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G E N E E X P R E S S I O N

The Specificity of Innate Immune Responses Is
Enforced by Repression of Interferon Response
Elements by NF-kB p50
Christine S. Cheng,1,2,3 Kristyn E. Feldman,1,2 James Lee,1,2 Shilpi Verma,4 De-Bin Huang,2

Kim Huynh,2 Mikyoung Chang,5 Julia V. Ponomarenko,6 Shao-Cong Sun,5

Chris A. Benedict,4 Gourisankar Ghosh,2 Alexander Hoffmann1,2,3*

The specific binding of transcription factors to cognate sequence elements is thought to be critical for the
generation of specific gene expression programs. Members of the nuclear factor kB (NF-kB) and interferon
(IFN) regulatory factor (IRF) transcription factor families bind to the kB site and the IFN response element
(IRE), respectively, of target genes, and they are activated in macrophages after exposure to pathogens.
However, how these factors produce pathogen-specific inflammatory and immune responses remains poor-
ly understood. Combining top-down and bottom-up systems biology approaches, we have identified the
NF-kB p50 homodimer as a regulator of IRF responses. Unbiased genome-wide expression and bio-
chemical and structural analyses revealed that the p50 homodimer repressed a subset of IFN-inducible
genes through a previously uncharacterized subclass of guanine-rich IRE (G-IRE) sequences. Mathemat-
ical modeling predicted that the p50 homodimer might enforce the stimulus specificity of composite
promoters. Indeed, the production of the antiviral regulator IFN-b was rendered stimulus-specific by the
binding of the p50 homodimer to the G-IRE–containing IFNb enhancer to suppress cytotoxic IFN signaling.
Specifically, a deficiency in p50 resulted in the inappropriate production of IFN-b in response to bacterial
DNA sensed by Toll-like receptor 9. This role for the NF-kB p50 homodimer in enforcing the specificity of
the cellular response to pathogens by binding to a subset of IRE sequences alters our understanding of how
the NF-kB and IRF signaling systems cooperate to regulate antimicrobial immunity.

INTRODUCTION

The cellular innate immune response is triggered by three families of
extracellular and intracellular receptors, which bind to a broad range of
molecular patterns (1). The Toll-like receptors (TLRs), the retinoic
acid–inducible gene 1 (RIG-1)–like receptors (RLRs), and the nucleotide-
binding oligomerization domain (NOD)–containing protein–like recep-
tors (NLRs) show specificity in their recognition of pathogen-associated
molecular patterns (PAMPs) and metabolic products, which are termed
danger-associated molecular patterns (DAMPs). Although many cell types
are capable of mounting innate immune responses, macrophages are pro-
fessional, tissue-resident initiators, coordinators, and effectors of the innate
immune response.

Pathogen recognition by macrophages elicits gene expression pro-
grams that typically consist of hundreds of genes (2–4), which may be
broadly classified as mediating cellular antiviral functions and systemic
immune activation through inflammation (5). Because both types of
responses are also potentially detrimental to the organism (6–8), cells
are thought to produce pathogen-specific responses, ensuring that un-
necessary gene products are not made. Dozens of transcription factors

have been implicated in enabling the fine-tuned expression of genes
whose products mediate the innate immune response (9, 10); however,
the identities of the critical regulators of pathogen- or stimulus-specific
gene expression remain an open question that is of relevance to an
understanding of antimicrobial immune responses, chronic inflamma-
tory disease, and the development of relevant therapeutics, including
adjuvants for innate and adaptive immune responses.

Two families of transcriptional regulators that play central roles in co-
ordinating the gene expression programs of the cellular innate immune
response are the nuclear factor kB (NF-kB) and interferon (IFN) regula-
tory factor (IRF) families (3, 11–15) (Fig. 1A). Stimulus-dependent acti-
vation of NF-kB and IRFs is determined by signaling adaptors that
selectively interact with the intracellular domains of TLRs (16). Myeloid
differentiation marker 88 (MyD88) mediates the activation of NF-kB and
is associated with most TLRs, including TLR9, which senses bacterial
CpG-rich DNA, and TLR4, the sensor for the Gram-negative bacterial
cell wall component lipopolysaccharide (LPS). Toll–interleukin-1 (IL-1)
receptor (TIR) domain–containing adaptor-inducing IFN-b (TRIF) func-
tions as the primary signaling adaptor for the activation of IRFs and is
associated with some TLRs, including TLR4, but not TLR9. Hence, each
TLR produces a characteristic combination of transcription factor activ-
ities, including those of NF-kB and the IRFs.

NF-kB and the IRFs constitute families of transcription factors that are
defined by conserved DNA binding domains. In macrophages, IRF3 is
activated through its site-specific phosphorylation by TANK-binding
kinase 1 (TBK1) (17), an important effector kinase of the TRIF pathway.
IRF3-driven production of type I IFN results in an autocrine loop that ac-
tivates a second IRF family member, IFN-a–stimulated gene factor 3
(ISGF3), whose DNA binding component is IRF9. IRF3 and ISGF3 ap-
pear to have largely overlapping DNA binding specificities for the IFN
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response element (IRE) consensus sequence (AANNGAAA) (18). Within
the NF-kB family, the key transcriptional effectors are the activation
domain–bearing RelA and cRel proteins, which as dimers with the nf kb1
gene product p50 are responsible for kB-driven gene activation. Over-
lapping DNA binding specificities for the broad kB consensus sequence
[GGRNNN(N)YCC] (19) underlie the fact that there have only been
isolated reports of specific cRel or RelA target genes (20, 21).

However, another major NF-kB family member is the p50 homodimer
(p50-p50), a presumptive transcriptional repressor of kB sites by virtue of
its close sequence and structural homology with other NF-kB family
members and its lack of a transcriptional activation domain (22, 23). In-
deed, p50-p50 acts as a competitive repressor of kB-driven transcription in
transiently transfected cells and in studies performed in vitro (24, 25) and
may repress the expression of the tumor necrosis factor (tnf ) gene (26–28);

Fig. 1. NF-kB p50 represses IFN response
genes and may physically bind to IRE se-
quences. (A) A schematic of LPS- and
IFN-b–induced activation of NF-kB, IRF3,
and ISGF3 and of p50-p50. (B) Quantita-
tion of the basal amounts of nuclear p50
protein by Western blotting analysis of a
nuclear extract prepared from untreated
wild-type (WT) BMDMsmixed with increas-
ing amounts (0.1 to 1.1 ng) of recombi-
nant p50 (amino acid residues 1 to 325).
Nuclear and cytoplasmic fractionation
was confirmed by Western blotting anal-
ysis for lamin A/C and a-tubulin (lower
panel). The amounts of p50 were quanti-
tated and graphed on a standard curve,
leading to an estimate of 30,000 p50 ho-
modimers per nucleus. (C and D) Micro-
array mRNA expression data from WT
and nfkb1−/− (“p50KO”) littermate-derived
MEFs stimulated with LPS (0.1 mg/ml) and
IFN-b (2500 U/ml) (C) or from BMDMs
stimulated with LPS (0.1 mg/ml) and IFN-b
(10U/ml) (D) were analyzed byK-means clus-
tering. Red represents stimulus-responsive
gene induction, whereas green repre-
sents repression. Cluster identifiers are
indicated on the right, with red symbols
indicating clusters with increased expres-
sion in the p50KO cells compared to that
in WT cells. The average fold induction
(log2) of each cluster in WT (blue) and
p50KO (purple) cells was graphed at 0,
1, 3, and 8 hours. The most highly enriched
motifs identified de novo within −1.0 to
+0.3 kb of the transcriptional start sites
are shown in each cluster, with P values
to indicate statistical significance. (E) Tran-
scription factor activation in RAW264.7
cells in response to LPS (0.1 mg/ml). kB-
binding activities (p50-p65 and p50-p50,
left panel) and IRE-binding activities (ISGF3 and complex X, right pan-
el) on an IRE probe (GATCCTCGGGAAAGGGAAACCTAAACTGAAGCC)
were revealed by EMSA. Western blotting analysis (bottom right) shows
the activation profile for nuclear phosphorylated IRF3 (p-IRF3 at Ser396).
(F) IRE-binding activities contained in nuclear extracts derived from
WT and p50KO BMDMs stimulated with LPS (0.1 mg/ml) for 24 hours
were resolved by EMSA. (G) The composition of the complex was ex-
amined by supershift analysis with the indicated antibodies (indicated
by a) on the IRE probe and by comparison to the mobilities of com-
plexes bound to an HIV kB site probe. (H) DNA binding site competition

assays (10- or 200-fold excess) with labeled kB probe and unlabeled
IRE probe (top panel), or with labeled IRE probe and unlabeled kB
probe (bottom panel) and nuclear extracts from RAW264.7 cells stim-
ulated with LPS for 24 hours. (I) Measurement by EMSA of the relative
binding affinities of p50-p50 for kB or IRE probes. Increasing amounts of
recombinant p50 (1, 10, 100, and 1000 ng) were incubated with a kB site
probe containing two kB-binding sites (left panel) or an IRE probe
containing four IRE-binding sites (right panel). Both probes enable the
binding of two p50 dimers. Data are from, or representative of, at least
three experiments.
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however, the binding specificity and physiological functions of this putative
transcriptional repressor remain uncharacterized. Whereas the role of p50
as a dimerization partner for RelA and cRel is compensated for by the
nf kb2 gene product p52 (21), p50-p50 may play unique functions as a
repressor within the NF-kB family. Within the innate immune response,
during which inappropriate gene expression is potentially detrimental for
cellular or organismal health, the role of transcriptional repressors is of per-
tinent interest. To characterize the physiological role of p50-p50 in the in-
nate immune response, we first undertook unbiased genome-wide studies
to identify its functional targets and then characterized the molecular mech-
anism of p50-p50 at the level of biophysical DNA binding specificity and
within the context of the gene regulatory circuitry of composite enhancer
elements.

RESULTS

NF-kB p50 represses IFN response genes
To characterize the functional role of p50-p50 in the immune response in
macrophages, we first determined its abundance by quantitative Western
blotting analysis. Through the use of recombinant protein standards, we
estimated that there were 30,000 p50 homodimers in the nuclei (equivalent
to a concentration of 200 nM) in naïve or resting bone marrow–derived
macrophages (BMDMs) (Fig. 1B). To identify functional targets of p50-
p50 during the cellular response to pathogens in an unbiased manner, we
profiled gene expression induced by LPS in nf kb1−/− [p50 knockout
(p50KO)] cells by microarray analysis. We used K-means clustering to an-
alyze relevant microarray data sets generated with murine embryonic fibro-
blasts (MEFs), and we used bioinformatics to identify shared sequences in
the promoters of coregulated genes (Fig. 1C). We found that p50KO cells
exhibited the enhanced expression of genes that are not known to be regu-
lated by NF-kB (Fig. 1C, clusters I to K). We found that these genes were
inducible by IFN and contained IREs in their promoter sequences. Similar
studies with BMDMs also revealed a p50-mediated repressive effect on sets
of IRE-containing genes in response to LPS (Fig. 1D, clusters B, C, and E)
or in response to moderate stimulation with IFN-b (fig. S1, clusters B and
C). The known function of p50 as a binding partner for the transcriptional
activator RelAwas apparent in only a small reduction in the extent of ex-
pression of some NF-kB–regulated genes (Fig. 1C, clusters C and D, and
Fig. 1D, clusters D and F), indicating redundancy with p52 or the presence
of RelA homodimers, or that the repressive functions of p50-p50 masked
the stimulatory effects of p50:RelA (21).

The nf kb1 gene gives rise to two gene products through a protein-
processing mechanism, the mature p50 protein and its precursor form, p105,
which may sequester activating NF-kB subunits (29) and participate
in extracellular signal–regulated kinase (ERK) signaling (30, 31). When
we examined LPS-induced gene expression profiles in BMDMs from
wild-type and p105−/− mice, which lack p105 but produce p50 (32), we
did not observe an increase in the expression of IFN-inducible genes in the
p105−/− cells (fig. S2). Our results suggest that the mature p50 protein
participates in the regulation of IFN response genes, either directly or in-
directly. To characterize the proteins that bound to IRE targets, we per-
formed electrophoretic mobility shift assays (EMSAs) with a widely
used IRE probe (33). Time course studies confirmed that LPS activated
the transcriptional activators NF-kB (the p65-p50 heterodimer), IRF3, and
subsequently ISGF3 [IRF9 associated with signal transducer and activator
of transcription 1 (STAT1) and STAT2], whereas the kB-binding activity
of the transcriptional repressor p50-p50 was constitutive in resting cells
and was increased at late time points (Fig. 1E and fig. S3) because of
NF-kB (p65-p50)–induced transcriptional activation of nf kb1 (34). We ob-

served the formation of an unexpected complex (“complex X”) on the
IRE probe (Fig. 1E). Not only did this complex have the same mobility
as that of p50-p50 on the kB probe, but it was also absent from p50-
deficient BMDMs (Fig. 1F). Antibody supershifts showed that this
complex contained p50 but not p65 (Fig. 1G). Competition assays with
cold probe showed that the IRE and kB probes cross-competed for bind-
ing to p50-p50 (Fig. 1H), and titration of recombinant p50 protein on IRE
and kB probes indicated that p50-p50 had similar affinities for the se-
quences in IRE and kB sites (Fig. 1I). Together, our results suggest that
the constitutively present p50 homodimer may repress IFN-inducible
genes by binding directly to IRE sites.

NF-kB p50 binds to and regulates “G-IREs”
When we examined the promoter sequences of well-known IRF target
genes, we found that genes that showed enhanced expression in p50KO
compared to wild-type cells tended to contain guanine-rich (G-rich) se-
quences within or next to their IREs (Fig. 2A, red), whereas other genes
that showed little change in expression in p50KO cells did not (Fig. 2A,
black). To evaluate the role of the G-rich sequence statistically, we gener-
ated replicate microarray data sets from LPS-treated BMDMs. We focused
on IFN-inducible genes whose activation by LPS was dependent on the
type I IFN receptor [IFN-a receptor (IFNAR)] and we found a continuum
of enhanced expression phenotypes in LPS-induced p50KO cells (Fig.
2B), consistent with a range of relatively different numbers of binding sites
or DNA binding affinities of p50 and IRF. By labeling those genes whose
regulatory regions contained G-rich IREs as “G-IREs,” we observed that
G-IREs were overrepresented in genes whose expression in response to
LPS was enhanced in p50KO cells compared to that in wild-type cells
(Fig. 2B). Exceptions to this correlation were also apparent and may have
been a result of transcriptional saturation effects, dysregulation of the ERK
pathway (30, 31) or the production of IFN, or the likely possibility that the
G-rich classification may have in some cases considered IRE-like se-
quences that are not functionally relevant. However, statistical evaluation
indicated that G-IRE–containing IFN-inducible genes were more likely
than their non–G-rich counterparts to be dysregulated in p50KO cells
(Fig. 2C, P < 0.0001). Furthermore, endogenous p50-p50 formed
complexes with DNA probes that contained the IRE-containing regulatory
sequences derived from several p50-repressed genes, but not when the
DNA probes contained analogous sequences from p50-independent genes
(Fig. 2D). Chromatin immunoprecipitation (ChIP) assays revealed recruit-
ment of p50 to those endogenous IRF target genes that showed enhanced
expression in p50-deficient cells compared to that in wild-type cells, but
less recruitment of p50 to those IRF target genes that were largely
independent of p50 (Fig. 2E). Control experiments confirmed that NF-kB
p65 was not recruited to either class of IRF target genes (Fig. 2F), whereas
ISGF3 was recruited to both classes of genes (fig. S4).

On the basis of the crystal structures of NF-kB bound to near-
palindromic kB sites (35, 36), we modeled p50-p50 bound to the G-IRE
and IRE sequences of Gbp1 (Fig. 3A). We hypothesized that the first p50
monomer was likely to make base-specific contacts with the G-IRE
sequence, which conforms to the first half of the palindromic kB consen-
sus site (5′-GGRN-3′) (Fig. 3B), whereas the second p50 monomer would
not make base-specific contacts with the second IRE because it deviates
substantially from the second half of the kB consensus sequence (Fig. 3C).
However, the central tyrosine clamp of both monomers might contribute to
the stability of the complex because it is largely sequence-independent. We
reasoned that the hinge region between the DNA binding and the dimeriza-
tion domains within the Rel homology region of the second p50 monomer
would assume different angles from those of the first monomer. Such struc-
tural considerations suggest that a single half-site containing three or four
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Fig. 2. NF-kB p50 binds to a subset of IFN
response genes through a G-IRE sequence.
(A) Known IRE-regulated genes are catego-
rized into those that are repressed (red) or
not repressed (black) by p50. IRE sequences
are underlined, and G-rich sequences are
highlighted in red. The p50KO expression
phenotype represents the ratio of the LPS-
induced (0.1 µg/ml for 6 hours) fold change in
expression of genes in p50KO compared to
that of WT BMDMs in duplicate microarray ex-
periments. Fold changes <1.5 are in white boxes;
fold changes ≥1.5 and <3 are in pink; fold
changes ≥3 are in red. (B) p50KO expression
phenotype (y axis) for 107 IFN-b–inducible
and IFNAR-dependent, LPS-inducible genes
(x axis). Genes that contain one or more G-IREs
in the regulatory region located from −1.0 to
+0.5 kb of the transcription start site are colored
red. Probabilities that the numbers of G-IRE–
containing genes that were among the top or
bottom 10% of genes within distribution oc-
curred by chance are indicated. (C) Unpaired
t test of the p50KO expression phenotype as-
sociated with G-IRE (red)– and non–G-IRE
(black)–containing genes in (B). Edges of the
box plot represent the 25th and 75th percent-
iles, and whiskers represent the 10th and 90th
percentiles. (D) The DNA binding activities of
p50-p50 and ISGF3 were resolved by EMSA
and supershift assays with antibody against
p50 with extracts of RAW264.7 cells stimulated
with LPS (0.1 mg/ml) for 24 hours with probes
derived from p50-repressed genes that con-
tain G-IREs (red) or probes derived from p50-
independent genes that contain non–G-IREs
(black). (E) ChIP followed by qPCR analysis
indicated the recruitment of p50 to the p50-
repressed (and G-rich, in red) but not to p50-
independent (and non–G-rich, in black) IRE
sequences in WT (white bar) and p50KO (black
bar) BMDMs stimulated with LPS (0.1 mg/ml)
for 24 hours. IkBa (inhibitor of NF-kBa) was a
positive control for NF-kB target genes. (F)
ChIP and qPCR analysis of the recruitment
of p65 to p50-repressed G-IREs (red) and
p50-independent non–G-rich IREs (black),
as well as the positive control kB target gene
(A20) in response to LPS (0.1 mg/ml, black
bar) or phosphate-buffered saline (PBS) [con-
trol (CTL), white bar] for 1 hour in WT BMDMs.
Data are from, or representative of, at least
three experiments.
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guanines would provide a sufficient number of contacts with the first p50
monomer to enable high-affinity binding (Fig. 3B), whereas the second
monomer may accommodate suboptimal sequences by avoiding disallowed
contacts (Fig. 3C) as a result of rotational flexibility (about 18°) between its
DNA binding and dimerization domains (Fig. 3A). Indeed, mutation of the
binding site confirmed that the G’s within the first IRE was critical for the
binding of purified recombinant p50-p50, whereas the analogous positions
within the second IRE were not (Fig. 3D). Thus, our analysis suggests a
model of p50-p50-IRE binding in which the interaction of one monomer
with a G-IRE provides sufficient affinity, whereas the second monomer
has rotational flexibility to accommodate a nonconsensus sequence.

Functional consequences of interactions between
p50-p50 and G-IREs
Next, we studied the immediate functional consequences of the binding of
p50-p50 to G-IRE sites. IRE-ISGF3 and IRE-IRF3 complexes formed in
in vitro binding assays were competed for when we titrated the amount of
recombinant p50 protein (Fig. 4A). We did not see this competitive effect
when we titrated p65 protein or when we used DNAs that lacked G-rich
sequences (Fig. 4B), and we never observed any higher-order complexes
that contained both p50 and IRF proteins. Transient transfection studies
revealed that only the expression of a form of p50 that was competent
for DNA binding specifically reduced the IRF-mediated activation of a
G-IRE–driven reporter gene (Fig. 4C), but not that of a non–G-IRE report-
er gene (fig. S5). Our results suggest that p50-p50 may inhibit promoter
activity by simply competing with IRF3 and ISGF3 for binding to
G-IREs, although we cannot rule out the existence of an active repression
mechanism that operates through the recruitment of corepressors.

To explore the functional consequences of the competition model for
promoter activity, we used a thermodynamic model (37) to calculate frac-
tional promoter activity as a function of the concentrations of p50-p50 and
IRF (Fig. 4D). The model recapitulated our experimental finding that p50-
repressed, G-IRE–containing genes were enhanced in expression in p50KO
cells compared to that in wild-type cells, with the relative effect being more
substantial at low concentrations of IRF (Fig. 4E), because they may occur in
the early phases of a time course. Indeed, a simple parameter sensitivity anal-
ysis confirmed that the enhanced expression of genes in p50KO cells was not
only a function of the affinity of p50-p50 for the IRE but was also more pro-
nounced at low concentrations of IRF (Fig. 4F). G-IRE–containing promoters
were more likely than non–G-IRE–containing promoters to show increased
expression in unstimulated conditions in p50KO cells (figs. S2 and S6), pre-
sumably because of low, but functionally relevant, basal IRF3 activity.

The mathematical modeling approach lends itself to exploring the
functional consequences of the regulation of G-IREs by p50-p50 on phys-
iologically relevant gene regulatory circuits. Many genes involved in the
innate immune response contain clusters of IRE and kB sites that are
thought to function cooperatively to enable stimulus-specific control of gene
expression (38–40). Such functional cooperativity may be described with a
thermodynamic model for so-called AND-gate promoters (37, 41). We
derived an expression for the promoter activity of a gene whose duplicate
IREs and a kB site synergized through cooperative IRF and NF-kB inter-
actions and for which only the kB site was subject to repression by p50-p50
(Fig. 5A). As expected, the formulation showed that both NF-kB and IRF
needed to be activated to induce the promoter; however, the promoter ac-
tivity heat map showed that even low amounts of IRF activity were suffi-
cient to render the promoter responsive to activation by NF-kB. PAMPs
may be categorized into those that activate both NF-kB and IRF and those
that activate NF-kB alone (13, 14). For example, macrophages exposed to
bacteria-derived, CpG-containing DNA activate NF-kB, whereas those cells
exposed to LPS activate both NF-kB and IRF factors. Thus, basal activity of
IRF3 (fig. S7) may result in the inappropriate induction of a promoter in
response to stimuli, such as CpG, that only activate NF-kB. The modeling
illustrates that AND-gates may be rendered surprisingly leaky when
inducible transcription factors have substantial basal activity.

We constructed alternate thermodynamic models to explore the func-
tional consequence of the repression of a G-IRE by p50-p50 within this
AND-gate promoter architecture (Fig. 5B). The analogous promoter ac-
tivity heat map showed that the expression of CpG-responsive genes was
effectively abolished, but that responsiveness to LPS was preserved. The
result was a sharpened stimulus specificity of the promoter, suggesting
that p50-p50 may have gatekeeping functions on G-IRE–containing com-
posite promoters. We examined whether this conclusion was dependent on

Fig. 3. Molecular determinants of the binding of p50-p50 to a G-IRE se-
quence. (A) Ribbon model of the structure of p50-p50 on the G-IRE and
IRE of Gbp1, based on previous x-ray crystallography structures of p65-p50
on kB sites (36). In both the ribbon model and the G-IRE sequence, the DNA
in the vicinity of the first monomer is indicated in red, whereas the DNA in the
vicinity of the second monomer is in orange. Conserved tyrosine residues (Y)
that contribute to the stability of the complex by inserting themselves be-
tween bases are indicated in green. Rotational flexibility between the DNA
and the dimerization domains of the second monomer is indicated. (B)
Space-filling model detailing the amino acid residues within the first mono-
mer that make close contacts with the G-IRE sequence. Numbering is with
respect to the center of a palindromic sequence that would apply to the kB
consensus sequence. (C) Space-filling model revealing a gap between the
protein surface and the second IRE sequence within Gbp1. This gap is
opened by the rotational flexibility between the dimerization and the DNA
binding domains. Note that Tyr57 stabilizes the complex because it is
anchored by hydrogen bonds to the phosphate backbone and makes van
der Waals contacts with the bases A2 and A3 of the second IRE. (D) Deter-
mination of the binding specificity of p50-p50 for IREs by EMSA by titrating
recombinant p50 proteins (1, 5, 10, 20, 40, 80, 200, and 500 nM) with the
G-IRE–containing probe derived from Gbp1 or indicated mutant variants
thereof. Data are from, or representative of, at least three experiments.
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specific parameter values within these models of hypothetical response
genes. A multidimensional parameter sensitivity analysis of the four rele-
vant dissociation constants indicated that specificity for LPS rather than
CpG was enhanced by the repression of the G-IRE by p50-p50 under var-
ious conditions and was never diminished. Such promoter “gating” to re-
strict gene expression to specific stimuli was independent of the binding of
p50-p50 to the kB site (see low Kp50-IRE) and was strongest on promoters
on which IRFs had moderate affinity but p50-p50 had stronger binding
affinity (Fig. 5C). We note that G-IREs had high affinity for p50-p50 (Fig. 1)
but may have suboptimal affinity for IRFs.

p50-p50 restricts antiviral responses to specific stimuli
To test the prediction that p50-p50 may enforce the stimulus specificity of
AND-gate promoters, we examined one of the most well-studied and
physiologically important composite promoters—that controlling the ex-
pression of IFN-b. Synergy between NF-kB and IRF transcription factors
through coordinated DNA binding sites [so-called positive regulatory do-
main (PRD) elements] is critical for control of the expression of IFNb
(42, 43). p50 binds to the IFNb enhancer in unstimulated cells (44), but
the ChIP assay is not of sufficient resolution to determine the precise lo-
cation(s) of p50. Within the regulatory sequence, not only the kB site in
PRDII but also the IREs in the PRDI and PRDIII regions contain G-rich
sequences (Fig. 6A). Indeed, a DNA binding probe that encompasses all
of the PRD elements formed a complex with not only one but two p50
homodimers (Fig. 6A, lanes 1 to 3). Dissecting their location by mutating
the three G-rich stretches, we confirmed that the kB site recruited one
p50 homodimer (Fig. 6A, lanes 4 to 9), but that the central triple-G (3-G)
element within the IREs recruited a second p50 homodimer (Fig. 6A,
lanes 10 to 18). Although this triple-G element is not required for binding
to IRFs, it is evolutionarily conserved (45).

To explore the functional consequence of these binding events,
we constructed a mathematical model of the abundance of IFNb mRNA,
in which the thermodynamic formulation of promoter activity f (Fig. 6B)
was embedded in a differential equation that described mRNA production
and decay. Simulations showed that this model predicted a substantial
differential responsiveness of IFNb to stimulation by CpG and LPS in
wild-type, but not p50KO, cells (Fig. 6C). Indeed, our experimental anal-
ysis revealed that whereas wild-type cells did not exhibit expression of
IFNb in response to CpG, p50KO cells showed substantial misexpres-
sion (Fig. 6D).

Because IFN-b coordinates a large antiviral gene expression program
through the activation of ISGF3, we examined how stimulus-specific gat-
ing of the IFNb enhancer by p50-p50 might affect downstream responses
(Fig. 7A). We characterized the LPS- and CpG-induced profiles of ISGF3
activation and found inappropriate induction of ISGF3 in response to CpG
in p50KO macrophages (Fig. 7B), whereas IRF3 was not activated (fig.
S7). Furthermore, in p50KOmacrophages, CpG induced the expression of
known antiviral genes (Fig. 7C) and IFN response genes that were re-
vealed by microarray studies (Fig. 7D). We established a viral infection
assay in which the priming of macrophages by IFN-b inhibited the in-
fectivity of a green fluorescent protein (GFP)–expressing cytomegalo-
virus (CMV) (46), whereas macrophages defective in IFN signaling were
more susceptible than wild-type cells to infection (fig. S8). Exposing macro-
phages to LPS rendered them more resistant than untreated cells to infec-
tion by CMV, whereas exposure to CpG did not (Fig. 7, E and F), which
reflected the stimulus-specific production of IFN-b. Such stimulus specificity
in the mounting of resistance to viral infection was severely compromised
in p50KO macrophages because CpG also resulted in increased anti-
viral resistance in these cells. Our results may relate to the resistance
of nf kb1−/− mice to encephalomyocarditis virus (EMCV) (26) and to

Fig. 4. p50-p50 represses G-IREs by competing with IRFs. (A) Competition
EMSAs demonstrating that increasing amounts of recombinant p50-p50
(25, 250, and 1000 nM) compete with nuclear ISGF3 complexes [contained
in LPS-stimulated (0.1 mg/ml, for 24 hours) RAW264.7 cells] for binding to
the G-IRE probe (left) or with nuclear IRF3-CBP complexes [contained in
polyI:C (polyinosine-polycytosine)–stimulated (5.0 mg/ml for 1 hour) HeLa
cells] in binding to theGbp3 IRE probe (right). (B) Competition EMSAs dem-
onstrating that nuclear ISGF3 complexes that bind to IRE probes were
not efficiently competed for by recombinant p65-p65 (25, 250, and 1000
nM; upper panel), but were competed for by recombinant p50-p50 (25,
250, and 1000 nM, middle panel), and that ISGF3 complexes binding to
the non–G-rich ADAR1 IRE probe were not competed for by recombinant
p50-p50 (25, 250, and 1000 nM; bottom panel). (C) p50, but not a p50 DBD
mutant (R56A,Y57A), inhibited LPS-induced activation of G-IRE–containing
promoters in a dose-dependent manner. TLR4–HEK 293T cells were trans-
fected with IRE reporter plasmids (40 ng) and plasmids encoding p50 or
the p50 DBD mutant (0, 40, 120, or 300 ng) in 24-well plates. Forty-eight
hours later, cells were stimulated with LPS (0.1 mg/ml) for 6 hours. The rel-
ative luciferase activities of G-IRE– and non–G-rich IRE–containing report-
ers were graphed as a function of promoter activity in the absence of p50.
Lower panel: Western blotting analysis of nuclear p50 protein and the IRE-
binding activity of p50-p50 was resolved by EMSA (the lower band repre-
sents constitutively expressed endogenous p50-p50). (D) A schematic and
thermodynamic formulation of promoter activity f (37) of a G-IRE–containing
promoter subject to competitive binding by p50-p50 and IRFs. (E) The
mathematical solution of promoter activity (f ) in WT and p50KO cells as a
function of the concentration of IRF. The colored bars represent promoter
activity (f ) in WT and p50KO cells, ranging from 0 (blue) to 1 (red). (F) Com-
putational determination of the p50KO phenotype defined as the fold
change in the activity (f ) of a G-IRE–driven promoter between p50KO
andWT cells as a function of the IRF concentration and the p50 dissociation
constant for the IRE (Kp50-IRE). Data are from, or representative of, at least
three experiments.
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that of an nf kb1−/− immortalized fibroblast cell line to influenza (47). Given
the cytostatic or even cytotoxic effects of IFNs, stimulus-restricted produc-
tion of IFN-b is important for the health of cells and organisms. Whereas
CpG promoted cell proliferation in wild-type macrophages, in p50KO
macrophages it caused cytotoxicity as a detrimental consequence of an
overactive antiviral immune program (Fig. 7G).

DISCUSSION

Our findings have revealed unexpected cross-regulation between the two
primary transcription factors that coordinate innate immune responses.
Whereas the NF-kB and IRF activators bind to their respective cognate
sites (kB and IRE, respectively), we report that the NF-kB p50-p50
repressor binds to and regulates a subset of IREs, termed G-IREs, whose
sequence contains or is in direct vicinity to a 3-G sequence. We show that
p50 homodimers, as an abundant constitutive component of the nucleus,
have substantial thresholding functions for the expression of IRF-responsive
genes. Exemplified by the combinatorial IFNb enhancer, our work em-
phasizes the importance of homeostatic repressors in restricting gene

expression to specific stimuli by binding to sites that overlap with those of
stimulus-inducible factors.

By combining unbiased gene expression phenotyping studies of nf kb1−/−

cells with biochemical and molecular biological studies, we provided ev-
idence in vitro and in cells that NF-kB p50 homodimers directly regulate
G-IRE–containing promoters. However, indirect mechanisms, such as the
enhanced production of autocrine type I IFN or the regulation of ERK by
p105 (the precursor form of p50), may contribute to the gene expression
phenotype and may provide an explanation for the enhanced activation of
genes in whose proximal regulatory regions (−1 to +0.3 kb) we did not
find a G-rich sequence flanking an IRE. That IFN-responsive ISGF3 was
not enhanced in activation in p50KO cells in response to LPS (Fig. 7B),
but that the increased expression of genes was observed at 1 hour after
LPS stimulation (Fig. 1, C and D) (before the activation of ISGF3), and
that many G-IRE–containing genes showed enhanced responsiveness to
ectopic IFN stimulation (fig. S1) corroborates our conclusion that p50 reg-
ulates G-IRE–containing promoters directly.

The sequence-specific interaction of transcription factors with their
specific DNA binding sites is an organizing principle for understanding
the logic of gene regulatory circuits. Sequence specificity has traditionally

Fig. 5. Mathematical modeling predicts
that interactions between p50-p50 and
G-IRE serve to enforce the stimulus specific-
ity of AND-gate promoters. (A) Schematic
thermodynamic formulation and computa-
tional determination of the activity (f ) of an
AND-gate promoter that is a function of
synergistic IRF and NF-kB concentrations
and of the competitive repression of the kB
site by p50-p50. The arrows indicate how
the concentrations of active NF-kB alone or
of NF-kB and IRF may increase in response
to stimulation with CpG and LPS, respective-
ly. (B) Schematic thermodynamic formulation
and computational determination of the ac-
tivity (f ) of an AND-gate promoter that is a
function of synergistic IRF and NF-kB con-
centrations and competitive repression of
both the G-IRE and the kB site by p50-
p50. Analogous to (A), the arrows indicate
how the concentrations of active NF-kB
alone or of NF-kB and IRF may increase in response to stimulation with CpG and
LPS, respectively. (C) Parameter sensitivity analyses examining the relative role of
the four dissociation constants (K) in determining stimulus specificity. The dissociation
constants KIRF-IRE, Kp50-IRE, KNF-kB–kB, and Kp50-kB were varied from 1 to 1000 nM as
indicated (bottom). The Hill coefficient for the term [IRF/KIRF-IRE] was also varied from
1 to 3. The fold difference in the promoter activity induced by LPS compared to that
by CpG was plotted on the y axis. Induction by CpG involved increasing the concen-
tration of NF-kB from 5 to 40 nM, whereas induction by LPS involved increasing the
concentrations of both IRF and NF-kB from 5 to 40 nM. The data revealed that with
a wide range of binding affinities and Hill coefficient values, our model predicts that
when p50-p50 is bound to the IRE site (case 2, red), the stimulus-specific difference
in promoter activity (LPS versus CpG) is more pronounced than occurs when p50-p50
is not bound to the IRE site (case 1, black).
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been determined by low-throughput biochemical assays or polymerase
chain reaction (PCR)–mediated DNA selection schemes that identify the
highest-affinity DNA sequences (48). However, unbiased ChIP-chip or
ChIP-seq experiments have revealed the association of transcription
factors with DNAs that do not contain known cognate sequences, although
indirect binding cannot be ruled out (49, 50). High-throughput bio-
chemical affinity measurements in miniaturized assay systems have, how-
ever, revealed that some transcription factors have much broader binding
specificity than was anticipated or that they may have more than one mode
of specific DNA binding (51–54). These observations set the stage for
overlap in the sequence space that is associated with different transcription
factor families. Competitive binding between specific IRF and NF-kB
family members is an example of this scenario that has important gene
regulatory consequences. Our study suggests that DNA elements have
evolved to recruit two distinct DNA binding proteins to achieve specific
regulation of gene expression; such hybrid elements may not be uniquely
assigned as a response element of a single signaling pathway. In the case
of G-IREs, we classify these sequences as a subclass of IREs, rather than
of kB sites, because the G-IRE conforms to the direct repeat character of
IREs, unlike the palindromic kB site, and IRFs are the cognate transcrip-
tional activators, whereas the NF-kB family member p50-p50 appears to
function as a competitive repressor.

Delineating the specificity of transcriptional regulators remains chal-
lenging. High-throughput, cell-free biochemical approaches character-
ize the capacity of DNA binding domains to bind to particular sequences
but are dependent on precise reaction conditions and the quality of the
recombinant protein (51–54). We used high-throughput gene expression
measurements in genetically altered cells to identify candidate interactions
that were functional (Fig. 1). Biochemical studies confirmed the capacity
of the p50-p50 homodimer to bind to G-IREs and to repress IRF-driven

transcription (Fig. 2). Biophysical considerations based on related x-ray
structures rationalized the biophysical basis for the ability of p50-p50 to
bind to a 3-G motif without requiring a second palindromic half-site,
namely, high-affinity interactions by one p50 monomer and a flexible hinge
between the DNA binding and the dimerization domains within the other
monomer (Fig. 3). In contrast, the ubiquitous NF-kB p50-p65 dimer did not
form a complex on G-IRE probes (Fig. 1E). Previous crystallographic stu-
dies revealed the formation of fewer hydrogen bonds by p65 than by p50
with a single half-site, which is suggestive of lower-affinity binding (55),
and future studies should address whether the hinge of p65 is not as flex-
ible as that of p50. However, the identity of the IRF family member with
which p50-p50 competes with is less unambiguous. We observed the gene
expression phenotype in p50KO cells at early time points after exposure to
LPS (Fig. 1, C and D, and fig. S2), correlating with the activation profile
of IRF3 (30 min to 2 hours) rather than with that of ISGF3 (2 to 6 hours)
(Fig. 1E). Furthermore, the phenotype of p50KO cells in response to IFN-b,
which only activates ISGF3, was more modest than that in response to
LPS (fig. S1). Recent protein binding microarray experiments revealed
that IRF3 prefers IRE sequences that contain “GG”AAAC, whereas the
ISGF3 complex prefers the IRE sequence “TG”AAAC (54). Hence, we
speculate that p50-p50 bound to G-IREs functions primarily as a compet-
itor of IRF3 and, to a lesser extent, of the ISGF3 complex.

Through mathematical modeling, we have begun to explore what the
functional consequences of p50-p50–IRE cross-binding may be within
gene regulatory circuits. Combinatorial regulation by sequence-specific
transcription factors is thought to form the basis for stimulus-specific gene
expression (40, 56, 57). Mathematically, such regulation has been described
with Boolean logic gates (58, 59), but such studies presume stimulus-
responsive transcription factors that have no or negligible basal activity.
However, in mammalian cells, even highly stimulus-responsive tran-

Fig. 6. Stimulus-specific expression of
IFNb is enforced by the binding of p50
to a G-IRE within the enhancer of IFNb.
(A) DNA binding activity of p50-p50 on
the IFNb enhancer (from −102 to −47).
The indicated IRE and kB site mutants
were used in EMSAs with 10, 50, and
100 ng of recombinant p50 protein. Mu-
tants (designated with D) had the indi-
cated trinucleotides in red mutated to
“TCT” (for GGA or GGG) or “AGA” (for
TCC). (B) A schematic illustrating the
regulation of the IFNb enhancer by p50-
p50 on both the G-IRE and the kB sites.
A thermodynamic formulation of the frac-
tional promoter activity f. (C) Computa-
tional simulations of the abundance of
IFNb mRNA with a kinetic model driven
by the fractional promoter activity f in WT
and p50KO cells in response to LPS (black)
or CpG (blue). (D) RT-qPCR determination
of the fold change in the abundance of
IFNb mRNA in WT (black) BMDMs com-
pared to that in p50KO BMDMs (red) fol-
lowing stimulation with CpG (100 nM) for
the indicated times. Data are from, or rep-
resentative of, at least three experiments.
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scription factors such as NF-kB and IRF3 or ISGF3 show detectable ba-
sal activities; indeed, Western blotting analysis indicated that as much as
30% of IRF3 may have been constitutively nuclear (fig. S7), although
not all of it was likely to be active. A thermodynamic formulation of an
AND-gate described the dose-response behavior of NF-kB and IRF and
revealed that such basal activity rendered the AND-gate leaky; specifi-
cally, stimuli such as CpG that activate NF-kB but not IRF will never-
theless result in appreciable AND-gate promoter activity. In this context,
the binding of the constitutive repressor p50-p50 to IREs functions as a
gatekeeper of combinatorial AND-gate promoters. In addition to the pre-
sumed synergistic interactions of coordinated transcription factors, our
combined computational-experimental study of IFN-b suggests that such
a gating mechanism is critical for enforcing stimulus specificity in gene
expression and the subsequent antiviral responses.

More broadly, in the context of basal activities of transcription factors,
the mechanisms that restrict transcriptional responses to appropriate stimu-
li or enforce strict synergy requirements remain incompletely understood.
Chromatin regulation provides a means for regulating the accessibility of
transcriptional activator–binding sites and has also been proposed to pro-
vide thresholding functions (60). However, the thresholding function of
competitive binding by p50-p50 may not introduce the type of delay that
chromatin-opening steps may require. In addition, the thresholding
function may be tunable, because the homeostatic abundance of p50
may be regulated to control the responsiveness of the IFN program. In-
deed, prolonged activation of NF-kB resulted in increased amounts of

p50 and enhanced binding of p50-p50 to IREs (Fig. 1E), and this may
further restrict the IFN response to a narrow set of stimuli without
affecting the kinetics of activation.

Understanding the role of homeostatic thresholding factors in stimulus-
responsive gene control is critical for the development of therapeutic strat-
egies that are based on the manipulation of gene expression responses. In
harnessing the IFN response for antiviral and anticancer treatment, our
study suggests that the cross-regulatory functions of the p50-p50 may limit
the efficacy of IFN treatment. However, an understanding of the promoter-
gating function of p50-p50 holds promise for tuning the specificity of
adaptive immune adjuvants and innate immune priming strategies.

MATERIALS AND METHODS

Cell culture
BMDMs were isolated from C57BL/6, nf kb1−/−, ifnar−/−, and p105−/−

mice and were cultured in L929 cell–conditioned medium for 5 to 8 days.
Primary MEFs were prepared with E12 (embryonic day 12) to E14 em-
bryos from C57BL/6 and nf kb1−/− mice and were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% bovine calf serum for
five to six passages. Human embryonic kidney (HEK) 293T cells that
were stably transfected with plasmids encoding human TLR4a, MD2,
and CD14 (InvivoGen) are referred to as TLR4–HEK 293T cells. Cells
were stimulated with LPS (0.1 mg/ml; Sigma, B5:055), CpG (100 nM;

Fig. 7. p50 restricts antiviral, and poten-
tially detrimental, gene expression to
IRF-inducing stimuli. (A) Schematic of
pathogen-specific activation of the IFNb
enhancer; gating by p50-p50 enables
only certain pathogens (those that can
stimulate both NF-kB and IRF) to activate
antiviral responses, ensuring that the cy-
tostatic effects of IFN signaling remain
shut off when antiviral responses are
not needed. (B) Nuclear ISGF3 activities
in response to LPS (0.1 mg/ml) or CpG
(100 nM) were revealed by EMSAs of nu-
clear extracts fromWT and p50KO BMDMs.
(C) Fold changes in the abundances of
mRNAs of IFN-b–inducible genes were
determined by RT-qPCR analysis of WT
(black) and p50KO (red) BMDMs stimu-
lated with CpG (100 nM) for the indicated
times. (D) Microarray gene expression pro-
files of WT and p50KO BMDMs that were
left unstimulated or were stimulated with
CpG (100 nM) for 3, 8, or 24 hours, to-
gether with microarray expression profile
of WT and ifnar−/− BMDMs that were left
unstimulated or were stimulated with LPS (0.1 mg/ml) for 3 hours, were ana-
lyzed by K-means clustering. Cluster identifiers are indicated on the right.
Red indicates IFN-b– and IFNAR-dependent clusters. (E) Induction of
antiviral resistance after priming treatments. After a 24-hour treatment with
PBS (“–”), LPS (0.1 mg/ml), or CpG (100 nM), WT and p50KO BMDMs were
infected with MCMV-GFP. Forty-eight hours later, productively infected
cells expressing GFP were quantified (red gate) by flow cytometry (side
scatter versus GFP). (F) The percentage of infected WT (white) or

p50KO (red) BMDMs expressing GFP in (E) were plotted as averages from
triplicate determinations. The data are representative of three independent
experiments. (G) Percentage changes in cell numbers of WT (white),
p50KO (red), and ifnar−/− (black) BMDMs after they were stimulated with
LPS (0.1 mg/ml) or CpG (100 nM) relative to those of untreated cells were
determined by crystal violet assay. Error bars represent the SD from three
biological replicates. Data are from, or representative of, at least three
experiments.
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ODN 1668, InvivoGen), and murine IFN-b [10 U/ml (for BMDMs) or
2500 U/ml (for MEFs); Biogen Inc.]. A higher concentration of IFN-b
was used for MEFs because they exhibit lower responsiveness to IFN than
do macrophages.

Transcriptome and bioinformatic analysis
RNA was extracted from cells with the Qiagen RNeasy kit and hybrid-
ized to Illumina Mouse RefSeq Sentrix-8 V1.1 and V2 BeadChips or
CodeLink Uniset 1 mouse (GE Healthcare) microarrays at the Univer-
sity of California–San Diego Biogem facility. De novo motif searches
were performed with the promoter sequences 1 kb upstream and 0.5 kb
downstream of the transcription start site with the motif search program
Homer developed by C. Benner (61). An in-depth description and bench-
marking of this software suite can be found at http://biowhat.ucsd.edu/
homer/. We extracted RNA from littermate wild-type and nf kb1−/−MEFs that
were unstimulated or stimulated with LPS (0.1 mg/ml) for 1, 3, or 8 hours;
from crel −/−p65−/− MEFs that were left unstimulated or were stimulated
with LPS (0.1 mg/ml) for 1, 3, or 8 hours; and from wild-type MEFs that
were left unstimulated or were stimulated with LPS (0.1 mg/ml) (three
biological repeated samples), tumor necrosis factor (TNF; 10 ng/ml),
platelet-derived growth factor BB (PDGFBB; 50 ng/ml), and IFN-b
(2500 U/ml) for 1, 3, or 8 hours. RNAs were hybridized to Illumina mouse
RefSeq Sentrix-8 V1.1 BeadChip arrays. Probes with ≥2-fold change in
expression under any stimulus conditions in wild-type cells were selected.
K-means clustering was performed with selected probes on all of the wild-
type samples (TNF, IFN-b, PDGFBB, and the three LPS data sets) and on
the crel−/−p65−/− samples that were stimulated with LPS. The LPS-treated
nfkb1−/− data set was matched to the final clusters, and the average fold
change in expression for each gene cluster was calculated and shown next
to the heat map in Fig. 1C. RNA from littermate wild-type and nf kb1−/−

BMDMs that were stimulated with LPS (0.1 µg/ml), IFN-b (10 U/ml), or
CpG (100 nM) for 1, 3, or 8 hours was hybridized to Illumina mouse
RefSeq Sentrix-8 V2 BeadChip arrays. Raw expression data were normal-
ized to several unstimulated control data sets. Probes with ≥21.2-fold (that
is, ≥2.97-fold) change in expression at any point of the LPS time course
were selected. Fold changes in expression from multiple probes for a
single gene (accession number) were averaged. K-means clustering was
performed with wild-type (LPS), p50KO (LPS), wild-type (IFN-b),
and infar−/− (LPS) time course data sets and shown in Figs. 1D and 7D
and fig. S1. All of the array data shown are available in the NCBI Gene
Expression Omnibus database with the accession number GSE27112.

Expression phenotype of p50KO BMDMs and
classification of G-rich IREs
Microarray data [CodeLink Uniset 1 Mouse (GE Healthcare) microarrays]
were derived from wild-type and nf kb1−/− BMDMs stimulated with LPS
(0.1 mg/ml) for 6 hours (two biological replicates), wild-type BMDMs stim-
ulated with IFN-b (100 U/ml), and infar−/− BMDMs stimulated with
LPS (0.1 mg/ml). Genes with ≥2-fold change in expression under any
condition were subjected to K-means clustering. One hundred seven genes
that were IFN-b–inducible and showed IFNAR dependence when induced
by LPS were selected and are shown in table S1. The expression profiles
of these genes in p50KO cells in response to LPS (Fig. 2B) were
determined with replicate microarray data from wild-type and nf kb1−/−

BMDMs stimulated with LPS (0.1 mg/ml) and statistical analysis with
Vampire (62). IREs were classified as G-rich or non–G-rich by examining
the IRE-binding sites 1 kb upstream and 0.5 kb downstream of the
transcription start site. Sequences were downloaded from the UCSC (Uni-
versity of California, Santa Cruz) Genome Browser (Mouse February
2006 assembly; NCBI36/mm8) with the UCSC known genes track, which

are based on the annotation from UniProt, RefSeq, and GenBank mRNAs.
IRE sites were identified with MatInspector software (Release Profes-
sional 7.7.3, February 2008) (63) with the following parameters: Matrix
Family Library Version 7.0 (October 2007), the family of matrices V$IRFF
(includes the matrices V$ISRE.01, V$IRF1.01, V$IRF2.01, V$IRF3.01,
V$IRF4.01, and V$IRF7.01), and the optimized matrix similarity thresh-
old (the number of false-positive matches found in nonregulatory test
sequences is minimized) of 0.88. IREs containing GGGN, GAGG, or
GTGG motifs within 7 base pairs (bp) from the 5′ end of the IRE ele-
ment (“G/A/T”AAA or “A”ANNGAAA) were considered to be G-rich
IREs, as indicated in table S1.

Biochemical assays
Western blotting analysis and EMSAs were conducted with standard
methods as described previously (64, 65). For Western blotting analysis,
supershift assays, and ChIP assays, we used antibodies against p65 (Santa
Cruz Biotechnology, sc-372), p50 (sc-114), STAT2 (sc-950), a-tubulin
(sc-5286), p50 (N. Rice, NC-1263), lamin A/C (Cell Signaling, #2032),
and IRF3 (Cell Signaling, #4962). The EMSA probes used in this study
are listed in table S2. The primers that were used for ChIP assays are listed
in table S3, whereas the primers that were used for quantitative RT-qPCR
assays are listed in table S4. G-rich and non–G-rich IRE sequences in lu-
ciferase reporter constructs were as follows (IREs are underlined): G-rich IRE,
TCGACGGGAAAGGGAAAGGGAAAGGGAAAGGGAAAGGGAAAG;
non–G-rich IRE, TCGACAAGAAAAAGAAAAAGAAAAAGAAAAA-
GAAAAAGAAAG. Total RNA was isolated from BMDMs or MEFs and
treated as indicated with the Qiagen RNeasy kit. RNAwas reverse-transcribed
with SuperScript II Reverse Transcriptase (Invitrogen), and the resulting
complementary DNA (cDNA) was used for real-time qPCR (RT-qPCR)
analysis with SYBR Green. ChIP assays were conducted as previously
described (66, 67). Briefly, BMDMs were stimulated and fixed with 1%
formaldehyde. Cross-linked pellets were sonicated to obtain DNA frag-
ments of 300 to 800 bp and incubated with antibody overnight. Immu-
noprecipitated DNA fragments were subjected to reverse cross-linking,
purified, and amplified by qPCR. Reporter assays were conducted by
transfecting TLR4–HEK 293T cells plated in 24-well plates with 40 ng
of the indicated IRE luciferase reporter construct and 40, 120, or 300 ng of
plasmid encoding p50 or the p50 DBD mutant (R56A,Y57A) with
Lipofectamine 2000 (Invitrogen). Forty-eight hours after transfection,
cells were stimulated with LPS (0.1 mg/ml) for 6 hours, and luciferase
units were measured by standard methodology with the Dual-Luciferase
Reporter Assay System (Promega). IRE luciferase activities were normal-
ized to those of b-galactosidase as measured by the Galacto-Light Plus Sys-
tem (Applied Biosystems).

Computational modeling
Thermodynamic formulations of promoter activity f are shown in the
figures and are based on previous work (37, 41). Thermodynamic
models of promoter–transcription factor interactions used parameter
values that were based on measurements and reasonable estimates.
The amount of nuclear p50-p50 was estimated to be about 30,000 di-
mers (Fig. 1B). On the basis of the volumes of macrophages and their
nuclei as measured by us and others (68, 69) to be 1 to 2 pl and 0.15 to
0.3 pl, respectively, we estimated the molar concentration of p50-p50 to
be at least 200 nM. To ensure that our modeling results were conservative,
we also considered lower concentrations of p50-p50. The stimulus-
induced concentration of nuclear NF-kB was determined to peak at about
100 nM (64). The stimulus-induced concentration of IRF peaked at 100
nM, with a basal concentration of 10 nM. The dissociation constants were
reasonably estimated according to simple guidelines: NF-kB p50-p65 has
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a higher affinity for kB sites than that of p50-p50 (that is, KNF-kB–kB <
Kp50-kB); IRF has a higher affinity for IREs than that of p50-p50 (that is,
KIRF-IRE < Kp50-IRE); the affinity of NF-kB p50-p65 for kB sites is higher
than that of IRFs for IREs (that is, KNF-kB–kB < KIRF-IRE); and p50-p50
has a higher affinity for kB sites than for IREs (that is, Kp50-kB < Kp50-IRE).
The specific parameter values were as follows: for Fig. 4, E and F: [p50-
p50] = 100 nM, [IRF] = 1 to 100 nM, KIRF-IRE = 10 nM, Kp50-IRE = 100 nM
(Fig. 4E) or 10 to 1000 nM (Fig. 4F); for Fig. 5, A and B: [p50-p50] =
100 nM, [IRF] = 0 to 50 nM, [NF-kB p65-p50] = 0 to 50 nM, KIRF-IRE =
5 nM, Kp50-IRE = 10 nM, Kp50-kB = 5 nM, KNFkB-kB = 1 nM; for Fig. 5C,
parameter sensitivity analyses were performed by varying the binding
dissociation constants KIRF-IRE, Kp50-IRE, Kp50-kB, and KNFkB-kB from
1 to 1000 nM as indicated in the figure. The Hill coefficient for the term
[IRF/KIRF-IRE] was also varied from 1 to 3. The kinetic model of the
abundance of IFNb mRNA (r) was modeled by the ordinary differential
equation:

dr

dt
ðtÞ ¼ ki f � kdr

where ki is the mRNA synthesis rate constant [in arbitrary units (AUs)
of mRNA concentration min−1] and kd is the mRNA degradation rate constant
(in min−1). For Fig. 6, B and C, the thermodynamic model for f had
the following parameters: KIRF-IRE = 5 nM, Kp50-IRE = 10 nM, Kp50-kB =
5 nM, KNF-kB–kB = 1 nM, and [p50-p50] = 100 nM. The time-dependent
inputs of the model were as follows: basal [NF-kB] = 1 nM; in response to
LPS and CpG, [NF-kB] was 10, 50, 40, or 30 nM at 30, 120, 360, and 720
min, respectively; basal [IRF] = 7.5 nM; in response to LPS, [IRF] was
20, 50, 40, or 20 nM at 30, 120, 360, and 720 min, respectively, and
these concentrations were estimated from gel shift experiments and West-
ern blotting analysis of nuclear extracts. The half-life of IFNb mRNAwas
estimated at 1 hour, which resulted in a degradation rate constant kd of
0.0116 min−1. The mRNA synthesis rate constant ki was arbitrarily set
to 0.24 AU min−1. Simulations were performed with the numerical solver
of the MATLAB ode23 function.

Viral infections
Before infections, BMDMs were seeded into 24-well plates, allowed to
adhere, and treated with the indicated stimuli for 24 hours. BMDMs
were infected with live murine CMV (MCMV)–GFP and were ana-
lyzed for the presence of GFP after 48 hours by flow cytometry.
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