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Abstract
This study reveals a new complexity in the cellular response to DNA damage: activation of
interferon (IFN) signaling. The DNA damage response involves the rapid recruitment of repair
enzymes, and the activation of signal transducers that regulate cell cycle checkpoints and cell
survival. To understand the link between DNA damage and innate cellular defense that occurs in
response to many viral infections, we evaluated the effects of agents such as etoposide that
promote double-stranded DNA breaks. Treatment of human cells with etoposide led to the
induction of IFN-stimulated genes, and the IFN-α and IFN-λ genes. The nuclear factor-κB (NF-
κB), known to be activated in response to DNA damage, was shown to be a key regulator of this
IFN gene induction. Expression of an NF-κB subunit, p65/RelA was sufficient for induction of the
human IFN-λ1 gene. In addition, NF-κB was required for the induction of the IFN regulatory
factors-1 and -7 that are able to stimulate expression of the IFN-α and IFN-λ genes. Cells that lack
the NF-κB essential modulator (NEMO), lack the ability to induce the IFN genes following DNA
damage. Breaks in DNA are generated during normal physiological processes of replication,
transcription, and recombination, as well as by external genotoxic agents or infectious agents. The
significant finding of IFN production as a stress response to DNA damage provides a new
perspective on the role of IFN signaling.

Introduction
An effective DNA damage response is critical for maintaining genomic integrity and
preventing mutations that can lead to cancer. Double strand breaks (DSB) are the most
severe lesions, and they can occur during DNA replication, lymphocyte V(D)J gene
rearrangement, meiosis, viral infection, and in response to naturally occurring ionizing
radiation (1–5). These DNA breaks are sensed rapidly, and accurate repair is essential to
prevent permanent genomic damage. However, the cellular response to DNA damage
engages more than just DNA repair machinery, it engages complex signaling pathways that
can promote cell survival or cell death (6, 7). In this report the activation of an additional
network is revealed, the interferon (IFN) signal pathway.

A primary transducer of the response to DSBs is the nuclear kinase ataxia-telangiectasia
mutated (ATM) (8). ATM belongs to a family of phosphatidylinositol 3-kinase (PI3K)-
related kinase family, several of which are involved in the DNA-damage response including
ATM and Rad3 related (ATR) and DNA-dependent protein kinase (DNA-PK) (9). ATM
transduces the DNA damage response signal by phosphorylating downstream effectors such
as the checkpoint kinases Chk1 and Chk2, and the p53 tumor suppressor. These effectors in
turn establish cell cycle arrest to allow repair of damaged DNA, or promote damage-induced
apoptosis. Major alterations in gene expression occur during this time, and this reflects the
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action of not only p53, but other transcription factors (10). One transcription factor that is
activated in response to DNA damage is nuclear factor-kappa B (NF-κB) (11). NF-κB
regulates the expression of diverse genes involved in cellular responses that include survival,
proliferation, tissue remodeling, inflammation, immunity, and stress. We have found that
NF-κB activation in response to DNA damage directs the induction of the IFN system, a
stress pathway best known for its ability to confer viral resistance.

IFNs play vital roles in both innate and adaptive immunity and consist of three families of
cytokines that bind to distinct cell surface receptors and are designated type I, II, and III
(12). The genes encoding type I IFN (primarily α and β) and type III (λ) IFN are induced in
response to viral or bacterial infection (13). The single type II (γ) IFN gene is induced
primarily following receptor activation of T cells and NK cells. The regulated expression of
the IFN-β gene in response to viral infection is a paradigm for cooperativity of DNA binding
factors (14). NF-κB and interferon regulatory factors (IRFs) function along with activating
transcription factor-2/c-Jun in the IFN-β enhancer. The IRFs were first characterized as
regulators of type I IFN genes and IFN-stimulated genes (ISGs), and are now known to have
diverse roles in immunity (15). Activation of ubiquitous IRF-3 during viral infection
supports induction of a subset of ISGs and the IFN-β and IFN-α genes (16, 17). The IRF-1
and IRF-7 genes are induced in response to secreted IFN and can play a role in the
secondary response to IFN (18). IFNs bind to cell surface receptors that activate Janus
kinases and the tyrosine phosphorylation of signal transducers and activators of
transcription, STAT1 and STAT2 (19, 20). We report here that signaling via the DNA
damage response in human cells primarily induces the IFN-λ and IFN-α genes. The
promoters of the IFN-λ genes have been found to possess both IRF and NF-κB binding sites
(21, 22). In this study we demonstrate that NF-κB activation in response to DNA damage is
sufficient and necessary to induce human IFN-λ.

This study identifies IFN signaling as part of the DNA damage response. IFNs are essential
components of innate immunity, and are well recognized for their ability to inhibit viral
infection and activate immune effector cells (23). In addition, they are known for their anti-
tumor effects by inhibiting proliferation of cancerous cells and promoting apoptosis (24–26).
The IFN arm of the DNA damage response may have evolved as an antiviral mechanism in
reaction to DNA damage induced by viruses, as a mechanism that reduces cellular
proliferation to allow DNA repair, or as a mechanism to promote the death of cells with
irreparable damage.

Materials and Methods
Cell culture, transfections, and infections

HeLa S3, HT1080 and THP-1 cells were obtained from American Type Culture Collection.
THP-1 cells were maintained in RPMI with 8% FBS, other cells were maintained in DMEM
with 8% FBS. Primary human monocytes were isolated from blood cells of healthy donors
(Long Island Blood Services, NY) using the Monocyte Isolation Kit II (Miltenyi Biotec Inc.,
Auburn, CA) and maintained in RPMI with 10% FBS. Stable HT1080 transfectants with
tetracycline-inducible expression of IRF-7 were generated according to manufacturers’
instructions (T-Rex system; Invitrogen, Carlsbad, CA) and the gene was induced with 2μg/
ml doxycycline. Murine embryo fibroblasts (MEFs) from NEMO/IKKγ knockout mice were
a gift of Dr. Kenneth Marcu (Stony Brook University) (27), MEFs from IRF3 knockout
mice were a gift of Dr. Tadatsugu Tanaguchi (University of Tokyo) (16, 17), MEFs from
IRF1 knockout mice were a gift of Dr. Tak Mak (University of Toronto) (28), and MEFs
from IRF7 knockout mice were a gift of Dr. Michael Gale (University of Washington)(29).
DNA transfections were performed using FuGENE 6 (Roche Diagnostics Corp.,
Indianapolis, IN) or TransIt (Mirus, Madison, WI). Newcastle Disease Virus (NDV) (NJ-
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LaSota-1946) was a gift from Dr. Paula Pitha-Rowe (Johns Hopkins University, Baltimore,
MD) and was propagated as described previously (30). Infections were performed at 200
hemagglutination units/ml.

Plasmids and luciferase assays
IRF-3, STAT1 and STAT2 constructs have been described (31–33). The dominant negative
IκBα plasmid (S32A/S36A) was a gift of Dr. Dean Ballard (Vanderbilt University,
Nashville, TN)(34). The HA tagged ubiquitin-K63-only (HA-Ub0R63K) plasmid was a gift
of Dr. Dafna BarSagi (New York University, NY) (35). The reporter plasmid encoding the
IFNλ1 promoter regulating expression of the firefly luciferase gene [pλ1(−554/+14)Luc]
was a gift of Dr. Takashi Fujita (Kyoto University, Kyoto, Japan) (21). The human IRF-7A
gene was obtained from Dr. Joseph S. Pagano (University of North Carolina, Chapel Hill,
NC) (36), and subcloned into the pcDNA4/TO/Myc-His vector (T-Rex system; Invitrogen,
Carlsbad, CA). The Dual-Luciferase reporter assay system was used for luciferase assays
with the Renilla luciferase construct pRL-null as an internal control (Promega, Madison,
WI).

Reagents
Etoposide was used at 40μg/ml and camptothecin, adriamycin, mitomycin, were used at the
concentrations indicated (Sigma-Aldrich, St. Louis, MO). NF-κB inhibitor, BAY 11-7085,
was obtained from Alexis Biochemicals (San Diego, CA) and used at 5μM, and the IKKβ
inhibitor ML120B was a gift from Millennium Pharmaceuticals (Cambridge, MA) and used
at 20μM. The ATM inhibitor, AZ12622702/KU55933, was a gift from AstraZeneca
(Cheshire, UK) and used at 10μM. Antibodies recognizing STAT2 (C-20), c-Myc epitope
(sc-40), CBP (A-22), and normal rabbit IgG were purchased from Santa Cruz Biotech, Inc.
(Santa Cruz, Calif.). Antibody to STAT2 phosphorylated on tyrosine 689 was obtained from
Upstate Biotechnology Inc. (Lake Placid, NY). Antibodies to p65 phosphorylated on serine
536, and STAT1 phosphorylated on tyrosine 701 were obtained from Cell Signaling
(Beverly, MA). Antibody against HA epitope (12CAS) was purchased from Roche
(Indianapolis, IN). Antibodies derived against IRF-3 and STAT1 were described previously
(30, 33). Antibody to IRF-7 was raised in rabbits against the 246–432 amino acid region of
IRF-7. Anti-mouse or anti-rabbit secondary antibodies conjugated to IRDye800 or 700 were
obtained from Rockland Immunochemicals (Gilbertsville, PA,) TNFα was obtained from
Invitrogen (Carlsbad, CA).

Polymerase Chain Reaction (PCR)
RNA was isolated from cells using SV Total RNA Isolation Kit (Promega, Madison, WI)
and cDNA was generated using random hexamer primers and SuperScriptII Reverse
Transcriptase (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. Reverse
transcription (RT)-PCR was performed using the indicated primers and Taq polymerase
(Invitrogen, Carlsbad, CA). Alternatively, quantitative real-time PCR was performed using
the indicated primers at their optimal conditions as suggested by the manufacturer’s
instructions for the LightCycler-FastStart DNA Master SYBR Green I kit (Roche Molecular
Biochemicals). Data was analyzed using the LightCycler software and values were
normalized to actin mRNA levels. Human primers used in the studies corresponded to:
IFNλ1 (37), IFNα6 (38), IFNα1/13 (38), actin (39), pan IFNα 5′-cacacaggcttccaggcattc-3′ and
5′-tcttcagcacaaaggactcatctg-3′; ISG54 (+1608) 5′-attctatcaccaagcccgtgg-3′ and (+1370) 5′-
tggagtctggaagcctcatcc-3′; IFNα7 (+194) 5′-tcctcctccgggaatctgaat-3′ and (+106) 5′-
agggccttgatactcctgg-3′; IFNα14 (+315) 5′-taggagggtctcatcccaagc-3 ′ and (+ 65) 5 ′-
tgggctgtaatctgtctcaaac-3′; IFNβ (+27) 5′-tgctctcctgttgtgcttctccac-3′ and (+243) 5′-
atagatggtcaatgcggcgtcc-3′; IRF-7 (+1476) 5′-gatgtcgtcatagaggctgttgg-3′ and (+1343) 5′-
tggtcctggtgaagctggaa-3′; IRF-1 (+397) 5′-tcttagcatctcggctggacttc-3′ and (+190) 5′-
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cgatacaaagcaggggaaaagg-3′; GAPDH (+1007) 5′-tactccttggaggccatgtg-3′ and (+528) 5′-
cacagtccatgccatcactg-3′. Murine primers corresponded to: pan mIFNα 5′-
cctgagagagaagaaacacagcc-3′ and 5′-tctgctctgaccacytcccag -3′(40); mIFNλ2 (41); and mActin
(42).

Immunoprecipitation and Western blot
For immunoprecipitation, cells were lysed in 50mM Hepes pH 7.2, 250mM NaCl, 0.5%
Nonidet P-40, 5mM EDTA, 1mM dithiothreitol, 1mM NaF, 0.1mM Na3VO4, and protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Lysates were cleared by centrifugation
for 5 min at 15,000g and reacted with antibodies for 3hr at 4 °C. Immunocomplexes were
collected with Protein G-conjugated agarose (Invitrogen, Carlsbad, CA). For direct Western
blot, cells were lysed in 50mM Tris pH 7.5, 400mM NaCl, 0.5% Nonidet P-40, 5mM
EDTA, 10% glycerol, 50mM NaF, 0.1mM Na3VO4, and protease inhibitors. The lysates
were cleared by centrifugation and directly added to SDS sample buffer. Proteins were
separated on 8% SDS-PAGE and transferred to nitrocellulose membrane (Pierce
Biotechnology, Rockford, IL). Membranes were reacted with indicated antibodies and
images were detected using the Odyssey infrared imaging system (Li-COR Biosciences,
Lincoln, NE, USA). Alternatively, secondary anti-rabbit or anti-mouse antibodies linked to
HRP (Amersham/GE Healthcare, Piscataway, NJ) were used and the membrane was
incubated in enhanced chemiluminescence reagents and exposed to film.

Fluorescence imaging
Cells were seeded on coverslips, fixed in 4% paraformaldehyde and either visualized
directly for GFP fluorescence, or permeabilized in 0.2% Triton X-100 before reaction with
anti-Myc antibody. Secondary antibodies were conjugated to Rhodamine (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA.). Coverslips were mounted in anti-
fade solution (Vectashield, Vector Laboratories, Inc. Burlingame, CA.). Images were
captured with a Zeiss Axiovert 200 M digital deconvolution microscope or Zeiss LSM 510
META NLO two-photon laser scanning confocal microscope.

Ubiquitination assay
The HA-Ub0R63K expression plasmid was transfected into stable cell line expressing
tetracycline repressor and responsive Myc-His-IRF-7 gene as described above. Doxycycline
was added 24 hours post transfection with or without etoposide as indicated. Cells were
lysed by sonication in 6 M guanidine HCl, 0.1 M Na2HPO4/NaH2PO4(pH 8.0) and 10 mM
imidazole). Lysates were incubated with Ni-NTA agarose beads (Qiagen, Chatsworth, CA),
proteins were eluted with SDS loading buffer and analyzed by Western blot (43).

Results
Etoposide activation of IFN signaling

Cells respond to viral infection with the induction of IFN stimulated genes (ISGs), either
directly by activation of the IRF-3 transcription factor, or as an indirect response to
autocrine IFN and STAT activation (15, 19, 30). Since the genes induced by IRF-3 or
STATs can promote cellular apoptosis, we examined gene expression during the DNA
damage response to identify shared pro-apoptotic induced genes (24, 44–46). Etoposide, an
anticancer drug, was used to initiate the DNA damage response since it inhibits the ability of
topoisomerase II to religate cleaved DNA (47, 48). The inhibition results in an accumulation
of double-stranded breaks in DNA, particularly during DNA replication and S/G2 phases of
the cell cycle. The increase of double-stranded DNA breaks with time leads to the DNA
damage response and cell cycle arrest or apoptosis. Following cell treatment with etoposide,
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we noted induction of several of the ISGs. The response of primary human monocytes was
examined and induction of a representative gene, ISG54/Ifit2, is shown in Figure 1A. The
effect of etoposide gradually increases the number of double strand DNA breaks, and
accordingly the levels of ISG54 mRNA increased with time. To ensure this response was not
specific to cell type, we evaluated the response of HeLa cells to etoposide. These cells also
responded with induction of the ISG54 gene.

To access whether IFN production was responsible for ISG54 induction, we evaluated the
activation of the STAT1 and STAT2 transcription factors in etoposide-treated cells. Binding
of type I IFNs to specific receptors leads to tyrosine phosphorylation and nuclear
accumulation of STAT1 and STAT2 (49). Cells expressing GFP tagged STAT1 or STAT2
were examined for their response, and nuclear accumulation was evident by 24 hours of
etoposide treatment (Figure 1B). In addition, the tyrosine phosphorylation of endogenous
STAT1 and STAT2 was clearly evident (Figure 1C).

These results suggested that etoposide treatment could induce the production and action of
IFN, and accordingly we evaluated the induction of IFN-α, IFN-β, and IFN-λ genes in
primary human monocytes. There was little response of the IFN-β gene to DNA damage,
although the gene was robustly induced in response to infection by Newcastle Disease Virus
(Figure 2A). In contrast, IFN-α mRNA expression was evaluated with pan-specific primers
and clearly displayed an induction in response to etoposide (Figure 2B). To determine the
induction of IFN-α gene family subtypes, we tested the expression of individual genes.
Various IFN-α genes tested were induced (Figure 2C). We next tested expression of the
newest family of IFN, IFN-λ. Specific induction of the IFN-λ1 gene clearly increased with
etoposide treatment (Figure 2D).

Induction of ISG54, IFN-α, and IFN-λ in response to various DNA damaging agents
Etoposide elicits double strand DNA breaks by forming an inactive ternary complex with
topoisomerase II and inhibits the ability of the enzyme to religate cleaved DNA.
Effectiveness can vary with proliferation of cell cultures, but 40μg/ml etoposide was usually
optimal for the IFN response (Supplemental Figure 1). To determine whether IFN signaling
is a general response to DNA damage or specific to etoposide, three diverse agents were
tested, camptothecin, mitomycin C, and adriamycin. Camptothecin elicits single strand DNA
breaks by forming a ternary complex with topoisomerase I; mitomycin C is a DNA
alkylating agent; and adriamycin causes DNA strand breaks by intercalation (50). Cells were
treated with these agents and evaluated for ISG54 protein expression, and mRNA levels of
IFN-α and IFN-λ1 (Figure 3). Despite the different mechanisms that elicit DNA damage by
these agents, they all induced ISG54 and the IFN genes. The differences in fold induction
may be a consequence of various peak response times due to different mechanisms of DNA
damage. The results indicate that the production of IFN in etoposide treated cells is a general
DNA damage response and not one specific to a single drug or DNA insult.

DNA damage activates IRF-1 and IRF-7, but not IRF-3
IRF-3 is expressed constitutively in cells and in response to viral infection it is a critical
transcription factor for the induction of the IFN-β gene, a subset of IFN-α genes, and the
direct induction of a subset of ISGs (15, 16, 51, 52). It exists in a latent state primarily in the
cytoplasm and is modified by specific serine phosphorylation following viral infection.
Phosphorylation promotes IRF-3 nuclear accumulation, DNA binding, and association with
CREB-binding protein (CBP). We evaluated these parameters for the activation of IRF-3 in
response to DNA damage. Cells expressing IRF-3 tagged with GFP were treated with
etoposide and visualized microscopically to access the cellular localization of IRF-3. IRF-3
remained primarily cytoplasmic and did not show evidence of nuclear accumulation (Figure
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4A). The phosphorylated forms of IRF-3 can be detected by their reduced migration during
SDS-PAGE. This can be easily observed following viral infection, but it was not evident is
response to DNA damage elicited with camptothecin or etoposide (Figure 4B). The ability
of activated IRF-3 to form complexes with CBP was evaluated by co-immunoprecipitation
and Western blot. Although IRF-3 can be readily detected in immunocomplexes with CBP
during viral infection, there was no evidence of association with CBP following etoposide
treatment.

The IRF-7 transcription factor is a key regulator of the IFN-α genes in response to viral or
bacterial infection (18, 29, 51, 53). It is expressed at low levels in lymphoid cells, but it is
induced in all cell types by IFN and can function in a secondary wave of IFN production.
We evaluated induction of the IRF-7 gene in response to DNA damage, and found mRNA
levels were clearly induced following etoposide (Figure 5A). mRNA levels increased by
more than 10-fold estimated by real-time PCR in 24 hours (S.B-R and N.C.R., unpublished
data). IRF-7 can be activated in response to viral infection by serine phosphorylation.
Although this modification may occur, it was not evident by a reduced migration in SDS-
PAGE (S.B-R and N.C.R., unpublished data). (54). Regulation of IRF-7 activity has also
been demonstrated to occur by lysine-63-linked ubiquitination, and this modification was
evaluated (55). A stable cell line was generated expressing a tetracycline/doxycycline
inducible IRF-7 gene tagged with the Myc epitope and polyhistidine (His). These cells were
transfected with a gene encoding ubiquitin in which all of the lysines were mutated except
lysine 63, and therefore polyubiquitination could only occur via isopeptide linkage with
lysine 63 (35). Cells were untreated or treated with etoposide, and IRF-7 protein was
captured on nickel charged resins and evaluated by Western blot (Figure 5B). Following
etoposide treatment, IRF-7 displayed slow migrating species indicative of its
polyubiquitination and activation. Lysine 63-linked ubiquitin chains have been shown to
regulate cellular processes including protein-protein interactions, and to play a critical role
in the DNA damage response (56).

In a latent state IRF-7 resides primarily in the cytoplasm and accumulates in the nucleus
following activation. The tetracycline inducible cell line was used to evaluate IRF-7
localization by immunofluorescence during DNA damage (Figure 5C). Following induction
of IRF-7 expression, the protein was clearly cytoplasmic in untreated cells. However IRF-7
accumulated in the nucleus following etoposide treatment, suggesting its activation. To
evaluate the effects of inducible IRF-7 on IFN-α and IFN-λ1, their mRNA levels were
measured (Figure 5D). Cells were either treated with etoposide, treated with tetracycline to
induce IRF-7, or treated with both etoposide and tetracycline. Pan-specific primers were
used to quantify expression of the IFN-α family. IFN-α was found to be induced in response
to etoposide, but there was minimal effect of tetracycline-induced IRF-7 alone. However,
etoposide and tetracycline potently increased etoposide-induced IFN-α expression. The
results indicate modification of IRF-7 protein in response to DNA damage contributes to
induction of the IFN-α genes. Expression of IFN-λ1 mRNA was similarly evaluated and
IRF-7 activation by etoposide also was found to contribute to induction of the IFN-λ1 gene.

Another member of the IRF family, IRF-1, has diverse roles in response to pathogens,
development of the immune system, growth arrest, and apoptosis (15, 57, 58). The protein is
constitutively nuclear but only expressed following induction by cytokines such as IFN. We
evaluated IRF-1 mRNA expression and found mRNA levels increased by more than 12-fold
estimated by real-time PCR following 24 hours of etoposide treatment (Figure 6A, S.B-R
and N.C.R., unpublished data). To evaluate the possible role of IRF-1 in induction of the
IFN genes during DNA damage, we tested its effect on expression of the IFN-λ1 promoter
driving a luciferase reporter gene. The promoter of IFN-λ1 possesses IRF binding sites and a
bona fide NF-κB site (21, 22). The IFN-λ1 promoter activity was induced following
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etoposide treatment, or by co-transfection with a plasmid encoding IRF-1 (Figure 6B).
Combined IRF-1 expression with etoposide induced significant expression of the IFN-λ1
promoter. IRF-1 could also be demonstrated to bind to a site in the IFN-λ1 promoter,
suggesting direct action on the IFN-λ1 gene (Supplemental Figure 2).

Double strand DNA breaks that occur in response to etoposide lead to the recruitment and
activation of the ATM kinase. To evaluate the potential role of ATM in the induction of IFN
gene expression, we tested the effects of a pharmacological inhibitor, AZ12622702.
Treatment of cells with the ATM inhibitor decreased the ability of etoposide to induce the
IFN-λ1 gene and the IFN-α genes (Figure 6C). The results indicate ATM is a significant
signaling kinase upstream of IFN gene induction, and the residual response may be due to
other PI3K-related kinases that are activated during DNA damage.

Role of NF-κB in the response of IFN genes to DNA damage
IRF-1 and IRF-7 are both induced in response to IFN signaling and in response to DNA
damage. Studies have also indicated that the promoters of both of these genes can be
activated by the NF-κB transcription factor (59–61). Since NF-κB activation is a well
characterized response to DNA damage and ATM activity, we determined whether
induction of IRF-1 and IRF-7 by etoposide is a direct response to NF-κB (11, 62). Inactive
NF-κB is localized in the cytoplasm due to binding the inhibitor of NF-κB (IκB) (63). IκB is
released following its phosphorylation by an IκB kinase (IKK) complex composed of IKKα,
IKKβ, and NF-κB essential modulator (NEMO/IKKγ). To determine the role of NF-κB in
induction of IRF-1 and IRF-7 by DNA damage, we tested the effect of several specific IKKβ
inhibitors (Figure 6D). Cells were treated with etoposide in the absence or presence of
BAY117085 or ML120B and real-time PCR was used to quantify the endogenous
expression of IRF-1 and IRF-7 mRNAs. Both inhibitors effectively blocked the induction of
IRF-1 and IRF-7 expression, indicating activation of NF-κB in response to DNA damage is
necessary to induce these genes.

A major species of NF-κB is the p50 and p65/RelA heterodimer (63). Since serine
phosphorylation of the carboxyl terminus of p65 has been shown to increase its
transcriptional activity and stability, we evaluated the phosphorylation of p65 following
etoposide treatment (64). Etoposide stimulated the serine 536 phosphorylation of p65
indicating the NF-κB is transcriptionally active (Figure 7A). The activation of NF-κB can
also be detected by its ability to accumulate in the nucleus. For this reason, we performed
immunofluorescence staining of the endogenous p65 subunit before and after etoposide
treatment. Cells treated with etoposide clearly displayed p65 nuclear accumulation (Figure
7B). These properties accompanied the ability of NF-κB to bind a consensus DNA site in
electrophoretic mobility shift assays (S.B-R and N.C.R., unpublished data). The data support
NF-κB activation in our system of DNA damage, as reported previously (11).

To evaluate the role of NF-κB in the induction of IFN genes by etoposide, we tested the
effects of IKKβ inhibition. Cells were treated with etoposide in the absence or presence of
the IKKβ inhibitor ML120B, and IFN-α mRNA levels were quantified by real-time RT-PCR
(Figure 7C). Inhibition of IKKβ was found to block expression of the IFN-α genes,
indicating that NF-κB is required for induction. This is a significant finding since the IFN-α
genes are not directly regulated by NF-κB and do not possess NF-κB binding sites, although
they do possess IRF binding sites (51).

Induction of the IFN-λ1 gene by DNA damage was also was found to be dependent on NF-
κB. Real-time RT-PCR was used to quantify IFN-λ1 mRNA levels following etoposide in
the presence or absence of ML120B. Expression of IFN-λ1 was blocked with the inhibition
of IKKβ and NF-κB. The effect of NF-κB inhibition could also be demonstrated with IFN-

Brzostek-Racine et al. Page 7

J Immunol. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



λ1 promoter driving the luciferase gene. The IFN-λ1 promoter reporter was expressed alone
or with a dominant negative IκB mutant that lacks serine target phosphorylation sites (S32A/
S36A)(34). Etoposide stimulated the expression of the IFN-λ1 luciferase reporter, but this
induction was completely inhibited with co-expression of the NF-κB repressor, IκB(S32A/
S36A) (Figure 7D).

Since the promoter of the IFN-λ1 gene contains an NF-κB binding site, the more direct
question is whether NF-κB in the absence of viral infection or DNA damage can induce the
IFN-λ1 gene (21). To determine whether NF-κB regulates induction of the IFN-λ1 gene, we
tested the response of the IFN-λ1 promoter reporter to expression of p65/RelA, a potent
activator of NF-κB target sites. The IFN-λ1 gene was induced directly by p65 co-expression,
indicating NF-κB is sufficient to induce the human IFN-λ1 gene independent of viral
infection or DNA damage (Figure 7D). This result has obvious implications for the
involvement of IFN action in the many signaling pathways that activate NF-κB.

Response of murine embryo fibroblasts. Our studies with human primary cells or established
human cell lines provide clear evidence that the IFN-λ and IFN-α genes are induced in
response to DNA damage by etoposide, and that NF-κB is requisite for the induction.
Although murine cells may not accurately reflect the human response, the murine system
affords the ability to test cells from animals with specific gene knockouts. For this reason we
obtained murine embryo fibroblasts (MEFs) from wt or gene knockout animals and tested
their response to DNA damage. Wt MEFs or MEFs that lack NF-κB essential modulator
(NEMO) were treated with etoposide and IFN gene induction was evaluated by RT-PCR
(Figure 8). Since murine IFN-λ1 is a pseudogene, we assayed expression of murine IFN-λ2.
Results showed etoposide treatment induced the genes encoding IFN-λ2 and IFN-α in wt
cells, but not in NEMO knockout cells. The results are in accordance with our studies in
human cells that demonstrated a requirement of NF-κB activation. In addition, MEFs from
IRF3 knockout animals treated with etoposide induced the IFN-λ2 and IFN-α genes,
supporting our studies with human cells that showed IRF3 did not play a major role in the
DNA damage response. Analyses of MEFs that lack the IRF-1 gene indicated it was critical
for IFN-λ2 gene expression, but not for IFN-α expression, whereas MEFs that lack the
IRF-7 gene had a profound defect in the induction of both IFN-λ2 and IFN-α genes in
response to etoposide. The promoters of the murine IFN-λ genes are not well characterized
and therefore they may respond differently from the human IFN-λ genes during the DNA
damage response. The levels of IFN induction in these spontaneously immortalized MEFs
were modest but reproducible following etoposide treatment.

Expression of human IRF and IFN genes with time during the DNA damage response
Our studies with human cells indicate that NF-κB activated by DNA damage stimulates
induction of the IFN-λ1, IRF-1, and IRF-7 genes. To determine the time course of
expression of these genes, human THP-1 cells were treated with etoposide and real time
PCR was used to quantify IRF and IFN mRNA levels. IRF-1 and IRF-7 mRNA levels
displayed an initial peak of expression at 4 hours of etoposide treatment and reached steady
state levels by approximately 12 hours (Figure 9A). Expression of the IFN-λ1 gene showed
a small increase at 4 hours of etoposide treatment and peaked at 15 hours with a kinetic
profile similar to that of the IRFs. Expression of IFN-α mRNA trailed that of IFN-λ1 by 3–4
hours, possibly indicating a greater dependency on IRF-7 induction and activation (Figure
9B).

Discussion
The DNA damage response rapidly engages multimeric protein complexes to repair DNA
and activate transcriptional programs that regulate cell cycle checkpoints and cell survival

Brzostek-Racine et al. Page 8

J Immunol. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(6, 8, 65, 66). The recruitment of ATM, ATR, and DNA-PK to DNA breaks initiates
phosphorylation and ubiquitination events that lead to specific transcription factor activation
and gene expression. ATM is activated primarily in response to double strand DNA breaks,
followed by ATR and DNA-PK in response to DNA single strands and ends generated
during break resolution. One of the known substrates of ATM is NEMO, and
phosphorylation promotes its ubiquitination, nuclear export, and activation of IKK
complexes (62, 67, 68) (Figure 9C). IKK phosphorylation of IκB leads to release of NF-κB
dimers and their ability to translocate to the nucleus and bind DNA targets. Our studies
demonstrate that NF-κB is sufficient to induce the human IFN-λ1 gene during the response
to DNA damage. The promoter of the human IFN-λ1 gene has a bona fide NF-κB binding
site as well as an IRF binding site (21). NF-κB also induces the IRF-1 and IRF-7 genes that
can influence expression of the IFN-α and IFN-λ genes. The induced IFNs can additionally
amplify expression of the IRFs.

These findings add a new dimension to the complexity of the DNA damage response. ATM
appears to be primarily accountable for initial signal pathways that lead to human IFN gene
expression by etoposide. Inhibition of ATM significantly reduces the induction of IFN-α and
IFN-λ1 genes (Figure 6). The ATM deficiency responsible for the development of ataxia-
telangiectasia results in an array of clinical manifestations including cerebellar ataxia,
oculocutaneous telangiectasia, immunodeficiency, and susceptibility to cancer (69, 70). The
lack of IFN production in response to DNA damage that occurs through physiological
processes in ataxia-telangiectasia speculatively may contribute to the immunodeficiency and
tumor formation in the disease. Results of a few studies have suggested a potential role of
IFN signaling during DNA damage (71–74). One study observed ISG expression correlated
with resistance to radiation therapy (74), and another study reported that STAT1 facilitated
cell cycle checkpoint following DNA damage (72). IFN pathways stimulate not only Janus
kinases and STAT factors but elicit a broad range of effects on transcription and translation.
The contribution of IFN signaling in the response to DNA breaks may have multifaceted
consequences.

The novel observation of the convergence of the DNA damage response with IFN signaling
stimulates speculation as to the possible function of IFN in reaction to genotoxic stress. In
our experimental system the addition of IFN did not block the apoptotic effects of etoposide
or significantly contribute to cell death (S.B-R and N.C.R., unpublished data). But IFNs are
well characterized for their ability to inhibit viral infection, and this may reflect the
evolutionary link. Many viral infections are known to stimulate DNA damage response
pathways. Viruses like human immunodeficiency virus have RNA genomes but integrate
viral DNA into the host genome, creating DNA strand breaks (4). Viruses with DNA
genomes can generate single strand and double strand DNA breaks during lytic replication.
Epstein-Barr virus, herpes simplex virus 1, and adenovirus are a few examples of DNA
viruses that have been documented to activate a DNA damage response (4, 75, 76). More
significantly, some of these viruses have evolved mechanisms to inhibit activation or
downstream function of the DNA damage response (77–79). Viruses may inhibit this
pathway not only to block cell cycle arrest and apoptosis, but to block the antiviral functions
of IFNs that are produced by DNA damage.

Etoposide and IFN both have been used clinically for years for their anti-tumorigenic
effects. IFNs produced in response to DNA damage may contribute to the anti-tumorigenic
effects of etoposide. IFNs are recognized for their ability to cause growth arrest and/or
apoptosis in neoplastic cells, although they can stimulate proliferation of healthy cells (24,
25, 46, 80–83). They also have vital immunoregulatory functions that include direct and
indirect effects on activation of Natural Killer cells, macrophages, dendritic cells, T cells
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and B cells (84, 85). The anti-proliferative effects of IFN and the potential enhanced
clearance of tumor cells may play a role in the in vivo DNA damage response pathway.

The profile of IFN gene expression in response to DNA damage in human cells is distinct
from that induced by viral infection. The existence of multiple IFN genes with distinct
promoter elements appears to have evolved as a response to different cellular stresses. A
significant finding of our study is the ability of NF-κB to stimulate the expression of IFN
genes in the absence of viral infection. NF–κB is required for the induction of IRF-1, IRF-7,
IFN-λ and IFN-α in response to etoposide. Although the promoter of the human IFN-λ1
gene possesses both an NF-κB binding site and an IRF binding site, the promoters of the
IFN-α genes possess only IRF binding sites. Results with the knockout MEFs indicate a
critical function of IRF-7 activated in response to etoposide for induction of both murine
IFN–λ2 and IFN–α genes. Future studies are needed to provide additional insight on the
impact of IRF-1 and IRF-7 on the IFN genes during the DNA damage response and whether
there are significant mechanistic differences in the human versus murine response. NF-κB is
activated not only by DNA damage but by a wide array of cellular stimuli and it plays a
major role in inflammation, immunity, cell survival, and cancer (63). The intimate link of
NF-κB to IFN gene induction during the DNA damage response may reflect a potential role
of IFN in other biological responses to NF-κB in the absence of infections. Our study adds a
significant finding of IFN signaling to the complexity of pathways that are orchestrated by
the response to genotoxic stress.
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Figure 1. Induction of ISG54 mRNA and activation of STAT signaling in response to etoposide
A) Primary (1°) human monocytes were untreated or treated with etoposide for 0, 18, or 24
hrs. RNA was extracted and real-time RT-PCR was performed with primers specific for
ISG54 and quantified (left). HeLa cells were untreated or treated with etoposide for 24 hrs.
RNA was extracted and real-time RT-PCR was performed with primers specific for ISG54
and quantified (right). B) HeLa cells were transfected with STAT1-GFP or STAT2-GFP and
untreated (−) or treated with etoposide for 24 hours. Fluorescent images are shown. C) HeLa
cells were treated with etoposide for the hours indicated and cell lysates were evaluated for
endogenous STAT1 (top) or STAT2 (bottom) tyrosine phosphorylation by Western blot.
Results represent duplicate determinations in three independent experiments.

Brzostek-Racine et al. Page 15

J Immunol. Author manuscript; available in PMC 2012 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Specific IFN species are induced in response to etoposide
A) Primary human monocytes were untreated (−) or treated with etoposide for 20 hours
(20E) or 30 hours (30E), or infected with Newcastle Disease Virus (NDV) for 6 hours.
mRNA levels were quantified by real-time RT-PCR corresponding to the IFN-β gene in
response to etoposide or NDV. B) mRNA levels quantified by pan-specific primers to IFN-α
from primary monocytes treated with etoposide as in (A). C) mRNA levels were quantified
to specific subspecies IFN-α1/α13, IFN–α6, IFN-α7, and IFN-α14 following 30 hr etoposide
treatment of primary monocytes. D) mRNA levels corresponding to the IFN-λ1 gene from
primary monocytes treated with etoposide as in (A). Values are means of duplicate
determinations in two or three independent experiments.
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Figure 3. Various DNA damaging agents activate IFN signaling
THP-1 cells were untreated (−) or treated with 40μg/ml etoposide (E), 5μM camptothecin
(C), 20μg/ml mitomycin (M), or 20μg/ml adriamycin (A) for 24 hours. A) Cell lysates were
prepared and ISG54 protein levels were evaluated by Western blot. B) IFN-α mRNA
induction was evaluated with pan-specific primers and real-time RT-PCR. C) IFN-λ1
specific mRNA expression was evaluated by real-time RT-PCR. Values are means of
duplicate determinations in two independent experiments.
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Figure 4. IRF-3 is not activated in response to DNA damage
A) HeLa cells were transfected with IRF-3-GFP and left untreated (−) or were treated with
etoposide (Etop) for 24 hours. Cellular localization was evaluated by fluorescence
microscopy. Images represent random sampling from three independent experiments. B)
Cells were untreated or infected with NDV for 6 or 12 hours, treated with camptothecin
(Camp) for 12 or 20 hours, or treated with etoposide for 20 or 40 hours. Endogenous IRF-3
was detected in cell lysates by Western blot. C) CBP was immunoprecipitated (IP) from
lysates of untreated cells or cells infected with NDV for 6 hours or treated with
camptothecin or etoposide for 36 and 50 hours. Western blots (WB) were performed with
antibodies to IRF-3.
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Figure 5. Evidence for a role of IRF-7 in the IFN response to DNA damage
A) THP-1 cells were untreated (−) or treated with etoposide (+) for 24 hours. IRF-7 mRNA
induction was evaluated by RT-PCR and displayed on agarose gels. Faint band in untreated
sample is non-specific. mRNA levels of GAPDH are shown as controls. B) HT1080 stable
cell line expressing tetracycline inducible IRF-7-Myc-His was transfected with the HA-
Ub0R63K ubiquitin (K63Ub), and doxycycline (Dox) was used to induce IRF-7 expression
in the absence or presence of etoposide for 24 hours. IRF-7 was collected on nickel charged
resins and samples were analyzed by Western blot with antibody to IRF-7. Lower panel
shows input before resin with anti-myc antibody. C) Expression of IRF-7-Myc-His was
induced with doxycycline in the stable cell line in the absence or presence of etoposide for
15 hours before immunostaining with antibodies to Myc. Imaging analysis of three
independent experiments indicate nuclear accumulation of IRF-7 at this time in >50% of the
cells. D) Pan-specific primers were used to quantify IFN-α mRNA levels (top) and specific
primers were used to assess IFN-λ1 mRNA levels (bottom) in the IRF-7-Myc-His inducible
cells by real-time PCR. Cells were untreated (−), treated with etoposide (E), doxycycline
(D), or etoposide and doxycycline for 24 hours. Values are means of duplicate
determinations in two independent experiments.
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Figure 6. Activation and inhibition of IRF and IFN genes
A) THP-1 cells were untreated (−) or treated with etoposide (+) for 24 hours. IRF-1 mRNA
levels were evaluated by RT-PCR and displayed on agarose gels. mRNA levels of actin are
shown as controls. B) The IFN-λ1 luciferase reporter was expressed in HeLa cells untreated
or treated with etoposide (Etop) for 24 hours. Empty vector (c) or IRF-1 expression plasmid
(IRF-1) were co-transfected where indicated with or without etoposide treatment and
luciferase activity was measured. C) Effects of the ATM inhibitor AZ12622702 (AZ) on
IFN-α and IFN-λ gene expression. HeLa cells were untreated or treated with AZ for one
hour followed by etoposide (E) for 24 hours as indicated. Real-time PCR was used to
quantify IFN-α (left) or IFN-λ (right) mRNA expression. D) Effects of IKKβ inhibitors
BAY117085 (BAY) or ML120B (ML120) on IRF-1 and IRF-7 gene expression. HeLa cells
were untreated or treated with the inhibitors for one hour followed by etoposide for five
hours as indicated. Real-time PCR was used to quantify endogenous IRF-1 (left) or IRF-7
(right) mRNA expression. Quantitative results are means of duplicate determinations in
three independent experiments.
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Figure 7. NF-κB is activated and required for IFN gene induction in response to etoposide
A) HeLa cells were treated with etoposide for 15 hours or 5ng/ml tumor necrosis factor-α
(TNF- α) for 1 hour and p65 was immunoprecipitated (IP) from lysates. Specific antibody to
p65 phosphoserine 536 was used for the Western blot (WB). Lower panel displays Western
blot with antibody to p65. B) HeLa cells were untreated or treated with etoposide for 2 hours
before immunostaining with antibodies to p65. C) HeLa cells were untreated or treated with
etoposide (E) in absence or presence of ML120B. left: Real-time PCR was used with pan-
specific primers to quantify the endogenous levels of IFN-α mRNA. right: Real-time PCR
was used to quantify the endogenous levels of IFN-λ1 mRNA. D) left: The IFN-λ1
luciferase reporter plasmid was co-transfected with empty vector or with a plasmid encoding
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the dominant negative IκBS32A/S36A (IκBSS/AA) gene. Cells were untreated or treated
with etoposide for 24 hours prior to the luciferase assays. right: The IFN-λ1 luciferase
reporter plasmid was co-transfected with empty vector (c) or with a plasmid encoding the
p65/RelA gene. Cells were untreated or treated with etoposide for 24 hours prior to
luciferase assays. Quantitative results are means of duplicate determinations in three
independent experiments.
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Figure 8.
Effect of etoposide on murine embryo fibroblasts. Murine embryo fibroblasts (MEFs)
isolated from wt mice, or mice with targeted gene knockouts in NEMO (NEMO−/−), IRF-3
(IRF3−/−), IRF-1 (IRF1−/−), or IRF-7 (IRF7−/−) were untreated or treated with etoposide
for 24 hours. Real-time RT-PCR was used to quantify endogenous levels of murine IFNλ2
(top) or pan- IFNα (bottom). Quantitative results are means of duplicate determinations in
three independent experiments.
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Figure 9. Time course of IRF and IFN mRNA expression in the response to etoposide treatment
THP-1 cells were treated with etoposide, and RNA was isolated from cells during a 24 hour
period at the times indicated. Real-time RT-PCR with specific primers was used to quantify
IRF-1 and IRF-7 mRNA (A) or IFN-α and IFN-λ1 mRNA (B). Results are means of two
experiments performed in duplicate. C) Conceptual model of double strand DNA break
response signaling to IFN gene expression. ATM phosphorylation of NEMO promotes its
ability to bind and activate the IKK complexes. IKKs phosphorylate IκB releasing NF-κB to
activate gene targets IFN-λ1, IRF-1, and IRF-7. The IRFs induce IFN-α genes and enhance
IFN-λ1 expression.
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