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In response to IFNβ, the IL6 gene is activated, modestly at early times
by ISGF3 (IRF9 plus tyrosine-phosphorylated STATs 1 and 2), and
strongly at late times by U-ISGF3 (IRF9 plus U-STATs 1 and 2, lacking
tyrosine phosphorylation). A classical IFN-stimulated response element
(ISRE) at −1,513 to −1,526 in the human IL6 promoter is required.
Pretreating cells with IFNβ or increasing the expression of U-STAT2
and IRF9 exogenously greatly enhances IL6 expression in response
to the classical NF-κB activators IL1, TNF, and LPS. U-STAT2 binds
tightly to IRF9, the DNA binding subunit of ISGF3, and also to the
p65 subunit of NF-κB. Therefore, as shown by ChIP analyses, U-STAT2
can bridge the ISRE and κB elements in the IL6 promoter. In some
cancer cells, the protumorigenic activation of STAT3 will be enhanced
by the increased synthesis of IL6 that is facilitated by high expression
of U-STAT2 and IRF9.
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ype I interferons (IFNα and IFNβ) mediate major innate
immune responses to viruses and other infectious agents.
Following the binding of type I IFNs to their dimeric receptor,
IFNAR1/2, the JAK1 and TYK2 tyrosine kinases are activated,
catalyzing phosphorylation of the receptors and receptor-bound
STATs 1 and 2. Tyrosine-phosphorylated STAT1/2 heterodimers
bind to IRF9, forming IFN-stimulated gene factor 3 (ISGF3), which
then binds to IFN-stimulated response elements (ISREs) in the
promoters of IFN-induced genes (ISGs) to initiate their transcription (1). STAT2 contributes its strong transactivation domain to
ISGF3 (2), IRF9 contributes the principal DNA binding domain,
and STAT1 stabilizes the complex and also provides additional
DNA contacts (3). Notably, the STAT1, STAT2, and IRF9 genes are
all ISGs that are strongly induced by type I IFNs.
Although the expression of most ISGs is mediated by this canonical signaling pathway, the components of the pathway have
additional, noncanonical functions (4). U-STATs 1 and 2, lacking
tyrosine phosphorylation, are still able to combine with IRF9 to form
U-ISGF3, which sustains the transcription of about a quarter of the
initially induced ISGs during the late phase of the response to type I
IFNs (5). Even without STAT1, type I IFNs still trigger prolonged
ISG expression in a U-STAT2–IRF9-dependent manner (6), and
tyrosine phosphorylated STAT2 forms a homodimer that combines
with IRF9 to form a complex that can still stimulate ISG expression
(7). In addition to their functions within ISGF3, STAT2 and
IRF9 interact with components of other signaling pathways to
stimulate transcription. For example, IFNβ and TNFα synergistically
induce DUOX2 expression, which helps to mediate the late phase of
the antiviral response to Sendai virus in a STAT2- and IRF9dependent, but STAT1-independent manner (8). STAT2 and
IRF9 also help to drive the expression of Gene G in NB4 cells in
response to retinoic acid plus IFNα, independently of STAT1 (9).
Recently, STAT2 has also been found to negatively regulate IFNγ
signaling, by forming an unproductive complex with STAT1 (10).
IL6 is a pathogenic cytokine whose up-regulation leads to
chronic inflammatory diseases, for example, rheumatoid arthritis
(11). Chronic IL6-dependent signaling is also associated with
tumorigenesis in numerous mouse models as well as in human
disease (12). Several studies show that IL6 is required for tumor
initiation in response to activated oncoproteins such as K-RAS
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and EGFR (13–15). IL6 is a major inducer of STAT3 phosphorylation and activation, thus providing a dominant prosurvival
benefit to cancer cells. Clinical studies reveal that elevated
serum levels of IL6 are associated with advanced tumor stages
in various cancers and poor survival (16). Therefore, the timing
and location of IL6 production needs to be strictly regulated.
Activated NF-κB family members have a major role in inducing
the expression of IL6 (17). A recent study unexpectedly found
that a deficiency of STAT2 inhibited colorectal carcinogenesis,
due to a lower level of inflammatory cytokines (18), and mice
lacking STAT2, but not lacking STAT1 or IFNARs, are hypersensitive to LPS (19). These findings indicate that STAT2 participates in inflammatory responses through mechanisms that have
not yet been discovered.
We find that IFNβ stimulates robust IL6 secretion, which is
sufficient to overcome the ability of IFNβ to inhibit cell growth.
Priming cells with IFNβ synergistically enhances IL6 induction in
response to treatments that activate NF-κB, in a process that
depends upon the recruitment of STAT2, IRF9, and NF-κB to
ISRE and κB elements in the IL6 promoter. Our new appreciation that STAT2 and IRF9 contribute to STAT3 activation in
cancer cells, by helping to up-regulate IL6 expression, identifies
potential targets to inhibit this process.
Results
IFNβ Induces IL6 Expression Without Activating NF-κB. A previous

study found that IFNα induced the autocrine secretion of IL6 in
myeloma cells (20), and the plasma level of IL6 was found to be
elevated rapidly in patients following injection of IFNα (21). We
now show that IFNβ induces the expression of IL6 mRNA and
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protein in human mammary epithelial (HME) cells (Fig. 1 A and
B). Of note, IL6 induction after 72 h was much higher than after
4 h. However, we observed that several NF-κB–dependent genes,
including IL1 and TNFα, were not significantly induced by IFNβ
in HME cells (SI Appendix, Fig. S1A). IFNβ stimulation did not
change the phosphorylation of IκBα or the p65 subunit of NF-κB
or the level of IκBα between 5 min and 4 h (SI Appendix, Fig.
S1B), indicating that the expression of IL6 induced in response
to IFNβ. We found a canonical ISRE element in the distal human IL6 promoter, between −1,513 and −1,526. When the human and mouse IL6 promoters were compared, except for the
region surrounding the κB element, the most conserved region is
between −1,513 and −1,565 (SI Appendix, Fig. S1C), implying
that this ISRE might be important for transcriptional regulation
by IFNβ. Previously, we found that phosphorylated ISGF3 and
U-ISGF3 are responsible for ISG induction during the early and
late phases of the response to type I IFNs, respectively (5). The
amount of IL6 induced in response to IFNβ increased gradually
from 4 to 72 h (SI Appendix, Fig. S1A), along with decreases in
phosphorylated STAT1 and STAT2 and increases in U-STAT1,
U-STAT2, and IRF9 (SI Appendix, Fig. S1D). In contrast to the
induction of canonical ISGs, whose expression is driven by
phosphorylated ISGF3 only (for example, CXCL10) or by both
phosphorylated ISGF3 and U-ISGF3 (for example, DDX58),
the IFNβ-dependent induction of IL6 was much stronger in
response to U-ISGF3 than to phosphorylated ISGF3 (SI Appendix, Fig. S1E).
High Expression of STAT2 and IRF9 Are Sufficient for IL6 Induction.

STAT1 is an important component of ISGF3, but in some cases,
type I IFNs stimulate the expression of some ISGs even in the
absence of STAT1. However, STAT2 and IRF9 are still required
(6, 22, 23). To clarify this point, we examined whether STAT1 is
required for IFNβ-induced IL6 expression. When wild-type or
STAT1-null fibroblasts were stimulated with IFNβ, the expression of IL6 was increased by twofold in the STAT1-null fibroblasts and by about fourfold in the wild-type cells after 24 h (Fig.
1 C and D), indicating that STAT1 has a supporting role but is
not required for IFNβ-induced IL6 expression. Consistently, the
induction of canonical ISGs, such as STAT2 and DDX58, was
less in IFNβ-treated STAT1-null cells than in wild-type cells (Fig.
1E and SI Appendix, Fig. S1F). We also noted different IL6
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induction kinetics in HME and BJ cells. The induction of
DDX58, a canonical U-ISGF3 target gene, was also decreased
after 48 h compared with 24 h of IFNβ treatment in BJ cells (SI
Appendix, Fig. S1F), but the induction of STAT1, IRF9, and
STAT2 were not decreased at 48 h (Fig. 1E), similarly to the
induction of IL6. We appreciate that the ISG induction pattern
is different in different cell lines, perhaps because the function
and formation of U-ISGF3 is not only dependent on the level of
expression, but also on other factors, including posttranslational
modifications.
To exclude the impact of unknown factors that might be activated by IFNβ stimulation, we expressed U-STAT2 and IRF9
exogenously in HME cells. Increased expression of U-STAT2
alone strongly increased IL6 mRNA levels, by about 10-fold,
while increased expression of IRF9 alone increased IL6 mRNA
levels by about 2-fold, consistent with the lack of intrinsic transcriptional function for IRF9 and its ability to help U-STAT2 to
enter the nucleus (24, 25). The combination of U-STAT2 and
IRF9 increased IL6 mRNA by about 19-fold (Fig. 1F). ELISA
results are consistent with the changes in IL6 mRNA levels (Fig.
1G). To further test whether tyrosine phosphorylation of STAT2
is required for the induction of IL6, the STAT2 phosphorylationdeficient mutant Y690F was coexpressed with IRF9 in HME
cells. IL6 expression was enhanced, compared with the effect of
increased expression of IRF9 alone (Fig. 1H). However, the level
of induction was not as high as with wild-type STAT2. Since the
C terminus of STAT2 participates in stabilizing the STAT2–
IRF9 interaction (3), the Y690F mutation might impact the stability of the STAT2–IRF9 dimer. The expression of additional
NF-κB–dependent genes induced by U-STAT2 was examined by
using an Illumina Gene Expression Array (SI Appendix, Fig. S2).
To study the role of IRF9 further, we reduced its expression in
HME cells expressing a high level of exogenous U-STAT2.
Knockdown of IRF9 blocked IL6 induction by U-STAT2, showing that IRF9 is also required for IL6 induction in response to
IFNβ (Fig. 1I and SI Appendix, Fig. S3A). Increased expression of
U-STAT2 plus IRF9 increased IL6 expression by about 2-fold in
STAT1-null fibroblasts and by about 3-fold in wild-type fibroblasts
(Fig. 1J), similarly to the effects on DDX58 expression (SI Appendix, Fig. S3B). Collectively, these data indicate that levels
of expression of exogenous U-STAT2 and IRF9 that are comparable to the levels induced at late times in response to IFNβ
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Fig. 1. IFNβ induces IL6 expression without activating NF-κB. (A and B) HME cells were treated or not with IFNβ (200 units/mL) for 4 or 72 h. IL6 expression was
analyzed by q-PCR and ELISA. (C and D) hTERT–BJ and hTERT–STAT1-null fibroblasts were treated with IFNβ (200 units/mL) for 4, 24, or 48 h or were untreated.
q-PCR analysis of IL6 expression and (E) Western analyses of STAT2, STAT1, and IRF9 are shown. (F and G) The amount of IL6 induced by U-STAT2 alone,
IRF9 alone, or U-STAT2 and IRF9 together were analyzed by q-PCR and ELISA. EV, control HME cells made with empty vector. (H) The amounts of IL6 mRNA
induced by IRF9 alone (EV), WT STAT2 and IRF9 together, and Y690F–STAT2 and IRF9 together were analyzed by q-PCR. (I) HME control and HME cells with
increased expression of U-STAT2 were infected with lentiviruses containing an shRNA targeting IRF9 or a nontargeted shRNA control (NT shRNA). IL6 mRNA
was analyzed by q-PCR. (J) The levels of expression of U-STAT2 and IRF9 were increased in BJ human foreskin fibroblasts and STAT1-null fibroblasts, respectively, followed by q-PCR analysis of IL6 mRNA expression.

comparable between the promoters with and without the ISRE
(Fig. 2E). Notably, IFNβ priming increased the activity of the
IL6 promoter with the ISRE, but not the one without it, indicating that this element is responsible for the IFNβ-mediated
responses. Similar results were obtained with TNFα-stimulated
cells (SI Appendix, Fig. S4C). Collectively, these results indicate
that the IL6 ISRE is required for IFNβ priming to enhance the
induction of IL6 in response to proinflammatory factors that
activate NF-κB. Also, knockdown of IRF9 impaired IL6 expression induced by LPS in normal human fibroblasts (Fig. 2F
and SI Appendix, Fig. S4D), but the induction of other NF-κB–
dependent genes (IL1 and IL8) was not inhibited (SI Appendix,
Fig. S4 E and F).

Fig. 2. IFNβ synergistically enhances IL6 expression in response to induction
by inflammatory factors in an IL6–ISRE-dependent manner. (A) HME cells
primed or not with IFNβ (200 units/mL) for 4 h were treated with IL1 (20 ng/mL)
for 3 h. IL6 mRNA expression levels were assayed by q-PCR. (B) HME cells were
treated or not with IFNβ for 0.5 or 72 h, then stimulated or not with IL1 for 3 h.
IL6 mRNA was assayed by q-PCR. (C and D) HME cells expressing control vector,
STAT2, or IRF9 were treated with IL1 for 3 h, and q-PCR analysis of IL6
expression was performed. EV, control HME cells made with empty vector.
(E) Stable pools of HME cells with different IL6 reporter constructs were
primed or not with IFNβ (500 units/mL) for 4 h and then stimulated with IL1
for 24 h. Promoter activity was analyzed by luciferase assay. (F) BJ cells were
infected with lentiviruses containing IRF9 shRNA or scrambled shRNA. The cells
were then treated with LPS for 3 h, and q-PCR analysis of IL6 mRNA expression
was performed.

are sufficient to induce IL6 expression, and that STAT1 is not
essential for this process.
IFNβ Synergistically Enhances IL6 Induction in Response to Inflammatory
Factors in an ISRE-Dependent Manner. To understand the broader

impact of IFNβ-mediated IL6 expression, we examined the effect
of IRF9 and U-STAT2 on the expression induced by agents that
activate NF-κB. HME cells primed with IFNβ for 4 h expressed
increased amounts of IL6 mRNA following treatment with proinflammatory factors, including LPS, IL1, and TNFα (Fig. 2A and
SI Appendix, Fig. S4A). To evaluate the relative effects of phosphorylated ISGF3 (P-ISGF3) and U-ISGF3, HME cells were
primed with IFNβ for 30 min or 72 h. At 30 min, STAT1 and
STAT2 tyrosine phosphorylation was maximum (P-ISGF3) and it
started to decline between 1 and 2 h (SI Appendix, Fig. S1B); at
4 h, the treated cells contained both P-ISGF3 and U-ISGF3 (SI
Appendix, Fig. S1B); at 72 h, U-ISGF3 was the dominant form,
rather than P-ISGF3. As expected, priming with U-ISGF3 was
much more synergistic with IL1 in inducing IL6 expression than
priming with phosphorylated ISGF3 (Fig. 2B). In addition, exogenously expressed U-STAT2 or IRF9 strongly increased the expression of IL6 induced by IL1 (Fig. 2 C and D). To determine
whether the ISRE in the IL6 promoter is responsible for the
synergistic induction of IL6, we tested luciferase reporters with
different IL6 promoter fragments (SI Appendix, Fig. S4B). The
increases in IL6 promoter activity in response to IL1 were
3908 | www.pnas.org/cgi/doi/10.1073/pnas.1714102115

U-STAT2 and IRF9 Increase p65 Occupancy on the IL6 Promoter. The
induced expression of IL6 in response to U-STAT2 and IRF9 is
similar to the induction of a subset of IFN-induced genes in response to U-ISGF3, but quite different from the induction of
classical ISGs in response to phosphorylated ISGF3 (SI Appendix,
Fig. S1E); therefore, the IL6 gene is not a classical ISG. Transcription of the IL6 gene is well known to be driven by NF-κB, but
NF-κB is not activated by IFNβ in HME cells (SI Appendix, Fig.
S1B). Exogenous expression of U-STAT2 and IRF9, either individually or together, did not lead to the translocation of
p65 from the cytosol to the nucleus (SI Appendix, Fig. S5 A and B).
We conclude that the activation of IL6 expression in response to
IFNβ or to increased expression of U-STAT2 plus IRF9 is not due
to its ability to activate NF-κB. Since EGF, upon binding to
EGFR, activates NF-κB through a mechanism that depends on
TLR4 phosphorylation (26), HME cells will have basal activation
of NF-κB because EGF is present in the medium used for these
cells. To study the role of NF-κB further, we knocked the expression of its p65 subunit down, finding that the ability of IFNβ,
or increased expression of U-STAT2 and IRF9 to enhance
IL6 expression, was severely inhibited (Fig. 3 A and B).
We tested the ability of p65 to bind to U-STAT1 or U-STAT2.
Immunoprecipitation from HME cells expressing exogenous USTAT1, U-STAT2, or IRF9 showed that p65 binds strongly to USTAT1 and U-STAT2, but not to IRF9 (Fig. 3C). This result is
consistent with the finding that exogenous expression of
IRF9 alone did not induce IL6 expression strongly (Fig. 1F).
Furthermore, we found an interaction between U-STAT1, USTAT2, and p65 in HME cells following stimulation with IFNβ
(Fig. 3D). However, consistent with results above showing that
U-STAT2 or IRF9 did not cause nuclear translocation of p65 in
HME cells, exogenous expression of each protein also did not
change the interaction between p65 and IκBα (SI Appendix, Fig.
S5C). Taken together, these results strongly support a model in
which the interaction of p65 and the U-STAT2–IRF9 complex is
required for enhanced induction of IL6 expression.
To examine how a U-STAT2–IRF9–p65 complex might regulate IL6 transcription, we performed ChIP experiments, using
HME cells expressing exogenous U-STAT2 alone, IRF9 alone,
or U-STAT2 plus IRF9. Exogenous expression of U-STAT2
alone increased the occupancy of p65 on the ISRE element of
the IL6 gene by about twofold, but there was little change at the
κB element (Fig. 3E), indicating that a U-STAT2–IRF9–p65
complex can be recruited to the IL6 promoter by binding to the
ISRE. STAT2 has a constitutively active nuclear export signal
and is localized mainly in the cytosol in the absence of IFN.
In quiescent cells, the translocation of U-STAT2 to the nucleus
depends on IRF9, which has a strong nuclear localization sequence (24). As a consequence, cells coexpressing U-STAT2 and
IRF9 led to high levels of these two proteins in the nucleus, and a
dramatically increased occupancy of p65 at both the ISRE and
κB elements (Fig. 3E). IRF9 recruitment to the IL6 promoter
was not changed by increasing the expression of U-STAT2 (Fig.
3F). Surprisingly, the occupancy of IRF9 at the κB site was
strongly enhanced by coexpression of U-STAT2 and IRF9 but
not by the expression of IRF9 alone, indicating that the USTAT2–IRF9–p65 complex also binds to the κB element (Fig.
Nan et al.

3F). Furthermore, consistent with the results of q-PCR analyses
(Fig. 1F), the recruitment of p65 to the IL6 promoter was not
increased significantly in HME cells expressing exogenous
IRF9 (Fig. 3E). To further test our hypothesis, we knocked the
expression of p65 down and examined the occupancy of
IRF9 on the IL6-κB and IL6-ISRE elements, finding a decrease
in the recruitment of IRF9 to the IL6-κB element but not the
IL6-ISRE element (SI Appendix, Fig. S6A). Knockdown of
p65 did not affect the levels of IRF9 (SI Appendix, Fig. S6B).
Collectively, these results suggest that U-STAT2 serves as a
bridge within the IL6 promoter, connecting IRF9 bound to the
ISRE with p65 bound to the κB element.
U-STAT2 and IRF9 Promote the Survival of Cancer Cells by Enhancing
IL6 Expression and STAT3 Activation. IL6 is famous for its ability to

inhibit apoptosis and activate proliferation (27, 28). To study the
role of the IL6 that is induced in response to IFNβ directly, we
Nan et al.

Discussion
Mechanistic Aspects. Our working model for how U-STAT2,
IRF9, and p65 collaborate on the IL6 promoter to enhance expression is shown in Fig. 3 G and H. We propose that STAT2
bridges the ISRE and κB elements by binding simultaneously to
IRF9 and p65, bringing the potent transactivation domain of
STAT2 into play to help activate the transcriptional machinery.
As a component of U-ISGF3, STAT1 can participate in ISREdependent activation of IL6 expression, but it is not required
since the U-STAT2–IRF9 complex functions well even without
STAT1. However, STAT1 may assist by inducing the expression
of U-STAT2 and IRF9 as target genes of phosphorylated ISGF3.
Since the ISRE and κB elements are not close to one another
in the linear DNA sequence of the promoter, it is likely that a
loop is formed to facilitate their interaction. The high concentrations of U-STAT2 and IRF9 that help to drive IL6 expression
are achieved late in response to type I IFNs, since the STAT1,
STAT2, and IRF9 genes are all ISGs that are activated strongly
by tyrosine-phosphorylated ISGF3 during the initial response to
these IFNs. In many cancers, these three proteins, which comprise U-ISGF3, are expressed at a high level constitutively, as a
PNAS | April 10, 2018 | vol. 115 | no. 15 | 3909
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Fig. 3. U-STAT2 plus IRF9 increased p65 occupancy at the IL6 promoter.
(A) HME cells were infected with lentiviruses containing p65 shRNA or
NTshRNA control and the cells were treated with IFNβ for the indicated times.
q-PCR analysis of IL6 mRNA levels are shown. (B) Control HME cells with empty
vector (EV) or with increased expression of U-STAT2 and IRF9 were infected
with lentiviruses containing p65 shRNA or NT shRNA control. q-PCR analysis of
IL6 expression was performed. (C) Whole-cell lysates from HME cells expressing
STAT1, STAT2, and IRF9 were used for immunoprecipitation of Flag-tagged
proteins. (D) Whole-cell lysates from HME cells treated or not with IFNβ
(50 units/mL) for 48 h were analyzed by immunoprecipitation, using anti-p65.
(E) The occupancy of p65 at the IL6 promoter in HME cells expressing a high
level of IRF9 alone, U-STAT2 alone, or U-STAT2 and IRF9 together were assayed
by ChIP. (F) ChIP analysis of the occupancy of IRF9 at the IL6 promoter in the
above cell lines. (G) p65 drives IL6 transcription when it occupies the κB element. (H) STAT2 bridges and stabilizes a complex with IRF9 and p65, which
increases IL6 transcription. The CC domain of STAT2 binds to IRF9, the SH2
domain probably binds to p65, and the TAD domain enhances the transcriptional response. **P ≤ 0.01, ***P ≤ 0.001.

knocked the IL6 gene out in HME cells. The IL6-deficient cells
were more sensitive to growth inhibition induced by IFNβ, at
both low and high doses (Fig. 4A), suggesting that the IL6 induced by IFNβ helps to protect the cells from the growth inhibitory effects of IFNβ. Paracrine or autocrine IL6, derived
from stromal or cancer cells, accounts for substantial STAT3
activation in cancers of the lung, liver, breast, head and neck, and
other organs (29, 30). NF-κB, constitutively activated in virtually
all oncogenic abnormalities, is required for the autocrine secretion of IL6 in some cancers (31). To analyze correlations with
autocrine IL6 expression, we examined the levels of STAT2,
IRF9, and tyrosine-phosphorylated STAT3 in cancer cells (Fig.
4B). Cells with relatively high levels of IRF9 or U-STAT2
(HCC827, H1975, H1650, and SKOVA3) also have more
STAT3 activation. In contrast, DLD1 and A549 cells, which have
relatively low expression of IRF9 and U-STAT2, also have less
STAT3 activation. Accordingly, HCC827, H1975, H1650, and
SKOVA3 cells have higher levels of autocrine IL6 expression
than do DLD1 and A549 cells (Fig. 4C). Of note, the level of
U-STAT1 is not related to IL6 secretion or to the level of tyrosinephosphorylated STAT3 in these cells, confirming that STAT2 and
IRF9 but not STAT1 are principally required for the production
of autocrine IL6. To confirm that the U-STAT2–IRF9 complex
is responsible for autocrine IL6 secretion and STAT3 activation
in cancer cells, we knocked the expression of IRF9 down in
HCC827 cells, finding that IL6 secretion was reduced by 60% (Fig.
4D). Reduced expression of IRF9 dramatically inhibited both
STAT3 tyrosine phosphorylation and STAT2 expression (Fig. 4E).
Consistently, knockdown of IRF9 strongly inhibited the proliferation of lung cancer cells (Fig. 4F) but not normal cells (SI Appendix, Fig. S7).
Encouraged by these in vitro data, we investigated whether the
ability of U-STAT2 and IRF9 to facilitate IL6 expression is associated with survival in cancer patients. High levels of STAT2,
IRF9, and IL6 correlated with poor overall survival in lung adenocarcinoma patients, and STAT1 and IFNB expression did not
(SI Appendix, Fig. S8). In contrast, a high level of IFNAR1
correlated with good survival, and high levels of IFNA1, IFNA2,
and IFNA10 with poor survival. We also examined the data for
gastric, breast, and ovarian cancers, finding that IL6 expression
did not correlate significantly with the overall survival of these
patients, and neither did STAT2 or IRF9. IL6 has been shown
to facilitate resistance to erlotinib, afatinib, and cisplatin in
nonsmall cell lung cancer (32–34), providing a rationale for the
lung cancer-specific high levels of STAT2 and IRF9. Together,
these results provide evidence that U-STAT2 and IRF9 cooperate with p65 to facilitate lung cancer cell growth or survival by facilitating the expression of IL6 and the activation
of STAT3.

Fig. 4. U-STAT2 and IRF9 promote cancer cell survival by enhancing
IL6 expression and STAT3 phosphorylation. (A) HME and HME IL6 KO cells
were treated with IFNβ (0, 5, 50, 200, or 500 units/mL) for 10 d. Cell survival
was tested by staining with crystal violet. (B) Analysis of IRF9, STAT2, STAT1,
and p-STAT3 levels by the Western method. (C) Levels of secreted IL6 were
analyzed by ELISA. (D) ELISA analysis of IL6 levels in HCC827 cells with
knockdown of IRF9 or control cells. (E) HCC827 cells were infected with
lentiviruses containing an shRNA targeting IRF9 or shRNA control, and pSTAT3 and STAT2 levels were assayed by the Western method. (F) The same
cells used in E were seeded into 48-well plates and cell survival was analyzed
by crystal violet staining after 6 d.

result of exposure of the tumors to type I or III IFNs, or as
a consequence of other inducing mechanisms, such as cell
crowding (35). Although U-STAT2 plays a predominant role
in driving IL6 expression, it remains possible that tyrosinephosphorylated STAT2 also contributes. As shown in Fig. 1A,
IL6 was induced 4 h after treatment with IFNβ, when tyrosine
phosphorylation of STAT2 was apparent, but increased STAT2
expression was not.
The expression of IL6 in response to type I IFN requires that
free NF-κB p65 is already present, but IFNβ does not liberate
NF-κB from IκB in the cells we have studied. IL6 is not the only
gene that is regulated by type I IFNs in an NF-κB–dependent
manner, as both ISGF3 and NF-κB are required to induce expression of the βR1 gene in response to IFNβ (36). Signals
generated in response to type I IFN interact with NF-κB–dependent signals in bone marrow-derived cells. In lymphoblasts,
IFNα-induced activation of NF-κB is due to IκBα degradation,
catalyzed by the IFN-dependent activation of PI3K and AKT
(37). We show that IFNβ induces the expression of a small subset
of NF-κB–dependent genes, including IL6, without activating the
release of NF-κB from IκB or increasing the phosphorylation of
p65. However, p65 is required for U-STAT2 plus IRF9 or IFNβ
to induce IL6 expression.
We show that enhanced induction of IL6 by U-ISGF3 in
combination with NF-κB stimulators depends on the presence of
an ISRE in the IL6 promoter. In another study, Listeria monocytogenes and IFNβ were shown to induce the expression of the
NOS2 and IL6 genes synergistically (38). Tyrosine-phosphorylated ISGF3 and NF-κB cooperatively regulate NOS2 transcription by recruiting STAT1 and p65 to a distant enhancer that
is ∼30 kb upstream of the transcription start site (TSS), but not
to putative ISREs located at −940 to −952 and −911 to −924.
3910 | www.pnas.org/cgi/doi/10.1073/pnas.1714102115

The cooperation of phosphorylated ISGF3 and NF-κB was
considered to occur early in the response to type I IFNs, in
agreement with our finding that priming by phosphorylated
ISGF3 enhances IL6 induction in response to IL1 (Fig. 2B). In
addition, synergistic induction of the IL6 gene in response to
IFNγ and TLR-dependent signaling is associated with STAT1
occupancy at an enhancer that is ∼25 kb upstream of the TSS,
followed by the priming of histone acetylation (39). Both studies
show that STAT1 is recruited to the IL6 distal enhancer, thus
increasing the formation of initiation complexes that include
RNA polymerase II at the TSS. However, in our study, the enhanced activation of IL6 expression is much stronger in cells with
high levels of U-ISGF3 than at early times in cells with phosphorylated ISGF3 (Fig. 2B). An ISRE at −1,513 to −1,526 in the
IL6 promoter, rather than a much more distal enhancer, is responsible for the enhanced induction of IL6 expression in response
to the U-ISGF3 that is formed late in the response to IFNβ, in
combination with activators of NF-κB.
As an important coordinator of immune responses, NF-κB
interacts with many other transcription factors. STAT3 and
STAT1 interact with p65 physically. For example, STAT1α binds
to p65, decreasing NF-κB nuclear localization and inhibiting
target gene activation (40). We confirmed the interaction between U-STAT1 and p65 (Fig. 3 C and D) but it is not clear
whether this interaction is direct. However, we did not detect the
binding of p65 to IRF9, even though IRF9 is required for
STAT2-induced NF-κB–dependent gene expression (Fig. 1I). USTAT2 binds to IRF9 through its coil–coil domain (41), but we
do not yet know which domain of U-STAT2 is responsible for its
interaction with p65. However, we do know that the SH2 domain
of STAT3 is essential for its interaction with NF-κB (38), suggesting that this domain of STAT2 might bind to p65 similarly.
The STAT1–NF-κB and STAT3–NF-κB complexes are likely
to form in the cytosol, and we know that U-STAT2 is required
for the translocation of p65 into the nucleus in bone marrowderived macrophages (19). The EGF that is present in the culture medium for HME cells activates NF-κB (42, 43). However,
we did not find a significant difference in the amount of IκBα
bound to p65 when we compared HME cells with and without
the expression of exogenous U-STAT2 (SI Appendix, Fig. S5C).
We conclude that U-STAT2 and IRF9 do not affect the translocation of p65 into the nucleus in HME cells, in contrast to the
situation in macrophages. IRF9 and STAT2 are required for
enhanced IL6 expression but do not augment the expression of
IL1 or IL8 in response to LPS (SI Appendix, Fig. S4 E and F),
further supporting our conclusion that the ability of U-STAT2
and IRF9 to enhance NF-κB–dependent gene expression is
promoter specific and probably dependent upon the presence
of an ISRE element in the promoters of genes that show this
cooperation.
We now find that IRF9 occupies a κB element that is very
close to the transcription start site of the IL6 gene, and that
p65 occupies a putative ISRE at the promoter in cells expressing
high levels of both U-STAT2 and IRF9, but not in cells expressing a high level of IRF9 only. Combined with our finding
that p65 interacts with U-STAT2 but not IRF9, the data strongly
support our hypothesis that STAT2 functions as a bridge connecting p65 and IRF9 on the IL6 promoter. On the other hand, a
recent study found that TNF induced the binding of NF-κB to an
ISRE, driving the expression of some ISGs in hepatocytes (44).
These findings suggest that the U-STAT2–IRF9–p65 complex
might be assembled independently of κB elements, and that
activation of NF-κB–dependent signaling might increase the
formation of this complex, which might occupy ISREs at ISG
promoters to drive a modest level of transcription. In summary,
the U-STAT2–IRF9–p65 complex drives the transcription of a
subset of NF-κB–dependent genes in response to type I and type
III IFNs and a subset of ISGs in response to activators of NF-κB.
The Role of Synergistic Activation of IL6 Expression in Cancer. Considering the important role of IL6 in the tumor microenvironment,
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We did not observe basal STAT2 tyrosine phosphorylation in the
cancer cells that we studied. Therefore, U-STAT2–IRF9 and UISGF3 might be the principal mediators of collaboration with
activators of NF-κB in cancer cells, and we did observe that high
levels of U-STAT2 and IRF9 correlate with poor prognoses in lung
adenocarcinoma. The U-STAT2–IRF9 complex, U-ISGF3, or
both, may also interact with transcription factors other than NFκB to induce the expression of genes that facilitate the growth of
cancer cells.

we investigated the ability of U-STAT2 and IRF9 to regulate
IL6 secretion in cancer cells, finding that decreasing the expression of IRF9 and U-STAT2 inhibited IL6 production and
STAT3 activation in lung cancer HCC827 cells (Fig. 4 D and E),
where STAT3 activation is dependent on autocrine IL6 (45). As a
consequence, reducing the level of IRF9 repressed the growth of
these cells (Fig. 4F), which contrasts with the function of ISGF3 as
an activator of antiproliferative gene expression. Of note, decreasing IRF9 expression did not inhibit STAT3 activation and
cell growth in normal fibroblasts (SI Appendix, Fig. S7). This is not
the first time that ISGF3 has been found to promote cancer survival and metastasis. Our previous work showed that U-ISGF3
regulates about a quarter of IFNβ-induced ISGs (5), and that this
subset is virtually identical to the set of IFN-induced genes in the
interferon-related DNA damage resistance signature (IRDS) (46).
In triple negative breast cancer cells, but not in ER-positive cells, the
IRDS subset of ISGs is induced by a RIG-1 (DDX58)-dependent
antiviral pathway when the cancer cells contact stromal fibroblasts
(47). Additional functions of ISGF3 in cancer cell survival are
not yet clear. Considering the instability of the cancer genome,
ISGF3 might also play an important role in overcoming cell death
induced by genomic instability in the process of tumorigenesis.
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IMMUNOLOGY AND
INFLAMMATION

Detailed information on cell culture, reagents, constructs in lentiviral vectors,
constructs of the IL6 promoter, luciferase assay, real-time PCR, immunoprecipitations, ChIP assays, transfections and luciferase assays, ELISAs, cell
survival assay, Kaplan–Meier analysis, and statistical analysis is available in SI
Appendix, SI Materials and Methods.

