIR.
IRF1 mediates its antiviral effect by binding to the virus-
inducible enhancer-line element of IFNP. Additionally,
our recent computational model of the integrated IIR
predicted and experimentally verified that NFxB-
dependent IRF7 expression mediates the induction of the
RIG-I gene in response to dsRNA stimulation [12]. This
discovery provided a mechanistic link between ROS sig-
naling, NFkB action and antiviral immunity in AECs.

In follow-up studies [57], we have observed that ATM
silencing results in enhanced replication of ssRNA virus-
es, due to decreased expression of type I and type III IFNs
and IFN-stimulated genes (fig. 1). Surprisingly, cytoplas-
mic RSV replication induces activation of the DDR
through formation of yH2AX foci and phospho-Ser 1981
ATM. Phospho-Ser 1981 ATM is exported from the nu-
cleus through the shared IKKy-dependent mechanism.
In contrast to the TNF pathway, ssRNA viruses induce
RelA phosphorylation via induced mitogen and stress-
activated kinase (MSK)-1. Interestingly, ATM-deficient
cells show defective RSV-MSK-1 Ser 376 phosphoryla-
tion and decreased RelA Ser 276 phosphorylation. The
mechanism by which ATM regulates MSK-1 is not cur-
rently known.

The above-mentioned study further defined the mech-
anism for marked RIG-I upregulation characteristic of
ssRNA replication. In this study, we observed that RelA
inducibly binds to the native IRF7 promoter in an ATM-
dependent manner and IRF7 inducibly binds to the
endogenous RIG-I gene promoter (fig. 2b). Ectopic IRF7
expression restores RIG-I expression and type I/III IFN
expression in ATM-silenced cells. These studies were the
first to demonstrate that ssSRNA viruses trigger the DDR,
a pathway required for MSK1 activation of phospho-Ser
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276 Rel A formation to induce the IRF7-RIG-I amplifica-
tion loop necessary for mucosal IFN production [12]. A
significant decline in antiviral response in ATM-deficient
cells or in the presence of the ATM-specific inhibitor KU-
55933 suggests the importance of the ATM-mediated
IRF7-RIG-I amplification loop for mucosal IFN produc-
tion [57].

The Two-Signal Hypothesis

The observations reviewed above show that PAMP
signaling stimulates 2 parallel nuclear ROS-sensing path-
ways mediated via OGG1 (in response to SSBs) and ATM
(in response to DSBs/ROS). Intriguingly, both sensors
have direct cytosolic actions independent of their roles in
the DNA damage response pathway. Upon nuclear ex-
port, the activated OGG1:80x0G and phospho-ATM
complexes converge on activation of the phospho-Ser 276
RelA pathway, which controls the rapid expression of
CXC chemokines and antiapoptotic proteins to induce
tissue inflammation. These observations, taken together
with the dramatic decrease in inflammatory responses af-
ter the elimination of ROS in TNF and RSV signaling,
strongly suggest that 2 signals are required for maximal
induction of the mucosal IIR (fig. 3a). One signal, repre-
senting a primary trigger of the IIR, is mediated by acti-
vated membrane or cytoplasmic-localized PRRs. This
pathway controls the initial nuclear translocation of the
NF«xB and IRF3 transcription factors. Our data show that
nuclear translocation is necessary, but is not sufficient for
producing a robust IIR. The second signal, representing
an activation arm of the IIR, emanates from ROS stress
produced in the nucleus. This signal controls post-trans-
lational modification of NFkB and IRF3, resulting in the
robust activation of the immediate early chemokines con-
trolling inflammation and positive cross-talk with the
RIG-I-IFN amplification pathway. We propose that the
second ROS signal is an important mechanism for ensur-
ing full activation of the IIR in response to pathogens and
preventing a full-blown IIR in response to PAMPs from
nonreplicating pathogens or commensal organisms.

Implications of the Two-Signal Hypothesis for
Pulmonary Innate Immunity

The pulmonary tree is functionally divided into 2 dis-
tinct regions, the conductive airways (trachea and bron-
chi) to move air and the respiratory airways (alveoli) to
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Fig. 3. Integration of outside-in and inside-
out signaling pathways in the IIR. a A sche-
matic illustration of how the formation of
nuclear ROS stress is sensed and amplifies
the outside-in signaling in the IIR triggered
by PRR activation. pATM = Phospho-
ATM; TNFRs = TNF receptors. b Topolo-
gies of the pulmonary innate response: in-
nate defenses for the conducting airways
(top) and the alveolar space (bottom). In
each, the AEC plays a major role in the ini-
tial triggering of the IIR. DLN = Draining
lymph node; T1 = type 1 airway cells.
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conduct gas exchange (fig. 3b). These regions are lined by
distinct, highly differentiated epithelial cell types [1] that
have unique host-defense mechanisms.

The conductive airway cells constitutively produce a
protective airway lining fluid, rich in antioxidants, defen-
sins, lysozymes and mucous glycoproteins (mucins), which
play an important role in innate immunity [58] by binding
viruses or bacteria, preventing their adherence and facili-
tating their clearance via the mucociliary escalator [59].
Underlying this epithelial monolayer is a dense submuco-
sal network of DCs, with long, finger-like processes that
sample luminal antigens [4, 60, 61]. When conductive
AECs encounter PAMPs, the consequent IIR signaling
pathways result in the expression of CC chemokines (Exo-
dus-1, RANTES, MIP-1a and MIP-1f), CXC chemokines
(I-TAC, GRO-a, GRO-B, GRO-x and IL-8) and the CX;C
chemokine Fractalkine [62]. Of these, the CXC chemokine
MIP1 and type I/III IENs induce airway plasmacytoid DCs
to express CD-40, CD-80 and CD-86 costimulatory mol-
ecules, activating their migration to draining pulmonary
lymph nodes. In the draining lymph nodes, activated DCs
stimulate cytotoxic T lymphocytes, including natural killer
and CD4/8 memory T cells that serve as a second line of
protective innate immunity. AECs are also sources of de-
rived thymic stromal lymphoprotein, IL-25 and IL-33;
these cytokines activate subepithelial DCs and Th2-type
polarization, important in the immunopathogenesis of vi-
ral disease [5]. In the absence of the nuclear ROS inside-out
signaling pathway, conductive AECs would be uncoupled
from DC activation and cytotoxic T lymphocyte activity.

By contrast, the respiratory surface within the alveoli is
lined by nonciliated type I and type II epithelial cells high-
ly specialized for gas exchange [1]. Here, the alveolar AECs
are associated with AMs (fig. 3b). AMs are phagocytic and
play a role in the sequestration of antigens, an activity that
suppresses activation of and antigen presentation by DCs
under normal conditions. Under resting conditions, AMs
closely interact with AECs, resulting in TGFf-induced ex-
pression of integrin a,fs [4]. Innate activation of AMs
through TLR3 produces a loss of integrin a, s, detachment
from AECs and the acquisition of a phagocytotic pheno-
type. Activated type II AECs produce surfactants, cyto-
kines and type I/III IFNS, also activating pulmonary DCs
and inducing neutrophil recruitment and the survival of
AMs (fig. 3b). Type II AECs express TARC, MCP-1 and
MDC to a greater degree than the AECs of the conducting
airways, suggesting the existence of distinct genetic re-
sponses for different types of airway-derived epithelial cell
infection [62, 63]. In the absence of the nuclear ROS inside-
out signaling pathway, infections of the respiratory sur-
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faces in the lower airways would be expected to have de-
creased mucosal type I/III expression, CC chemokine ex-
pression and AM activation. These different patterns of
chemokine mediators produced by AECs in distinct re-
gions of the airways may account for the distinct outcomes
of lower and upper respiratory tract infections in humans.

Conclusions/Future Directions

Increased oxidative stress has been implicated in the
pathogenesis of a variety of acute and chronic lung dis-
eases such as asthma, COPD and cystic fibrosis [64, 65].
Nuclear ROS sensing in AECs is mediated by a network of
specialized proteins triggered by SSBs, DSBs and protein
oxidation that serve multiple roles. In addition to roles in
the repair of oxidative DNA damage, OGG1 and ATM
function in cytosolic amplification of the IIR. The two-
signal hypothesis explains how the epithelial cell uses ROS
sensing to induce full activation of the IIR in response to
appropriate PAMP and DAMP stimuli, and is a unifying
mechanism explaining the essential role of ROS in innate
pathway activation. By virtue of the regional topologies
in pulmonary host-defense, innate ROS-triggered signal
transduction pathways in the conductive and respiratory
surfaces interface in different manners with innate immu-
nity. Further work will be required to understand how
these pathways interact and may be regulated by pathogen
interaction, their regional contributions to host defense
and whether their modulation could be useful as a thera-
peutic target for chronic lung disease.
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