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Virus infection induces the production of type | and type I
interferons (IFN-1 and IFN-II), cytokines that mediate the antiviral
response. IFN-I (IFN-a and IFN-B) induces the assembly of IFN-stim-
ulated gene factor 3 (ISGF3), a multimeric transcriptional activation
complex composed of STAT1, STAT2, and IFN regulatory factor 9.
IFN-II (IFN-y) induces the homodimerization of STAT1 to form the
gamma-activated factor (GAF) complex. ISGF3 and GAF bind spe-
cifically to unique regulatory DNA sequences located upstream of
IFN-I- and IFN-ll-inducible genes, respectively, and activate the
expression of distinct sets of antiviral genes. The balance between
type | and type Il IFN pathways plays a critical role in orchestrating
the innate and adaptive immune systems. Here, we show that the
phosphorylation of STAT1 by IkB kinase epsilon (IKKe) inhibits
STAT1 homodimerization, and thus assembly of GAF, but does
not disrupt ISGF3 formation. Therefore, virus and/or IFN-1 activa-
tion of IKKe suppresses GAF-dependent transcription and pro-
motes ISGF3-dependent transcription. In the absence of IKKe,
GAF-dependent transcription is enhanced at the expense of
ISGF3-mediated transcription, rendering cells less resistant to in-
fection. We conclude that IKKe plays a critical role in regulating the
balance between the IFN-I and IFN-II signaling pathways.

JAK/STAT | STAT dimerization | IFN-stimulated response element |
gamma-activated sequences

H ost immune defenses counteract virus infection by co-
ordinating an intracellular innate immune response with the
adaptive immune response. Systemically, the antiviral defense is
generally cell-mediated, involving the recruitment and activation
of dendritic cells, macrophages, neutrophils, and natural killer
cells to the site of infection (1). This initial response is followed
by a second wave of specific antiviral defenses involving cytotoxic
T cells and antibodies generated from plasma B cells (2). The
success of the adaptive immune response is intricately linked to
the intracellular innate defenses initiated at the site of infection
(1). The signaling required to coordinate the successful induction
of the intracellular immune response to virus infection relies on
the activation of interferon (IFN) genes, which encode cytokines
with antiviral and immunomodulatory activity (3).

The vertebrate type I IFN (IFN-I) genes are arranged in
a large gene cluster consisting of a single IFNp gene and several
tandemly arranged IFNa genes encoding distinct isotypes (4, 5).
In contrast to type I IFNs, type II IFN (IFN-II) is encoded by
a single IFNy gene. Although IFN-I mediates cellular resistance
to virus infection, IFN-II confers limited cellular protection
through the induction of a subset of genes that are shared be-
tween the IFN-I and IFN-II transcriptomes (6, 7). Virus infec-
tion leads to the activation of IFN-I genes and the secretion of
IFNa and -B, which bind to IFN receptors at the cell surface.
This, in turn, leads to the transcriptional activation of a group
of IFN-stimulated genes (ISGs), and these ISGs collectively
establish a nonpermissive environment for virus replication (6).

The transcriptional response to IFNs is mediated by activation
of the Janus kinase and signal transducer and activator of tran-
scription (JAK/STAT) pathway (8). In this pathway, type I and
type II IFNs bind to their respective receptors, leading to
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receptor dimerization and tyrosine phosphorylation by receptor-
bound JAK kinases. These phosphotyrosines serve as docking
sites for the STAT proteins via their Src homology 2 (SH2)
domains (9-12). The recruitment of STAT1 and STAT2 to the
receptors results in their tyrosine phosphorylation by the asso-
ciated JAK kinases and their dimerization via phosphotyrosine
and SH2 domain interactions in each monomer (8, 13, 14). The
STAT protein dimers are then released from the receptors and
translocate to the nucleus where they bind to specific regulatory
DNA sequences and coordinately activate transcription of ISGs.

In the case of the IFN-I signaling pathway, both STAT1 and
STAT?2 are activated, leading to the formation of heterodimers that
associate with the IFN regulatory factor 9 (IRF9) to form a tran-
scription factor complex termed IFN-stimulated gene factor 3
(ISGF3) (15, 16). This complex binds to IFN-stimulated response
elements (ISREs) in the promoters of ISGs, and the expression of
these ISGs results in the establishment of an antiviral state (17). In
contrast, [IFN-II signaling results in the recruitment and tyrosine
phosphorylation of two STAT1 proteins, leading to the formation
of STAT1:STAT1 homodimers, a complex referred to as the
gamma-activated factor (GAF) (18). GAF binds to gamma-acti-
vated sequences (GAS) found in the promoters of many genes,
including a subset that is also induced by IFN-I (19). STAT1 is
therefore a critical player in both IFN-I and IFN-II signaling.

We previously demonstrated that the IxkB kinase & (IKKe)
phosphorylates serine 708 of STAT1 and that this phosphoryla-
tion is required for an effective antiviral response (20). However,
the mechanism by which IKKe-mediated phosphorylation con-
fers an optimal antiviral response is not known. IKKe, also
known as IKKi, was originally identified on the basis of sequence
similarity to the IxkB kinases IKKa and IKKf and its transcrip-
tional induction in response to lipopolysaccharide (21-23). Fol-
lowing the initial discovery, IKKe and TBK1, a ubiquitously
expressed homolog of IKKe, were shown to phosphorylate spe-
cific serine residues in the transcription factors IRF3 and IRF7 in
response to virus infection (24-27). The phosphorylation of both
transcription factors induces a conformational change and sub-
sequent nuclear translocation where the factors bind to the IFN
gene enhancer along with NF-xB and ATF2/cJUN to form the
IFNp enhanceosome (28, 29).

Despite the clear explanation of why the loss of IKKe renders
cells more susceptible to virus infection, studies of TBK1 and
IKKe knockout mice confirmed a critical role for TBK1 in the
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induction of IFN-I, suggesting that IKKe is dispensable for this
activity, except perhaps in specialized antigen-presenting cells
(20, 25). The inducible nature of IKKe led to speculation that the
kinase plays a redundant role to TBK1 and is responsible for
activation of IRF7 late during infection; however, IKKe knock-
out mice failed to demonstrate defects in the induction of IRF7-
depedendent IFNu isotypes (20).

We previously reported that IKKe is not required for the ac-
tivation of IFN-I in response to virus infection (20). Rather,
IKKe plays an important role in the IFN-I-signaling pathway.
Specifically, we found that IKKe knockout mice express normal
levels of IFN-I in response to influenza A virus (IAV) infection,
presumably due to the presence of TBK1. However, these mice
display an abnormal transcriptional response to IFN-I stimula-
tion, leading to the loss of a critical subset of IKKe-dependent
antiviral proteins and the inability to clear virus infection. Here
we describe a role for IKKe in the assembly of STAT1-containing
transcriptional activation complexes. Specifically, the phoso-
phorylation of STAT1 by IKKe inhibits STAT1 homodimeriza-
tion, thereby increasing the pool of STAT1 available to associate
with STAT2 and IRF9 to optimally assemble the critical IFN-I
transcription factor complex ISGF3.

Results

Regulation of IFN-I Signaling by IKKe Is Required for an Effective
Response to IAV Infection. We infected Ikbke''™ and Ikbke ™'~
murine embryonic fibroblasts (MEFs) with influenza A virus (A/
Puerto Rico/8/34) in the presence or absence of recombinant
IFNB (Fig. 14). IAV replication in Ikbke*'* MEFs was detected
12 h post infection (hpi), as measured by nucleocapsid, hemag-
glutinin, and matrix protein levels, and replication was inhibited
by IFNp pretreatment. In contrast, virus replication in Ikbke ™~
MEFs was detected as early as 6 hpi, revealing a significant in-
crease in the kinetics of viral infection in the absence of IKKe. In
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Fig. 1. IKKe knockout MEFs are susceptible to IAV infection due to an IFN-I-
signaling defect. (A) Ikbke*'* and Ikbke™"~ MEFs were infected with A/Puerto Rico/
8/34 at a multiplicity of infection of 1. Cells were harvested 0, 6, 12, and 24 h post
infection (hpi). Recombinant type | IFNB was added to the media at the beginning
of the 24-h infection time point. Cell extracts were analyzed by Western blot for
nucleocapsid (NP), hemaggluttin (HA1), and matrix (M1) protein expression.
Actin was used as a loading control. (B) Western blot analysis of Ikbke** and
Ikbke™= MEFs stimulated with IFNB at the time points indicated. Blots depict
protein levels of IFIT1, IFIT2, IRF1, and STAT1. Actin was used as a loading control.
Experiments were independently repeated at least three times.
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addition, when Ikbke ™~ MEFs were treated with IFNB, there was
no significant decrease in viral load, suggesting that increased
IAV replication in the knockout cells is due to a defect in IFN-I
signaling. These results corroborate in vivo data and support the
notion that IKKe plays an essential role in coordinating the IFN-
I-mediated antiviral response to IAV infection.

To examine IFN-I signaling in Ikbke™~ MEFs, we analyzed
the expression of ISGs by Western blot analysis. We observed
a decrease in the production of the IFN-I-dependent antiviral
proteins IFIT1 (ISG562 and IFIT2 (ISG54) in Ikbke™~ MEFs
compared with Ikbke*'* MEFs (Fig. 1B). Analysis of the kinetics
of IFIT1 and IFIT2 expression reveal that these two proteins are
expressed later and at reduced levels in Tkbke™~ MEFs com-
pared with Ikbke™'* MEFs. In contrast, there was no decrease in
the expression of IRF1, a protein that is primarily regulated by
IFN-II and whose expression requires the GAF regulatory
complex (Fig. 1B). However, we note that the expression of IRF1
was elevated earlier in Ikbke”’~ MEFs. STAT1, another protein
whose expression is predominantly GAF-regulated, was also in-
creased in ITkbke™~ MEFs relative to wild type, an observation
previously reported (20). Taken together, these data confirm that
Ikbke™~ MEFs have reduced ISGF3-dependent gene expression
and suggest an increase in GAF-mediated transcription.

Loss of IKKe Results in Distinct IFN-I- and IFN-II-Dependent Signaling
Profiles. The transcriptomes induced by IFN-I and IFN-II display
considerable overlap, but are distinct (6, 7). For example, ex-
pression of Ifit1 and Ifit2 are primarily induced by IFN-I (30-32).
By contrast, Irfl, Icam1, and Irf8 are primarily IFN-II-inducible
genes, but lower levels can be induced by IFN-I. The overlap in
the type I and II IFN transcriptomes is due in part to the acti-
vation of common factors within the IFN-I and IFN-II pathways,
as well as the presence of multiple ISRE or GAS elements in
many antiviral gene promoters (3, 33, 34).

To examine IFN-I- and IFN-II-induced gene transcri/ption,
we performed quantitative PCR (qPCR) analysis of Ikbke ™ and
Ikbke™~ MEFs stimulated with IENp or IFNy (Fig. 2). Consis-
tent with the Western blot analysis of Fig. 1B, Ifit2 mRNA ex-
pression is reduced in Ikbke”~ MEFs (Fig. 24). We also
observed a similar decrease in levels of expression of other IFN-
I-regulated genes such as Mda5 and Viperin in Ikbke™~ MEFs.
In contrast, the predominantly IFN-II-stimulated genes Irfl,
Irf8, and Icam1 are expressed at higher levels in Ikbke ™~ MEFs
compared with Ikbke*'* MEFs (Fig. 2B). Furthermore, gPCR
analysis demonstrated that Sftar] mRNA levels are higher in
Ikbke™~ MEFs when treated with either IFNf or IFNy, although
this increase is more pronounced with IFNy stimulation (Fig. 2).
Statl gene expression is inducible by both IFN-I and IFN-II, but
is primarily regulated by the GAF complex (6, 7). These data
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Fig. 2. Loss of IKKe impacts IFN-I- and IFN-lI-mediated transcription. gPCR from
RNA derived from Ikbke*"* and Ikbke™"~ MEFs stimulated with IFNp (A) or IFNy (B)
at the time points indicated. Genes analyzed include Ifit2, Mda5, Viperin, Stat1,
Irf1, Irf8, and Icam1. All samples were normalized to Actin and standardized to
unstimulated wild-type cells. Error bars represent SDs from triplicate measure-
ments. Experiments were independently repeated at least three times.
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clearly show that the increase in transcription of GAF-regulated
genes in Ikbke™~ MEFs is inversely proportional to a decrease in
expression of ISGF3-regulated genes, consistent with the hy-
pothesis that IKKe regulates the balance in assembly and DNA
binding of ISGF3 and GAF complexes.

ISGF3 Formation and Binding Decrease as GAF Formation and Binding
Increase. Electrophoretic mobility shift assays were performed to
examine ISGF3 and GAF complex binding in extracts from
Tkbke™'* and Ikbke™'~ MEFs. Cells were stimulated with IFNp or
IFNy and analyzed for binding to either ISRE or GAS-con-
taining DNA sequences (Fig. 3). There are at least two classes of
ISREs: IKKe-dependent and IKKe-independent elements (20).
As representatives of IKKe-dependent and -independent ISREs,
we used elements found in the Adarl and Irf7 gene promoters,
respectively. The GAS sequence derives from an element in the
promoter of the Irfl gene.

IFN@ stimulation of wild-type IKKe MEFs results in the
preferential assembly and binding of ISGF3 to the ISRE probes,
binding as early as 5 min post induction and maintained up to 6 h
post induction (Fig. 34). The kinetics of ISGF3 binding to the
IKKe-independent ISRE were indistinguishable in extracts from
Ikbke*'* and Ikbke™~ MEFs. In addition, competition binding
studies using increasing amounts of unlabeled DNA probe
showed no differences in affinity of ISGF3 to the IKKe-in-
dependent ISRE in Ikbke*'* and Ikbke™~ extracts (Fig. S1).
However, consistent with the observed decrease in ISG expres-
sion, the level of ISGF3 binding to the IKKe-dependent ISRE
probe was significantly reduced in Ikbke ™~ MEFs compared with
the Tkbke*'* MEFs (Fig. 34). These observations suggest that
the level of ISGF3 is lower in the Ikbke™~ extract and that the
IKKe-independent ISREs have a higher affinity for ISGF3 than
IKKe-dependent ISREs.
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Fig. 3. ISGF3 binding decreases, whereas GAF binding increases in IKKe
knockout MEFs. (A) EMSA with extracts derived from lkbke** and Ikbke™'~
MEFs stimulated with IFNp for the time points indicated. EMSA probes in-
clude IKKe-independent ISRE, IKKe-dependent ISRE, or IRF GAS element. (B)
EMSA with extracts derived from Ikbke*"* and Ikbke™~ MEFs stimulated with
IFNB or IFNy for time points indicated and analyzed as in A. Unbound probe
was used as loading control. Experiments were independently repeated at
least three times.
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IFN-I stimulation can also activate GAF formation and
binding to a GAS probe; however, GAF binding decreases 1-2 h
post stimulation (Fig. 3). In contrast to ISGF3 binding, GAF
assembly and binding to the GAS element increased in Tkbke ™'~
MEFs relative to the wild-type control. This increase in GAF
binding is observed in Ikbke™’~ MEFs upon either IFNB or IFNy
stimulation (Fig. 3B). Thus, an increase in GAF binding is ob-
served in cells lacking IKKe, whereas ISGF3 binding is reduced.
These differences would be expected to significantly alter the
IFN-inducible transcriptome in Ikbke™~ MEFs.

The observed decrease in ISGF3 binding and concomitant
increase in GAF binding may be a consequence of competition
for STAT1 during formation of the ISGF3 and GAF complexes.
To investigate this possibility, size-exclusion chromatography and
Western blot analysis were performed to determine the relative
ratio of ISGF3 and GAF in extracts from IFNf-stimulated
Ikbke*'* and Ikbke™~ MEFs (Fig. S2). Gel filtration column
fractions C12 and C8 showed enriched levels of STAT1o/p, and
their elution correlated with the anticipated molecular weights of
ISGF3 and GAF, respectively. Higher levels of ISGF3 formation
compared with GAF were observed in extracts from Ikbke™'*
MEFs, whereas the ratio shifted in Ikbke ™~ MEFs. We conclude
that the formation and binding of ISGF3 and GAF are inversely
proportional and are significantly influenced by the presence of
IKKe, leading to the observed misregulation of IFN signaling.

IKKe Promotes IFN-I Signaling and Diminishes IFN-Il Signaling. We
have previously shown that IKKe phosphorylates the C terminus
of STAT1 on serines S708, S744, and S747 (20). We therefore
carried out studies to determine the effect of IKKe phosphoryla-
tion of STAT1 on the binding of ISGF3 and/or GAF complexes to
the IKKe-dependent ISRE and GAS elements, respectively. We
used adenovirus vectors to express either luciferase (AdV Luc) or
IKKe (AdV IKKe) in E1A-expressing HeLa cells (Fig. S3). We
chose these cells because E1A antagonizes IRF3-dependent acti-
vation of IFN-I gene expression (35), thereby making it possible to
control IFN stimulation by exogenous introduction of IFN. The
expression of AdV Luc or AdV IKKe alone did not lead to the
binding of ISGF3 or GAF to an ISRE or GAS element, re-
spectively. However, ISGF3 binding was observed upon IFN-I
stimulation, and AdV IKKe did not decrease ISGF3 binding,
confirming that the phosphorylation of STAT1 by IKKe does not
inhibit the binding of ISGF3 to the ISRE (Fig. S34). By contrast,
overexpression of IKKe decreased the binding of GAF to the GAS
element (Fig. S3B). In addition, an inverse correlation between
the levels of IKKe and GAS binding was observed (Fig. S3C).
These data provide additional evidence that IKKe reduces the
level of GAF complex assembly in response to IFN stimulation.
To determine the effect of IKKe on gene expression, AdV-
treated cell extracts were analyzed for expression of ISGF3-in-
duced IFIT2 or GAS-induced IRF1 (Fig. S4). Cells treated with
IFN-I or IFN-II expressed moderate levels of IFIT2 and high
levels of IRF1, respectively (Fig. S44). These levels were not af-
fected by the expression of AdV Luc. In contrast, AV IKKe
treatment resulted in the induction of IFIT2 in response to IFN-II,
whereas the level of IRF1 dramatically decreased following IFN-IT
treatment. These data provide additional evidence that IKKe plays
a central role in establishing the cellular antiviral response by
decreasing the expression of GAS-dependent genes and increasing
the expression of ISRE-driven genes. In addition, there is an in-
verse correlation between the levels of IKKe and the expression of
IRF1 (Fig. S4B), consistent with the observed decrease in GAF
binding. Furthermore, as the level of IRF1 decreases in the
presence of high levels of IKKe, there is a corresponding increase
in the level of IFIT2. We conclude that the phosphorylation of
STAT1 by IKKe shifts the cellular response toward an IFN-I-
mediated transcriptome even in the presence of IFN-IIL.

IKKe Suppresses the Formation of Activated STAT1 Homodimers but

Not STAT1:STAT2 Heterodimers. The 3D structure of the GAF
complex (a STAT1 homodimer) bound to the GAS element is
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known (36). This structure reveals that the STAT1 S708 residue
is located within a key dimerization interface between the two
STAT1 molecules. S708 engages in critical hydrogen-bonding
interactions within this tightly packed interface (Fig. 4 4 and B).
On the basis of this structure and our previous results, we rea-
soned that the phosphorylation of STAT1 by IKKe may prevent
STAT1:STAT1 homodimerization (in GAF formation) and thus
inhibit GAS binding. However, this phosphorylation must not
interfere with the interaction between STAT1 and STAT2 in the
ISGF3 complex. To determine if decreased GAS binding and
reduced IRF1 production results from the inability of STAT1 to
homodimerize, we carried out coimmunoprecipitation experi-
ments. However, as previously established, we found that STAT1
dimerizes in the absence of IFN, likely through an antiparallel
conformation, requiring N-terminal domain interactions (37, 38).
Upon IFN stimulation, STAT1 phosphorylation on Y701 results
in a spatial reorientation from the antiparallel conformation to
a parallel configuration, with the phosphotyrosine binding to the
SH2 domain of the partner STAT1 (37, 38).

To distinguish IFN-activated parallel dimers from the unsti-
mulated and antiparallel dimers, mutants were generated that
either lacked the N-terminal 135 amino acids of STAT1 or were
disrupted specifically at residues critical for preassociation (36,
37). Using these antiparallel STAT1 mutants, coimmunopreci-
pitation experiments were performed with cell extracts from
fibroblasts exogenously expressing differentially tagged STAT1
mutants (Fig. 4C). Antiparallel mutant STAT1 did not associate
before IFN stimulation, and dimerization was induced upon
IFNy stimulation. This dimerization was disrupted by the ex-
pression of IKKe, but not by the expression of the GFP control
or the catalytically dead mutant IKKe K38A.

In contrast to STAT1 homodimerization, IKKe does not dis-
rupt STAT1:STAT2 heterodimerization (Fig. 4D). It is interes-
ting to note that IKKe expression results in a phosphorylation-
dependent shift in STAT2 mobility, suggesting that IKKe may
phosphorylate STAT?2 in addition to STAT1. In the absence of
IFN stimulation, STAT1 and STAT2 can weakly preassociate
(39), and we noted that IKKe expression stabilizes this asso-
ciation before IFN stimulation (Fig. 4D, lane 2). These data sug-
gest that phosphorylation of S708 disrupts the parallel STAT1
homodimer and facilitates a STAT1:STAT2 dimerization inter-
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Fig. 4. IKKe phosphorylation disrupts the STAT1 homodimer, but not the
STAT1:STAT2 heterodimer interface. (A) Space-filling diagram of the S708
(yellow) region and (B) hydrogen-bonding interactions of S708 in the STAT1:
STAT1 homodimerization interface (light and dark blue). The diagram is
adapted from the 3D structure published by Chen et al. (36) using PyMol. (C)
293T cells were transfected with HA STAT1 and FLAG STAT1 antiparallel (AP)
mutants and GFP (mock transfected), IKKe WT, or IKKe K38A. Cells were unsti-
mulated or stimulated with IFNy. (D) 293T cells were transfected with HA STAT1
and FLAG STAT2 and GFP, IKKe WT, or IKKe K38A. Cells were unstimulated or
stimulated with IFNS. Coimmunoprecipitation experiments were performed
using anti-HA matrix beads for the immunoprecipitation (IP) and immuno-
blotted (IB) for anti-FLAG tagged protein. Input samples were loaded as a con-
trol. Experiments were independently repeated at least three times.
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face, which must differ from that of the STAT1 homodimer. The
structural differences, if any, between the components in the
ISGF3 complex assembled in the presence or absence of IKKe are
currently unknown.

Next, we performed electrophoretic mobility shift assays using
purified recombinant proteins that are modified by phosphory-
lation and assayed for their ability to bind either the GAS or the
ISRE DNA element (Fig. S5). Recombinant transcription fac-
tors were phosphorylated by the recombinant kinases JAK or
IKKe. The phosphorylation of STAT1 by JAK resulted in GAF
formation and binding to DNA; however, when STAT1 was both
JAK- and IKKe-phosphorylated, it failed to bind to DNA. By
contrast, IKKe phosphorylation of STAT1 did not disrupt ISGF3
complex formation. These data provide further evidence that
IKKe phosphorylation directly regulates the STAT-mediated
antiviral cellular response induced by IFN-I and IFN-II, acting as
a molecular switch and integrating two independent signaling
cues into a single cellular transcriptional output.

Loss of IKKe Results in Aberrant ISG Induction in Bone Marrow-
Derived Macrophages. We analyzed ISG expression in bone
marrow-derived macrophages (BMMs) from Ikbke*'* and
Ikbke™~ mice by RNA deep se(}uencing (RNA-seq). Analysis of
the RNA-seq data from Ikbke™’* BMMs identified a set of 538
ISGs whose levels increased at least threefold upon IFNp or
IFNy induction. We ordered these ISGs by their beta—gamma
mixture (BGM), which provides a number that reflects the fold
induction in response to IFNp and IFNy, ranging from —1 for
a purely beta response, 0 for equal response to beta and gamma,
and +1 for a purely gamma response (Fig. S64). The expression
of individual ISGs, such as IFIT2 and IRF1, is shown, as well as
the relative order of the ISGs in the BGM scale. In Ikbke ™~
BMMs, IFNp stimulation resulted in a relative decrease of pre-
viously characterized IFN-I-mediated genes and a correspond-
ing increase in genes responsive to IFN-II.

We then examined the relationship between BGM- and IKKe-
dependent gene expression (Fig. S6B). Although an increase in
the basal level of transcription was observed for most ISGs in
Ikbke™~ BMMs, genes primarily induced by IFNy showed a sig-
nificant increase in baseline expression. We also observed
a positive correlation between BGM- and IKKe-dependent gene
expression changes in IFNB-stimulated cells. ISGs with negative
BGM (indicating stronger IFNpP responses) were expressed at
lower levels in Ikbke™~ BMMs, consistent with our observations
of MEFs (20). By contrast, those ISGs with a positive BGM
(indicating stronger IFNy responses) were expressed at a higher
level in Ikbke™~ BMMs. We did not observe a correlation be-
tween BGM- and IKKe-dependent changes in IFNy-stimulated
cells, but it is interesting to note that there is a general increase
in IFNy-stimulated expression of ISGs in Ikbke '~ BMMs com-
pared with Tkbke™* BMMs. We conclude that IKKe biases the
transcriptome away from the IFN-II-signaling pathway and to-
ward the IFN-I pathway.

Altered STAT1a Binding in the Promoters of ISGs in IKKe Knockout
BMMs. To correlate transcriptional activation with STAT1-com-
plex binding in vivo, we performed STAT1a ChIP-seq analyses
on BMMs from Ikbke*'* and Ikbke™~ mice. Bone marrow from
Ikbke*'™ and Ikbke™™ mice were isolated, differentiated into
macrophages, and either not treated or treated with IFNB or
IFNy for 6 h before cross-linking for ChIP-seq analysis. ChIP
reactions were performed with an anti-STAT1a antibody, and
libraries of STATI1-bound DNA were generated for high-
throughput sequencing. The ChIP-seq data confirm that IKKe-
deficient BMMs have a different STAT1a-binding profile com-
pared with wild-type BMMs, as seen in representative type I and
II IFN-induced ISGs (Fig. S7). For example, the density of reads
in STAT1a peaks associated with 7lr9 and Ifir2 is higher in
Ikbke™'* BMMs compared with Ikbke ™~ BMMs, indicating that
STATl1a binding, in the form of ISGF3, is diminished in IKKe-
deficient cells. In contrast, reads in STAT1a peaks associated
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Stat1a peaks near type-lI and type-Il ISGs are associated with different sequence motifs. (A) Motif frequencies in negative BGM (type-I) and positive

BGM (type-Il) ISG-associated peaks and control regions. For each peak associated with an ISG, a 100-bp region centered on the peak summit was extracted. As
controls, each of these regions was dinucleotide shuffled (42), and also the 100 bp flanking each called peak was taken. The fraction of dinucleotide shuffled
(dishuff) or flanking region (flank) controls, or real summits, containing at least one ISRE motif or GAS motif is shown. (B) Motifs discovered by unbiased
search using BioProspector in summit regions (100 bp) associated with negative and positive BGM ISGs.

with Nos2, Gbp2, and Irfl, ISGs that are predomlnantly activated
by IEN-II, do not have reduced read density in Tkbke '~ BMMs.
These data confirm that STAT 1« binding as the GAF complex is
not inhibited in IKKe-deficient cells. In addition, Nos2 has
a higher read density in Ikbke™~ BMMSs compared with Ikbke*'*
BMMs. However, we did not observe a significant increase in
GAF binding in Gbp2 and IrfI, suggesting that STAT 1« binding
as the GAF complex is robust in macrophages. Thus, the primary
level of regulation by IKKe appears to be in the enhancement of
ISGF3 formation, thus increasing the ratio of ISGF3/GAF
complex formation.

To examine the DNA sequence motifs recognized by STAT1a, we
determined whether the ISRE consensus motif GAAANNGAAA
or the GAS motif TTCNNNGAA was enriched in 100-bp regions
surrounding the summits of STAT1a-bound peaks (Fig. 54). As
controls, we used random dinucleotide shuffles of the same
sequences, as well as 100-bp regions flanking the called peaks. Al-
though both motifs were enriched in summits relative to the two
controls, significant differences were not observed between the
percentage of ISG-associated peaks with the consensus ISRE in
negative and positive BGM genes. In contrast, the GAS motif was
found in a higher percentage of peaks associated with positive BGM
genes than with negative BGM genes. Because the use of predefined
consensus motifs may provide some limitations to the analysis, we
also used an unbiased motif-finding approach to detect the motifs
enriched in STAT1a peaks associated with negative and positive
BGM genes (Fig. 5B). This method identified ISRE motifs, with the
motif from the positive BGM genes containing additional purine-
rich contacts. This analysis confirms the motif preference previously
predicted for IKKe-independent ISREs, in which additional DNA
contact points may compensate for the lack of an IKKe-modified
ISGF3 complex (20, 40). Taken together, the ChIP-seq data suggest
that IKKe regulates ISG transcription by promoting the assembly of
STAT1 into the ISGF3 complex and suppressing STAT1 homo-
dimerization to form GAF. We conclude that IKKe deficiency
increases STAT1 incorporation into GAF, leading to the loss of
crucial ISGF3-regulated antiviral gene transcription and increased
susceptibility to virus infection.

Discussion

Modeling of ISGF3 based on the IRF DNA-binding domain and
STAT dimers in the parallel configuration suggests that both
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major and minor grooves of the ISRE sequence are completely
occupied by IRF9 and STAT1 on opposing strands (20). Fur-
thermore, the ISGF3-binding specificity appears to depend on
the ISRE core as well as on the surrounding sequences. We
propose that the structure of the STAT1/STAT2 heterodimer
within the ISGF3 complex is distinct from that of the STAT1/
STAT1 homodimer. Specifically, we propose that phosphoryla-
tion of serine 708 of STAT1, located at the homodimer interface,
blocks the formation of a STAT1/STAT1 homodimer but does
not block the formation of the STATI1/STAT2 heterodimer
within the ISGF3 complex. On the basis of the 3D structure of
the STAT1 homodimer, we propose that any modification of
serine, including phosphorylation, would disrupt its hydrogen-
bonding interactions within this homodimerization interface.
However, it appears that ISGF3 can accommodate S708 phos-
phorylation in the context of the trimeric complex, suggesting
that, in combination with IRF9, the STAT1/STAT2 interface
differs from that of the heterodimer.

Here, we demonstrate that phosphorylation of STAT1 by IKKe
suppresses the formation of a parallel STAT1 dimer, thus pre-
venting the formation of the GAF complex. This, in turn, results
in the loss of GAF binding to GAS elements and a decrease in
expression of GAS-dependent genes. Thus, in the context of virus
infection where both IFN-I and IFN-II are produced, IKKe shifts
the STAT1 pool toward the formation of ISGF3 and away from
GAF. Presumably, the relative levels of phosphorylated and
unphosphorylated STAT1 in cells treated with IFN-I depend on
the ratio of activated IKKe to STATI. If activated IKKe is lim-
iting, the loss of IKKe would not affect the switch from the type I
to the type II pathway. Rather, the presence of IKKe ensures that
the cellular response to IFN-I and IFN-II includes the optimal
production of ISGF3-dependent genes. In addition, as STAT1
forms an antiparallel configuration before JAK/STAT activation
(37, 38), IKKe-mediated phosphorylation of STAT1 may be one
mechanism to ensure that sufficient STAT1 is available to di-
merize with other partners such as STAT2.

In addition, we show that STAT1 phosphorylation can affect
the binding of ISGF3 to different types of ISREs. Specifically, we
propose that the binding of ISGF3 to an IKKe-dependent min-
imal ISRE requires S708 phosphorylation-mediated conforma-
tional changes in ISGF3 (20). In contrast, a longer ISRE that
provides additional purine-rich contact points for ISGF3 binding
is IKKe independent. In the absence of IKKe, those ISGs that
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are regulated by a minimal ISRE are the first to be affected.
Thus, IKKe can modify IFN signaling by the regulation of
STAT1 incorporation into either ISGF3 or GAF.

During the course of virus infection, IKKe expression is in-
ducible, and IFN-I stimulation is thought to activate IKKe via
p38 kinase signaling (3, 20). It is tempting to speculate that the
up-regulation of IKKe serves to ensure that virus-infected cells
respond to both IFN-I and IFN-II with the formation of ISGF3
to generate a cellular antiviral environment. On the basis of the
evidence presented here, we propose that IKKe regulates IFN
signaling by mediating STAT1 complex assembly and DNA-
binding specificity. This regulation would fine-tune the ISGF3-
induced gene expression profile and ensure the establishment of
an effective cellular antiviral response.

Materials and Methods

Cell Culture, Viral Infections, and Reagents. Cells were cultured as described in
SI Materials and Methods. Viral infections and reagents used are also de-
scribed in S/ Materials and Methods.
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