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A single high dose of interferon-f (IFNB) activates power-
ful cellular responses, in which many anti-viral, pro-apop-
totic, and anti-proliferative proteins are highly expressed.
Since some of these proteins are deleterious, cells down-
regulate this initial response rapidly. However, the expres-
sion of many anti-viral proteins that do no harm is
sustained, prolonging a substantial part of the initial
anti-viral response for days and also providing resistance
to DNA damage. While the transcription factor ISGF3
(IRF9 and tyrosine-phosphorylated STATs 1 and 2) drives
the first rapid response phase, the related factor un-phos-
phorylated ISGF3 (U-ISGF3), formed by IFNf-induced high
levels of IRF9 and STATs 1 and 2 without tyrosine phos-
phorylation, drives the second prolonged response. The
U-ISGF3-induced anti-viral genes that show prolonged
expression are driven by distinct IFN stimulated response
elements (ISREs). Continuous exposure of cells to a low
level of IFNB, often seen in cancers, leads to steady-state
increased expression of only the U-ISGF3-dependent pro-
teins, with no sustained increase in other IFNp-induced
proteins, and to constitutive resistance to DNA damage.
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Introduction

Type I interferons (IFNs o and ) drive the expression of genes
that encode proteins with anti-viral, anti-proliferative, pro-
apoptotic, and pro-inflammatory functions. Several important
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negative feedback mechanisms collaborate to terminate the
expression of these genes several hours after IFN stimulation,
for example, expression of the potent negative regulator
SOCS1 is rapidly induced by IFN (Yoshimura et al, 2007).
Although sustained expression of many of the initially
induced proteins is deleterious to cell survival (Borden et al,
2007), we have discovered that the increased expression of the
proteins encoded by a subset of these genes is sustained for
many days (Cheon and Stark, 2009). They provide a selective
advantage and cells can tolerate them.

In response to IFNP, signal transducers and activators of
transcription (STATs) are phosphorylated on C-terminal tyrosine
residues (Y701 for STAT1 and Y690 for STAT2), followed by
their combination with IFN response factor 9 (IRF9) to form the
tripartite transcription factor IFN-stimulated gene factor 3
(ISGF3), which drives the expression of > 100 IFN-stimulated
genes (ISGs, Borden et al, 2007). Previously, we showed that
STAT1 lacking phosphorylation of Y701 (U-STAT1) sustains the
response to IFNf for several days (Cheon and Stark, 2009) and,
even in the absence of IFNf, high levels of U-STAT1 induced the
expression of a subset of ISGs, including IFI27, BST2, OASI,
0OAS2, OAS3, and STATI itself. Many of the encoded proteins
have anti-viral activities (Dong et al, 2004; Borden et al, 2007;
Neil et al, 2008; Randall and Goodbourn, 2008; Sadler and
Williams, 2008; Tan et al, 2008; Brass et al, 2009; Itsui et al,
2009; Schmeisser et al, 2010; Tang et al, 2010; Miyashita et al,
2011; Schoggins et al, 2011; Oudshoorn et al, 2012). We have
now elucidated the mechanism and the additional biological
consequences of U-STAT1-induced gene expression, finding that
IFNB also induces the expression of un-phosphorylated STAT2
(U-STAT2) and IRF9, which combine with U-STAT1 to form un-
phosphorylated ISGF3 (U-ISGF3), a novel transcription factor in
which these proteins form a ternary complex without tyrosine
phosphorylation. U-ISGF3 in turn maintains the expression of a
subset of the initially induced ISGs whose protein products lead
to extended resistance to virus infection and DNA damage.
Interestingly, expression of the same subset of ISGs is uniquely
increased in radiation-resistant cancer cells (Khodarev et al,
2004; Cheon et al, 2011), in cancer cells resistant to a variety of
DNA damaging treatments (Gongora et al, 2008; Luszczeck
et al, 2010), and in cancer cells from glioblastoma and breast
cancer patients who responded poorly to chemo- or radiation
therapy (Weichselbaum et al, 2008; Duarte et al, 2012). We
show that prolonged exposure of cells to a low level of IFNJ
induces a steady state in which only the U-ISGF3-dependent
genes are expressed, suggesting that secretion of IFN by cancer
cells may account for their similar phenotype.

Results

The expression of anti-viral genes is sustained for
several days after IFN treatment, along with increased
levels of STAT1, STAT2, and IRF9 proteins

Over a hundred genes are induced by IFNB quickly, in
response to the tyrosine phosphorylation of STATs 1 and 2
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and subsequent formation of ISGF3, but the expression of
many genes is downregulated as the level of ISGF3 decreases.
However, the expression of many anti-viral genes that are
induced initially by IFNf is sustained and even increased
by increased expression of U-STATI1, the levels of which
remain high for many days (Cheon and Stark, 2009). As
shown in Figure 1A, the expression of four representative
anti-viral genes (IFI27, BST2, OAS2, and MX1) is induced
greatly after 24h and sustained at high levels for at least
72h after a single treatment with IFNB (31U/ml) of two
different human non-cancer cell lines, hTERT-HME1 mammary
epithelial cells and BJ fibroblasts. To test whether the contin-
ued expression of these genes might be due to the presence of
a low residual level of phosphorylated STATs 1 and 2, we
examined STAT expression and phosphorylation in response to
a much higher concentration of IFNf (50 IU/ml). Even at this
high concentration, phosphorylated STATs 1 and 2 were seen
only transiently, and we detected little phosphorylated STAT1
or phosphorylated STAT2 after 48 h (Figure 1B). However, the
expression of STAT1, STAT2, and IRF9 was increased greatly
after 24h and was sustained for at least 72h, with kinetics
similar to the kinetics of anti-viral gene expression shown in
Figure 1A. In contrast to the sustained expression of the four
anti-viral genes noted above, the expression of IRF1, an ISG
whose expression is driven by ISGF3 and not by U-STATI,
increased transiently and decreased in parallel with the levels
of phosphorylated STATs 1 and 2 (Figure 1B), showing that,
even if phosphorylated ISGF3 was still present at levels below
our ability to detect it, there was not enough to drive the
expression of this target gene. The increased levels of STAT1,
STAT2, IRF9, and several U-STAT1-induced genes (IFI27, OAS2,
and MX1) lasted for at least 12 days after a single treatment
with IFN (50 IU/ml), while the expression of ISGs (MYD88,
IRF1, and IFI16) that are not induced by U-STAT1 (Cheon and
Stark, 2009) returned to basal levels after 3 days or sooner
(Supplementary Figure S1). In contrast to their prolonged
expressions in BJ and hTERT-HMELI cells, the expression of
IF127, OAS2, and M X1 was transient in AG14412 umbilical cord
fibroblasts, where IFNf induced the tyrosine phosphorylation
of STATs 1 and 2, did not increase the expression of STAT1 and
IRF9 proteins, and increased STAT2 protein expression mini-
mally (Figure 1C). We observed a similarly transient expres-
sion of IFI27, OAS2, and MXI in STATI-null fibroblasts
reconstituted with wild-type STAT1 (Figure 1D). Since STAT1
gene expression in these cells is regulated by the CMV
promoter in the vector and not by the endogeneous STAT1
promoter, STAT1 protein expression is not increased in re-
sponse to IFNB. These results show that increased levels of
STAT1, STAT2, and IRF9 are likely to be important for
the prolonged expression of anti-viral genes, while tyrosine
phosphorylation of STATs 1 and 2 is important for initial gene
expression.

High levels of U-STAT1, U-STAT2, and IRF9 are
necessary and sufficient for the induction of some
anti-viral genes

Our previous microarray analysis showed that increased
expression of either wild-type or Y701F mutant STAT1 led
to increased expression of 30 genes without IFN stimulation
in BJ cells, which already express substantial amounts of
STAT2 and IRF9, but not in hTERT-HME1 cells, which express
little STAT2 and IRF9 (Cheon and Stark, 2009), indicating that
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U-STAT1 may not induce gene expression without a sufficient
amount of STAT2 and IRF9. To investigate the role of STAT2
and IRF9, we stably increased the expression of STAT2 and
IRF9, together with STATI1, in hTERT-HMEL1 cells. Western
analyses confirmed that, in the absence of treatment with
IFNB, the highly expressed STATs were not phosphorylated
on their tyrosine residues (Figure 2A). The expression of
IF127, OAS2, and MX1 was very low in control hTERT-HME1
cells (Figure 2B, column 1) and their expression was not
increased when the levels of U-STAT1, U-STAT2, or IRF9
were increased one at a time without treatment with IFNf
(Figure 2B, columns 2-4). Furthermore, the combined high
expression of U-STAT1 plus U-STAT2 or U-STAT1 plus IRF9
still did not increase the expression of these genes in hTERT-
HME!1 cells (Figure 2B, columns 5 and 6). However, the
expression of the target genes increased strongly when
the levels of U-STAT2 and IRF9 were increased together
(column 7) and increased even more when U-STAT1 expres-
sion, already significant, was increased further (column 8).
Y701F-STAT1 is a dominant negative protein because it binds
to IFN receptor SH2 domains but cannot be phosphorylated
on Y701, thus blocking access of the wild-type protein
to the receptor. However, high expression of Y701F-STAT]1,
U-STAT2, and IRF9 together in hTERT-HMEL1 cells signifi-
cantly increased the expression of the target genes, IFI27,
OAS1, OAS2, MX1, IFIT1, and IFIT3 (Figure 2C), indicating
that STAT1 tyrosine phosphorylation was not involved. In
contrast, the expression of additional ISGs (MYDS88, ADAR,
IFI16, and IRF1), which are induced transiently by ISGF3 but
not sustained at late times after IFN treatment, was not
increased by higher levels of Y701F-STAT1, U-STAT2, and
IRF9 (Figure 2D). To exclude the possibility that phospho-
rylation of endogeneous wild-type STAT1 is involved in the
expression of the genes, we also used STAT1-null fibroblasts
reconstituted with Y701F-STAT1, where STAT1 cannot be
phosphorylated on residue Y701. While IFNf does not in-
crease the expression of IFI27, OAS2, and MX1 in these cells
(Supplementary Figure S2), high expression of STAT2 and
IRF9 together with Y701F-STAT1 readily increased those three
ISGs (Figure 2E), but not the transiently induced ISGs
MYDS88, IFI16, and IRF1 (Figure 2F).

High levels of U-STAT1, U-STAT2, and IRF9 protect cells
from virus infection

Vesicular stomatitis virus (VSV, a negative ssRNA virus) was
less infectious in hTERT-HMEI cells expressing high levels
of wild-type STAT1 (WT) or Y701F-STAT1 (YF), together with
U-STAT2 and IRF9, than in control cells (Vec, Figure 3A, left
panel; Supplementary Figure S3A). The titres of infectious
VSV were reduced by high levels of wild-type STAT1/STAT2/
IRF9 (WT) or Y701F-STAT1/STAT2/IRF9 (YF) by 51-fold
or 33-fold, respectively. In cells overexpressing wild-type
STAT1/STAT2/IRF9 (WT), virus replication was inhibited
more efficiently in the presence of IFNB (Supplementary
Figure S3B), because increased levels of ISGF3 formed
by wild-type STAT1/STAT2/IRF9 sensitize cells to IFNs. How-
ever, anti-viral effects in cells overexpressing Y701F-STAT1/
STAT2/IRF9 (YF) were not influenced by IFNf in the media
(Supplementary Figure S3B), showing that the Y701F-STAT1/
STAT2/IRF9-induced anti-viral effects resulted solely from
the high levels of U-STAT1, U-STAT2, and IRF9 proteins rather
than the IFN-induced phosphorylation of STATs 1 and 2.
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Figure 1 The expression of anti-viral genes is sustained for several days after IFN stimulation, along with increased levels of the STAT1, STAT2,
and IRF9 proteins. (A) The expression of the anti-viral genes IFI27, BST2, OAS2, and MX1 was analysed by real-time PCR after stimulation of
hTERT-HME1 or BJ cells with IFNP (3 IU/ml). The levels of gene expression were calculated semi-quantitatively by using the AACt method (see
Materials and methods). The data are represented as means of triplicate PCR analyses * standard deviations (s.d.). (B) hTERT-HMEI or BJ cells
were treated with IFNf (501U/ml) and the levels of total IRF9 and STATs 1 and 2, or tyrosine-phosphorylated STATs 1 and 2 (PY-701-STAT1 or
PY-690-STAT2) were analysed by the western method. (C, D) AG14412 umbilical fibroblasts (C) and STAT1-null fibroblasts transfected with the
lentiviral vector containing wild-type STAT1 (D) were used. Left, Cells were treated with IFNf (501U/ml) and the levels of total IRF9, STAT1,
and STAT?2, or tyrosine-phosphorylated STATs (PY-701-STAT1 or PY-690-STAT2) were analysed by the western method. Right, the expression of
the IFI27, OAS2, and MX1 genes was analysed by real-time PCR after stimulation with IFNB (31U/ml). The levels of gene expression were
calculated semi-quantitatively by using the AACt method. The data are represented as means of triplicate PCR analyses + s.d. Source data for
this figure is available on the online supplementary information page.

The replication of encephalomyocarditis virus (EMCYV, Y701F-STAT1/STAT2/IRF9, when assayed 6h after infection
a positive ssRNA virus) was also inhibited, five-fold by (Figure 3A, right panel). We also examined the effect of high
high levels of wild-type STAT1/STAT2/IRF9 or four-fold by levels of wild-type- or Y701F-STAT1/STAT2/IRF9 after several
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Figure 2 High levels of STAT1, STAT2, and IRF9 proteins are necessary and sufficient for the induction of some anti-viral genes without IFN-
induced phosphorylation. (A) The phosphorylation status of STAT1 (Y701) and STAT2 (Y690) was examined in hTERT-HMEI cells transfected
with empty pLV vector or pLV-STAT1, -STAT2, and -IRF9 together (S1S219). As a positive control, S1S219 cells were treated with 500 IU/ml of
IFNB for 1h. (B) The expression of the indicated genes was measured by real-time PCR in hTERT-HMEI cells stably transfected with various
combinations of STAT1, STAT2, and IRF9 in the lentiviral vector pLV. The levels of gene expression were calculated semi-quantitatively by using
the AACt method. The data are represented as means of triplicate PCR analyses £ s.d. ** represents P<0.01 and * represents P<0.05 by two-
tailed t-test, compared to vector-transfected controls (column 1). (C, D) The expression of the indicated genes was measured by real-time PCR
in hTERT-HMEL cells stably transfected with empty pLV vector (Vec), or pLV-Y701F-STAT1, pLV-STAT2, and pLV-IRF9 together (YF-S1S219). The
levels of gene expression were calculated semi-quantitatively by using the AACt method. The data are represented as means of triplicate PCR
analyses * s.d. (E, F) STAT1-null fibroblasts were stably transfected with empty pLV vector (Vec), or pLV-Y701F-STAT1, pLV-STAT2, and pLV-
IRF9 together (YF-S1S2I9). The expression of the indicated genes was measured by real-time PCR. The levels of gene expression were
calculated semi-quantitatively by using the AACt method. The data are represented as means of triplicate PCR analyses + s.d. Source data for
this figure is available on the online supplementary information page.

cycles of virus replication. Infected cells are eventually lysed Y701F-STAT1/STAT2/IRF9-transfected cells showed similar
by VSV and EMCV, and we measured the surviving cells after levels of resistance, confirming that the anti-viral effects
48h. hTERT-HMEI cells were infected with 10-10 ~° multi- were induced by high levels of U-STAT1, U-STAT2, and IRF9
plicity of infection (MOI) of VSV or EMCV (Figure 3B). proteins independently of virally induced IFN stimulation.
Control cells (Vec) were completely killed at 10~ * MOI of We tested additional RNA viruses by infecting the above cells
VSVor 10 ~ 2 MOI of EMCYV, but wild-type STAT1/STAT2/IRF9- with GFP-tagged VSV, parainfluenza virus type 3 (PIV3), or
transfected cells were 100 times more resistant to VSV yellow fever virus (YFV). Consistently, we confirmed using
and >1000 times more resistant to EMCV in this assay. an alternative method, FACS analysis, that high levels of

2754 The EMBO Journal VOL 32 | NO 20 | 2013 ©2013 European Molecular Biology Organization
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Figure 3 High levels of STAT1, STAT2, and IRF9 proteins protect cells from various RNA viruses in an IFN-independent manner. h\TERT-HME1
cells transfected with empty vector (Vec), wild-type STAT1/STAT2/IRF9 (WT) or Y701F-STAT1/STAT2/IRF9 (YF) were used. (A) Cells were
infected with 0.1 MOI of VSV or 1 MOI of EMCYV, and the infected cells and cell-culture media were collected after 10h (VSV) or 6h (EMCV). The
infectious viral titres in the collected samples were analysed by plaque assays on Vero cells. The data are represented as means of triplicate
infections £ s.d. An asterisk (*) represents P<0.01, by two-tailed t-test, compared to cells transfected with empty vector (Vec). (B) Cells were
infected with VSV or EMCV (10-10 ~° MOI). After 48 h, the surviving cells were fixed with methanol (VSV) or 4% paraformaldehyde (EMCV)
and stained with crystal violet. (C) Cells were infected with recombinant viral constructs (VSV, PIV3, or YFV) expressing GFP. After 8 h (VSV)
or 48h (PIV3 or YFV), GFP fluorescence was monitored by FACS analyses. The data are represented as mean GFP intensities (MFI) £ s.d. of
triplicate infections. An asterisk (*) represents P<0.01 and a cross (+ ) represents P<0.05, by two-tailed t-test, compared to Vec cells.

wild-type- or Y701F-STAT1/STAT2/IRF9 reduced VSV replica-
tion after 8h (Figure 3C, P<0.01). The replication of PIV3
(a negative ssRNA virus) was also inhibited significantly by
high levels of U-STAT1/U-STAT2/IRF9, by >10-fold 48h
after infection (P<0.01). High levels of U-STAT1/U-STAT2/
IRF9 also inhibited significantly the replication of YFV
(a positive ssRNA virus), by 30% 48h after infection with
100 MOI of virus (P<0.01). In summary, our results show
that increased levels of U-STAT1, U-STAT2, and IRF9 are able
to inhibit infection by several different RNA viruses without
IFN treatment.

U-STAT1, U-STAT2, and IRF9 form U-ISGF3, which
binds to IFN stimulated response elements in target
gene promoters

We examined whether U-STAT1, U-STAT2, and IRF9 could
form a complex without phosphorylation, using co-immuno-
precipitation (Co-IP) from hTERT-HMEI cells expressing high
levels of these proteins (Figure 4A). Since the interaction
between STAT1 and IRF9 in classical ISGF3 was reported to
be unstable (Martinez-Moczygemba et al, 1997), we used the
cleavable cross-linking reagent dimethyl-3,3'-dithiobis-
propinimidate (DTBP). DTBP did stabilize the interaction
between U-STAT1 and IRF9 (Figure 4A, lane 2), but we were
still able to observe this interaction without cross-linking in
the nuclear fractions of hTERT-HMEI cells expressing high
levels of U-STAT1, U-STAT2, and IRF9 (lanes 3 and 7). The
interactions between STAT1 and STAT2 (lanes 2, 3, and 6) and
between STAT2 and IRF9 (lanes 6 and 7) were clearly ob-
served in the nuclear fractions. We performed chromatin-
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immunoprecipitation (ChIP) assays using hTERT-HME1 cells
expressing high levels of U-STAT1, U-STAT2, and IRF9 in the
absence of IFN treatment. Sheared chromatin (<1Kb) was
precipitated with antibodies against STAT1, STAT2, or IRF9,
and the DNAs were amplified by real-time PCR, using primers
spanning the most highly conserved IFN stimulated response
elements (ISREs) (striped triangles in Supplementary Figure
S4A) in each promoter, identified by using the transcription
factor search program TFSEARCH (http://www.cbrc.jp/
research/db/TFSEARCH.html). The IRF9 antibody enriched
ISRE-containing promoter regions of the IFI27, OAS2, and MX1
genes, by about 3.5-fold, compared to non-immune IgG
(Figure 4B, upper panel, P<0.05). Analysis with an STAT1
antibody also showed enhanced binding to the ISREs of the
IFI27, OAS2, and MXI genes, by about three-fold (Figure 4B,
upper panel, P<0.05). STAT2 also bound to the same ISREs,
with an enrichment of four- to five-fold (Figure 4B, lower
panel, P<0.05). Promoter occupancy by U-ISGF3 was not
observed in control cells transfected with empty vector
(Supplementary Figure S4B). We conclude that the amount of
the ternary U-ISGF3 complex is increased in response to high
levels of U-STAT1, U-STAT2, and IRF9 without IFN-induced
phosphorylation and is present on ISREs in the promoters of
U-ISGF3 target genes. However, U-ISGF3 did not bind to ISREs
in the promoters of ISGs (MYDS88, IRF1, and ADAR) that are not
induced by U-ISGF3 (Figure 4C).

U-ISGF3-induced genes have distinct ISREs
We classified genes into U-ISGF3-induced genes and classical

ISGF3-induced genes using microarray data. We identified
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Figure 4 U-STAT1, U-STAT2, and IRF9 form U-ISGF3, which binds to ISREs on the target gene promoters. hTERT-HMEI cells expressing
high levels of U-STAT1, U-STAT2, and IRF9 without IFN stimulation were analysed by co-immunoprecipitation (Co-IP) and chromatin-
immunoprecipitation (ChIP) assays. (A) Nuclear proteins were used for Co-IP with normal rabbit IgG or rabbit polyclonal antibodies against
STAT1, STAT2, or IRF9. To stabilize protein-protein interactions, the nuclear fraction was treated with the cleavable cross-linker, dimethyl-3,3’-
dithiobis-propinimidate (DTBP, lanes 1, 2, and 4). Mouse monoclonal antibodies against STAT1, STAT2, or IRF9 were used for the western
method. The purity of the fractions was assessed by determining the levels of GAPDH (a cytoplasmic protein) and HDAC1 (a nuclear protein) in
the input lysates by the western method. (B, C) Total protein lysates were cross-linked with 1% formaldehyde and the cell lysates were cross-
linked with DTBP. Chromatin was sheared into <1 kb lengths by sonication. Rabbit polyclonal antibodies against STAT1, STAT2, or IRF9, or
comparable amounts of normal rabbit IgG, were used for immunoprecipitations. Real-time PCR was performed to amplify the precipitated
DNAs with primer pairs spanning ISREs in the promoters of IFI27, OAS2, MX1, MYD88, IRF1, and ADAR genes. MYDS88-1 and -2 mean 2
different ISREs in the promoter of MYDS88 gene. The amount of amplified DNA was calculated by using the standard curve method. The values
(% input) are the percentages of DNA amount in immunoprecipitated samples compared to 2% input DNA. The data are represented as means
of triplicate PCR analyses +s.d. ** represents P<0.01 and * represents P<0.05, by two-tailed t-test, compared to the IgG control. ND, not
different statistically (P>0.05, by two-tailed t-test). Source data for this figure is available on the online supplementary information page.

150 genes that are upregulated by IFNf after 6h, indicating distance (P<0.05). These results suggest that all IFNp-in-
that these genes are likely to have ISREs in their promoters. duced genes are transcribed when classical ISGF3 binds to
Indeed, analysis of the structures of transcription factor canonical ISREs at early times, but that only a subset of these
binding sites revealed a significant enrichment of canonical genes, which contain ISREs with variant flanking sequences,
ISREs within the 150 IFNf-induced genes compared with can be further induced by U-ISGF3 at late times.

putative sites identified in all genes (P<0.001). Among

these IFNf-induced genes, only 29 (20%) were induced by U-ISGF3 induces resistance to DNA damage

the upregulation of Y701F-STAT1, and we assumed that these Khodarev et al (2004) found that some of the IFN-induced
are induced by U-ISGF3. Morrow et al (2011) reported that genes were upregulated in radiation-resistant cancer cells
IFNy induces the expression of anti-viral genes through compared to sensitive cells. Intriguingly, the IFN-induced
another form of ISGF3, consisting of PY-STAT1, U-STAT2, genes related to DNA damage resistance are exclusively
and IRF9. Among the remaining 121 IFNf-induced genes (150 U-ISGF3-induced genes (Cheon et al, 2011). No other ISGs
IFNB-induced genes minus 29 U-ISGF3-induced genes), 73 described here as ISGF3-induced genes, such as ADAR, IRFI,
are induced by IFNy (6h). We excluded those genes, and IFI16, were elevated in DNA damage-resistant cells. The
assuming that they have ISREs different from those of the [FN-related DNA damage-resistant genes are marked with
genes induced only by IFNB (48 genes, listed in crosses (+) in Figure 5A.

Supplementary Table S1). To identify differences in ISREs, a The expression of the STAT1, STAT2, and IRF9 proteins
guided analysis was performed on the genes induced only by varies widely in different cell types, as shown here by
classical ISGF3 and the genes induced by U-ISGF3 comparing normal human mammary epithelial cells to nor-
(Figure 5A). Genes induced by ISGF3 but not by U-ISGF3 mal human fibroblasts. Their expression levels are also
contain ISREs similar to the canonical Transfac-annotated different in small cell lung carcinoma (SCLC) cell lines
ISRE site. The U-ISGF3-induced genes also have canonical established from different individuals (Figure 6A). When
ISRE sites, which have additional conserved sequences in the these SCLC cell lines were treated with doxorubicin, etopo-
5" and 3’ flanking regions (Figure 5B). The conserved ISRE side, or ionizing radiation, there was a correlation between
sequences of the two groups are statistically different, the levels of U-STAT1, U-STAT2, or IRF9 and cell survival
applying symmetrized, position-averaged Kullback-Leibler (Figure 6B). SCLC lines expressing high levels of STATI,
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Figure 5 U-ISGF3-induced genes have distinct ISREs. (A) BJ cells were treated with 3 IU/ml of IFNp for 6 h, followed by microarray analyses
for the expression of IFNB-induced genes. To identify the U-ISGF3-induced genes, the cells were stably transfected with a lentiviral vector
encoding Y701F-STAT1, without IFN treatment. The analysis criteria are described in ‘Materials and methods’. The genes marked with asterisks
(*) are those with known anti-viral functions, and those marked with crosses (+) are known to be upregulated in DNA damage-resistant
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start sites) of 48 genes induced by ISGF3 and not by U-ISGF3 (listed in Supplementary Table S1), and those of 29 genes induced by U-ISGF3
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distance (P<0.05).

STAT2, and IRF9 (H196 and H2195) are much more resistant
to DNA damage. Since these cells have a low constitutive
level of PY-STAT]1, the high expression of STAT1, STAT2, and
IRF9 might be due to the constitutive production of low levels
of IFN. We also observed that the loss of p53 increased the
expression of STAT1 (Supplementary Figure S5), which can
be explained by the recent finding of Leonova et al (2013) that
p53 helps to regulate the expression of dsRNA in cells,
resulting in increased secretion of type I IFNs when p53 is
not active. We postulated that chronic exposure to a low
concentration of IFN might lead to a steady state in which the
levels of IRF9, U-STAT1, and U-STAT2 were increased and in
which the tyrosine phosphorylation of STATs 1 and 2 had
been downregulated by negative regulators, leading to
sustained U-ISGF3-induced gene expression. To test this
idea, we treated BJ cells with 0.5IU/ml of IFNf every other
day for 16 days. As expected, brief exposure to IFN induced
the phosphorylation of STAT1 after 2h (Figure 6C, right
panel). However, repeated exposure to a low concentration
of IFNP increased the levels of STAT1, STAT2, and IRF9
without prolonged tyrosine phosphorylation of either STAT1
or STAT2 (Figure 6C, left panel). There was also a marked
increase in the expression of the U-ISGF3-induced genes
IFI27, BST2, OAS2, MX1, IFIT1, and IFIT3 (Figure 6D), but
not MYD88, IFI16, ADAR and IRF1, ISGs that are induced by
ISGF3 but not by U-ISGF3 (Figure 6E). We conclude that
continuous exposure of cells to low levels of IFNf leads to
persistent steady-state expression of only the U-ISGF3-depen-
dent subset of ISGs, along with increased levels of STATI,
STAT2, and IRF9, independently of tyrosine-phosphorylated
STATs 1 and 2. When the level of U-ISGF3 was decreased by
knocking U-STAT1 down in BJ cells, the reduced STAT1
expression led to increased sensitivity to doxorubicin

©2013 European Molecular Biology Organization

(Figure 6F). shRNAs against STAT1 and IRF9 also increased
the sensitivity to doxorubicin in the H196 SCLC cell line
(Supplementary Figure S6). These results show that high
levels of U-ISGF3 increase resistance to DNA damage as
well as resistance to virus infections.

Discussion

Figure 7A describes our working model of how anti-viral
effects are prolonged after a single exposure to high levels of
IFN. For a quick initial response, classical ISGF3, a complex
of IRF9 and tyrosine phosphorylated STATs 1 and 2, mediates
the induction of many ISGs, including STATI, STATZ2, and
IRF9. As the levels of phosphorylated STATs are decreased
during the course of a few hours, the expression of the ISGF3
target genes that are induced initially (e.g., IRF1, ADAR, and
MYD88) decreases in parallel. At late times after IFN stimula-
tion, the high levels of IRF9 and tyrosine un-phosphorylated
STATs 1 and 2 proteins greatly increase the amount of
U-ISGF3 and its target genes, a subset of ISGs (IFI27, OAS2,
MX1, BST2, IFIT1, and IFIT3), which were previously found
to be induced by U-STAT1 (Cheon and Stark, 2009). The ISRE
of IFI27 is occupied by IRF9 but not by phosphorylated STAT1
72h after IFNf stimulation (Supplementary Figure S4C),
indicating that U-ISGF3, not classical ISGF3, binds to ISREs
of target ISGs at late stages. The system driven by U-ISGF3
sustains, for at least 12 days, the expression of those ISGs
whose protein products are not harmful to cells but still
provide a significant level of anti-viral protection, helping
to clear viruses more completely and over a long period of
time. We have described variations in the ISREs of U-ISGF3-
induced genes compared to those of genes induced only by
ISGF3 (Figure 5). However, it is possible that other factors in
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Figure 6 U-ISGF3 induced by chronic exposure to IFNf confers resistance to DNA damage. (A) The expression of PY-701- or total STAT1,
PY-690- or total STAT2, and total IRF9 was examined by the western method in six different small cell lung carcinoma cell lines. A signal for
PY-690-STAT2 was not detected in any lane. (B) The six cell lines were treated with doxorubicin, etoposide, or radiation at the indicated
doses. After 72 h, cell viability was assessed by using an Alamar Blue assay. Cell numbers were determined by generating standard curves with
known numbers of untreated cells. The values are percentages of the number of treated cells compared to untreated cells. The data are
represented as means of triplicate Alamar Blue assays +s.d. (C) BJ cells were treated with 0.5 U/ml of IFNf every other day for 16 days (left
panel) or 2 h (right panel), and the levels of total and tyrosine-phosphorylated proteins (PY-701-STAT1 or PY-690-STAT2) were examined by the
western method. (D, E) Total RNA was extracted from BJ cells treated with 0.5IU/ml of IFNJ every other day for 16 days. The expression of
U-ISGF3-induced genes (IFI27, BST2, OAS2, MX1, IFIT1, and IFIT3) and other ISGs (MYD88, IFI16, ADAR, and IRF1) was examined by real-time
PCR. The levels of gene expression were calculated semi-quantitatively by using the AACt method. The data are represented as means of
triplicate PCR analyses £ s.d. (F) BJ cells were infected with an shRNA targeting STAT1 (S1) or a non-targeted shRNA (NON) and the levels of
STAT1 protein expression were examined by the western method. The cells were treated with doxorubicin and their viability was assessed after
72 h by using an Alamar Blue assay. Cell numbers were determined by generating standard curves with known numbers of untreated cells. The
values are percentages of the numbers of treated cells compared to untreated cells. The data are represented as means of triplicate of Alamar
Blue assays *+s.d. Source data for this figure is available on the online supplementary information page.
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induced proteins, with no increase in STAT phosphorylation. The proteins induced by U-ISGF3 increase resistance to DNA damage.

addition to the differences in ISREs could be responsible for
the induction of the U-ISGF3 target genes.

The long-lasting anti-viral gene expression mediated by
U-ISGF3 helps to overcome countermeasures that many
viruses have evolved against IFN-dependent signalling.
Viruses minimize the inhibitory effects of the IFN system in
many ways, for example, by decreasing the phosphorylation
of STATs or by suppressing IFN synthesis (Randall and
Goodbourn, 2008). Hepatitis C virus (HCV) and Japanese
encephalitis virus dephosphorylate STATs through wup-
regulation of phosphatases (Duong et al, 2004; Lin et al,
20006). Ebola virus, Herpes simplex virus (HSV), respiratory
syncytial virus, and measles virus suppress IFN synthesis by
sequestering dsRNA or inhibiting TLR or RIG-I signalling
(Melroe et al, 2004; Schlender et al, 2005; Cardenas et al,
2006). We now appreciate that, in spite of virus-induced
reduction in IFN synthesis, host cells can synthesize anti-
viral proteins through U-ISGF3, since expression of the
STAT1, STAT2, and IRF9 proteins is increased even by low
concentrations of IFNs. Therefore, by a tyrosine phosphory-
lation-independent mechanism, host cells can maintain
at least some anti-viral functions even after IFN synthesis
subsides and phosphorylated signalling molecules are
inactivated.

Perwitasari et al (2011) recently reported that STAT1 S708
phosphorylation by IKKe is essential for expression of the
anti-viral genes IFIT2 and ADARI, but not the related genes
IFIT1, IFIT3, and ISGIS (G1P2). In our microarray analysis
(Figure S5A), increased levels of Y701F-STAT1 in BJ cells
upregulated the expression of the IKKe-independent genes
IFIT1, IFIT3, and GIP2 but did not change expression of
the IKKe-dependent genes ADAR and IFIT2. U-ISGF3 also
increased the expression of other IKKe-independent genes

©2013 European Molecular Biology Organization

(Tenoever et al, 2007), including MX2, OASL, MDAS, IRF?7,
and STATI, in BJ cells, indicating that the induction
of U-ISGF3 target genes is independent of the S708
phosphorylation of STATI.

Figure 7B represents our working model, depicting that
chronic exposure to a low dose of IFN increases the levels of
U-ISGF3. Elevated IFN production is often observed in many
pathological conditions, such as chronic inflammation and
cancer, as well as in virus infections (de Visser et al, 2006). In
cancers, IFN production might be increased by infiltrating
immune cells or by the cancer cells themselves possibly
through loss of p53 function (Supplementary Figure S5;
Leonova et al, 2013). Our data show that there is a
correlation between the levels of phosphorylated Y701-
STAT1 and DNA damage resistance in SCLC cell lines
(Figure 6A), suggesting that DNA damage-resistant cancer
cells produce IFNs in sufficient quantity to induce higher
levels of STAT1, STAT2, and IRF9 proteins but not enough to
induce cytotoxic genes, compared to sensitive cancer cell
lines or normal cells. Low levels of IFNs upregulate only
the U-ISGF3-dependent subset of ISGs in DNA damage-resis-
tant cancer cells, with no sustained increase in the expression
of the ISGs that mediate the acute apoptotic, anti-prolifera-
tive, and inflammatory responses to IFN. Recent reports show
that IFNy links UV radiation to melanomagenesis (Zaidi et al
2011) and that low levels of STAT phosphorylation are
sufficient to induce anti-viral effects, whereas higher levels
are necessary for anti-proliferative effects (Levin et al, 2011).

A number of recent studies have revealed that an
IFN-related DNA damage-resistance signature (IRDS)
predicts resistance to chemotherapy and radiation therapy
in breast cancer, glioblastoma, and many other cancers
(Weichselbaum et al, 2008; Duarte et al, 2012). Activation
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of the JAK2/STAT1 pathway, not necessarily through phos-
phorylated STAT1, is related to myeloproliferative neoplasms
(Chen et al, 2010), and blockade of IFNy reduced melano-
magenesis (Zaidi et al, 2011). Many experimental data have
shown that high expression of IFN-induced genes, including
STAT1 itself, promotes tumour growth, metastasis, and
resistance to chemotherapy and radiation (Khodarev et al,
2004, 2007, 2009, 2012; Rickardson et al, 2005; Roberts et al,
2005; Luszczek et al, 2010). These findings are somewhat
unexpected, since IFNP and STAT1 have been regarded
as anti-tumour factors that inhibit proliferation and promote
apoptosis, predominantly through the transcriptional modu-
lation of key proteins such as IRF1, FAS, FASL, TRAIL,
p21%4! and caspases 2, 3, and 7 (Borden et al, 2007; Kim
and Lee, 2007). What explains this paradox? We have now
found that the IRDS is the same as the subset of ISGs induced
by U-ISGF3 and does not include many other ISGs that confer
anti-proliferative or pro-apoptotic phenotypes. The functions
of most of the IRDS proteins have not been fully studied in
cancer, but U-ISGF3-induced mRNAs and proteins, including
IF127 (ISG12), IFITM1 (LEU13), ISG15 (G1P2) and BST2, are
upregulated in various types of cancers compared to normal
tissues and in metastatic or recurrent cancers compared to
the original lesions (Suomela et al, 2004; Andersen and
Hassel, 2006; Hatano et al, 2008; Cai et al, 2009). These
observations suggest that U-ISGF3 participates in onco-
genesis as well as in resistance to therapy by inducing IRDS
genes. We have observed correlations between the expression
levels of STAT1, STAT2, and IRF9 and cell survival in
response to DNA damage. Higher levels of U-ISGF3 in SCLC
cell lines correlated with increased resistance to DNA
damage, and when we knocked STAT1 and IRF9 down to
reduce the levels of U-ISGF3, normal BJ fibroblasts and the
resistant SCLC cell line H196 became more sensitive to DNA
damage induced by doxorubicin.

In summary, our results explain (1) how cells maintain
the expression of a subset of anti-viral genes despite potent
negative feedback mechanisms that quickly downregulate the
initial response to IFN (Figure 7A) and (2) the mechanism
through which DNA damage-resistant cancer cells constitu-
tively upregulate the expression of only the U-ISGF3-dependent
subset of ISGs, and not the full set of ISGs including anti-
proliferative or pro-apoptotic genes (Figure 7B). Future work
will be aimed at revealing how individual U-ISGF3-induced
proteins mediate specific anti-viral activities and resistance to
DNA damage. More work is also needed to provide information
on the extent to which the U-ISGF3-induced anti-viral pheno-
type extends to a variety of different DNA and RNA viruses.

Materials and methods

Constructs and gene transfection

Human STAT1, STAT2, IRF9, and Y701F-STAT1 cDNAs were cloned
into the lentiviral vector pLV-tetO-CMV-SV40-Puro-LoxP (details
available upon request). shRNAs in the lentiviral vector pLKO
against STAT1 (NM_007315.x-838s1cl, CCGGCTGGAA GATTTAC
AAG ATGAACTCGA GTTCATCTTG TAAATCTTCC AGTTTTT)
STAT2 (NM_005419.2-591s21cl, CCGGTGTCTT CTGCTTCCGA TAT
AACTCGA GTTATATCGG AAGCAGAAGA CATTTTTG) and IRF9
(NM_006084.3-1110s1c1, CCGGGCCATA CTCCACAGAA TCTTACT
CGA GTAAGATTCT GTGGAGTATG GCTTTTT) were obtained from
Sigma-Aldrich. To produce infectious lentiviruses, each construct
was transfected into 293T packaging cells using Lipofectamine Plus
(Invitrogen). The supernatant media were collected 24 and 32h
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after transfection, combined, and frozen in aliquots at — 70°C. The
cells were infected three times for 6h each and the infected cells
were selected with 1.5 pg/ml of puromycin for >3 days. The cells
were used for subsequent experiments promptly, 7 days after
infection, since the levels of STAT1 and STAT2 proteins decrease
gradually over time.

Reagents

Human IFNf was from PBL Interferon Source. Mouse monoclonal
antibodies against STAT1 (BD Transduction), STAT2, IRF9 (ISGF3y),
and IRF1 (Santa Cruz Biotechnology), and rabbit polyclonal
antibodies against Tyr 701-phosphorylated STAT1, Tyr 690-pho-
phorylated STAT2 (Cell Signaling), and STAT1 (Upstate) were
used for western analyses. Rabbit polyclonal antibodies against
STAT1 and STAT2 (Upstate) and IRF9 (Santa Cruz) were used for
immunoprecipitations.

Cell culture

Human normal BJ fibroblasts were grown in DMEM supplemented
with 5% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pug/
ml streptomycin. Human normal mammary epithelial cells hTERT-
HME1 were grown in mammary epithelium growth media (MEGM)
containing bovine pituitary extract, hydrocortisone, insulin, epithelial
growth factor, and gentamycin/amphotericin-B (Lonza). Human
AG44122 umbilical fibroblasts were grown in Eagle’s MEM with
Earle’s salts, non-essential amino acids, and L-glutamine containing
15% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. Human
primary STAT1-null fibroblasts (Dupuis et al, 2003) were cultured in
DMEM supplemented with 10% FBS, 100 U/ml penicillin, and 100 pug/
ml streptomycin. Human SCLC cell lines (H526, H1048, DMS114,
SW1271, H196, and H2195) were cultured in RPMI-1640 with 2 mM
L-glutamine adjusted to contain 1.5g/1 sodium bicarbonate, 10 mM
HEPES, 1 mM sodium pyruvate, 10% FBS, 100 U/ml penicillin, and
100 pg/ml streptomycin. Vero cells were cultured in DMEM with 10%
FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin.

Real-time PCR

cDNA was synthesized from total RNA using a modified manufac-
turer’s protocol with random hexamer and Superscript III
(Invitrogen). Real-time PCR was performed with SYBR Green
gPCR master mix (USB) in an iCycler iQ real-time PCR detection
system (Biorad). The PCR protocol is initial activation at 95°C for
5min, 40 cycles at 95°C for 15s and 60°C for 1 min. Ct values were
converted into relative gene expression levels compared to that of
internal control gene, GAPDH, using the AACt method or the
standard curve method (Livak and Schmittgen, 2001). Each PCR
run also included non-template controls containing all reagents
except cDNA, which generated no amplification. The specificity
was confirmed by analysis of the melting curves of the PCR
products. The primer sequences are as follows:

IFI27-F, GCCTCTGGCTCTGCCGTAGTT; IFI27-R, ATGGAGGAC
GAGGCGATTCC; BST2-F, ACGCGTCTGCAGAGGTGGAG; BST2-R,
GCAGCGGAGCTGGAGTCCT; OAS1-F, TGAGGTCCAGGCTCCACGCT;
OAS1-R, GCAGGTCGGTGCACTCCTCG; OAS2-F, AGGTGGCTCCTAT
GGACGGAA; 0AS2-R, GGCTTCTCTTCTGATCCTGGAATTG, MX1-F,
CTTTCCAGTCCAGCTCGGCA; MX1-R, AGCTGCTGGCCGTACGTCTG;
IFIT1-F, TCTCAGAGGAGCCTGGCTAA; IFIT1-R, CCAGACTATCCTTG
ACCTGATGA; IFIT3-F, CAGAACTGCAGGGAAACAGC; IFIT3-R, TGA
ATAAGTTCCAGGTGAAATGGC; MYD88-F, GTCTGACCGCGATGTCCT
GCC; MYD88-R, ACAACCACCACCATCCGGCG; ADAR-F, ACCTGAAC
ACCAACCCTGTG; ADAR-R, CGACCCCCAACTTTTGCTTG; IRFI-F,
CATGAGACCCTGGCTAGAGATG; IRF1-R, TCCGGAACAAACAGGCA
TCC; IFI16-F, CTACTTCACCTGCACCCTCC; and IFI16-R, TGGCCACT
GTTTTCGGGTT.

Western analyses

Cells were resuspended in lysis buffer (250 mM Tris, pH 8.0, 150 mM
NaCl, 1% Triton, 0.1% SDS) containing protease inhibitors (1 mM
phenylmethanesulfonylfluoride (PMSF), 100pug/ml aprotinin, and
1ug/ml leupeptin) and phosphatase inhibitors (10mM sodium
fluoride, 5mM sodium pyrophosphate, and 1mM sodium ortho
vanadate). After incubation on ice for 10-20 min, cell debris was
removed by centrifugation. Protein (10-30pg) was loaded onto
8-10% SDS-PAGE gels. The separated proteins were transferred
onto polyvinylidene fluoride (PVDF) membranes (Millipore), which
were incubated with primary antibody for 1-2 h, followed by incuba-
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tion with horseradish peroxide (HRP)-conjugated secondary antibody
for 1h at room temperature.

Microarray analysis

Total RNA from BJ cells treated with IFNB for 6h or BJ cells
transfected with empty vector or Y701F-STAT1 was purified with
the Trizol (Invitrogen) and RNeasy Mini Kit (Qiagen), and 1 pg of
this RNA was used for microarray analysis on an Illumina Sentrix
Human Ref-8 Expression Bead Chip. The analysis was carried out in
duplicate with each kind of RNA and the mean of the duplicates was
used for further analysis. The data were normalized by the quantile
method and differential expression analysis was run with references
of vector-transfected cells or untreated cells. Genes were selected
according to the criteria of differential P-values <0.05 compared to
control (untreated cells or empty vector-transfected cells) and
average signals >25 in treated cells. The genes that increased by
> 2-fold were scored as being induced. Microarray data have been
deposited in NCBI GEO. The accession number is GSE50954.

Cytoplasmic-nuclear fractionation and
co-immunoprecipitation

Cells were resuspended in a cytoplasm extraction buffer containing
10 mM HEPES (pH 7.9), 10mM KCI, 0.1 mM EDTA, 0.1 mM EGTA,
with proteinase/phosphatase inhibitors (10mM sodium fluoride,
5mM sodium pyrophosphate, 1 mM sodium vanadate, 5pg/ml leu-
peptin, 1 mM PMSF, 100 pg/ml aprotinin), and exposed to 0.58 % NP-
40 for 5. After centrifugation for 30's, the pellets were suspended in
a nuclear extraction buffer containing 20 mM Tris (pH 7.5), 150 mM
NaCl, 1 mM EDTA, and 1% Triton X-100 with proteinase/phospha-
tase inhibitors. Nuclear lysates (0.5-1 mg) were incubated with 6 ug
of rabbit polyclonal antibodies overnight in the presence of 150 mM
NaCl. The antibody-bound proteins were precipitated with Protein
A/G PLUS Agarose (Santa Cruz), washed with PBS, and eluted with
Laemmli’s buffer containing 0.9% p-mercaptoethanol.

Chromatin immunoprecipitation
This assay was performed by using the EZ ChIP kit (Upstate). After
cross-linking with 1% formaldehyde and quenching in the cell-
culture dishes, 9 million cells were lysed in 0.3 ml of 0.2 M trietha-
nolamine (pH 8.0) containing 1% SDS and 0.5 pg/ml dimethyl-3/,
3/-dithiobispropionimidate (DTBP, Thermo Scientific), and incu-
bated for 30min at room temperature for protein-protein cross-
linking. After quenching the unreacted DTBP with 50 mM glycine
for 10min, Tris/SDS lysis buffer (provided by the EZ ChIP kit
manufacturer) was added to bring the total volume to 0.5ml.
Chromatin was sheared at 15% power for 38 cycles of 10s pulses,
using a Misonix Sonicator 3000. The following steps were done
according to the manufacturer’s protocol, with rabbit non-immune
IgG or rabbit polyclonal antibodies against STAT1, STATZ2, and IRF9.
The quantity of DNA of interest was measured by real-time PCR in
immune-precipitated chromatin samples and 2% input samples.
The percentages of DNA amount in immune-precipitated samples
compared to 2% input were presented (% input). The sequences of
primers spanning ISREs on the gene promoter are shown below.
ChIP-IF127-F, CTTCTGGACTGCGCATGAGG; ChIP-IFI27-R, CCACC
CCGACTGAAGCACTG; ChIP-OAS2-F, CGCTGCAGTGGGTGGAGAGA;
ChIP-OAS2-R, GCCGGCAAGACAGTGAATGG; ChIP-MX1-F, GGGACA
GGCATCAACAAAGCC; ChIP-MX1-R, GCCCTCTCTTCTTCCAGGCAAC;
ChIP-MYDS88-ISRE1-F, GCTGGAAGCGAAATATGCTG; ChIP-MYD88-
ISRE1-R, CAAGGGAAGGTACTGTGCTGA; ChIP-MYDS88-ISRE2-F, CAC
ACCTGTGGGTATTTCTCG; ChIP-MYDS88-ISRE2-R, TCAATTGCTGAGC
ACCAGTC; ChIP-IRF1-F, AACCCAGGCTTTCAGACTCA; ChIP-IRF1-R,
TCCAACCTTCTGTCCCTGAC; ChIP-ADAR-F, AGCGGAGTGGTAAGACC
AGA; ChIP-ADAR-R, GCCTGAGCTGAGACTGCAA.

Promoter analysis
Computational promoter binding site analysis was performed on
putative promoter regions 2500 bp upstream and 500 bp downstream
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of Ensemble (v64)-annotated start sites. Gene set enrichment
analysis was performed using the CLOVER algorithm (Frith et al,
2004) with Transfac Professional matrices. Unguided, iterative
K-mean clustering across sequence populations was performed
to provide assessment of binding site similarity within sites
identified with Transfac. Symmetrized, position-averaged Kullback-
Leibler distance was applied to statistically quantify binding site
similarity (Thijs et al, 2002). Transcription factor binding sites
were visualized using the WebLogo tool with default settings
(Crooks et al, 2004).

Plaque assay

Cells were infected with EMCV or VSV in plain DMEM for 1h, and
placed in complete medium. After 6-9h, the infected cells were
frozen in cell-culture media at — 70°C. The frozen virus-infected
cells were frozen and thawed twice, serially diluted (10 ~'-10~°) in
plain DMEM, and placed onto 70-80% confluent Vero cells. After
1h of incubation, 1% methyl cellulose media was added on top
of the virus-infected Vero cells. After 2 days, cells with plaques
were fixed with 4% paraformaldehyde (EMCV) or methanol (VSV)
for at least 20min, and stained with 1% crystal violet in 10%
methanol/PBS.

Virus infection assay using flow cytometry

At various times after infection of cells with GFP-expressing viruses
(VSV, PIV3, and YFV) in 24-well plates, medium was removed and
the cells were detached in Accumax Cell Aggregate Dissociation
Medium (eBiosciences). The cells were fixed in 1% paraformalde-
hyde for at least 20 min, and stored in 1X PBS containing 3% FBS.
GFP was monitored by fluorescence-activated cell sorting (FACS),
using an LSRII flow cytometer (BD Biosciences).

Cell survival assay

Cell cultures were assayed for survival using Alamar Blue
(Invitrogen) according to the manufacturer’s instructions. Briefly,
the reagent, a vital dye that indicates mitochondrial function, was
added to the cultures for >4h and the signal was read using a
fluorometer (Wallac Victor2; Perkin-Elmer).

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).

Acknowledgements

EMCYV, VSV-GFP, PIV3-GFP, and YFV-GFP were kindly provided by
Drs G Sen, Cleveland Clinic, J Rose, Yale University, and P Collins,
National Institute of Allergy and Infectious Diseases. We thank Sen
lab members, especially Jaime Wetzel and Ying Zhang, for sharing
their virus experimental facility. Dr J Casanova, Rockefeller
University, kindly provided human primary STATI1-null fibro-
blasts. The Genomics Core of the Lerner Research Institute,
Cleveland Clinic, performed microarray analyses. The umbilical
cord fibroblast cell line, AG14412, was provided by Dr R Padgett,
Cleveland Clinic. This work was funded by National Institutes of
Health Grants PO1 CA062220 to GRS, RO1 AI091707 to CMR, and
K01 DK095031 to JWS. Additional funding to CMR was provided by
the Greenberg Medical Research Institute and the Starr Foundation.

Author contributions: HC and GRS designed the research; HC,
EGH-B, JWS, SF, NI, and DJJ performed the research; HC, EGH-B,
JWS, SF, CMR, PH, MWJ, and GRS analysed the data; HC and GRS
wrote the paper.

Conflict of interest

The authors declare that they have no conflict of interest.

Borden EC, Sen GC, Uze G, Silverman RH, Ransohoff RM, Foster GR,
Stark GR (2007) Interferons at age 50: past, current and future
impact on biomedicine. Nat Rev Drug Discov 6: 975-990

The EMBO Journal VOL 32 | NO 20| 2013 2761


http://www.embojournal.org

2762

A two-phase response to interferon-f
H Cheon et al

Brass AL, Huang IC, Benita Y, John SP, Krishnan MN, Feeley EM,
Ryan BJ, Weyer JL, van der Weyden L, Fikrig E, Adams DJ,
Xavier RJ, Farzan M, Elledge SJ (2009) The IFITM proteins
mediate cellular resistance to influenza A HIN1 virus, West
Nile virus, and dengue virus. Cell 139: 1243-1254

Cai D, Cao J, Li Z, Zheng X, Yao Y, Li W, Yuan Z (2009) Up-
regulation of bone marrow stromal protein 2 (BST2) in breast
cancer with bone metastasis. BMC Cancer 9: 102

Cardenas WB, Loo YM, Gale Jr M, Hartman AL, Kimberlin CR,
Martinez-Sobrido L, Saphire EO, Basler CF (2006) Ebola virus
VP35 protein binds double-stranded RNA and inhibits alpha/beta
interferon production induced by RIG-I signaling. J Virol 80:
5168-5178

Chen E, Beer PA, Godfrey AL, Ortmann CA, Li J, Costa-Pereira AP,
Ingle CE, Dermitzakis ET, Campbell PJ, Green AR (2010) Distinct
clinical phenotypes associated with JAK2V617F reflect differential
STAT1 signaling. Cancer Cell 18: 524-535

Cheon H, Stark GR (2009) Unphosphorylated STAT1 prolongs the
expression of interferon-induced immune regulatory genes. Proc
Natl Acad Sci USA 106: 9373-9378

Cheon H, Yang J, Stark GR (2011) The functions of signal transdu-
cers and activators of transcriptions 1 and 3 as cytokine-inducible
proteins. J Interferon Cytokine Res 31: 33-40

Crooks GE, Hon G, Chandonia JM, Brenner SE (2004) WebLogo: a
sequence logo generator. Genome Res 14: 1188-1190

de Visser KE, Eichten A, Coussens LM (2006) Paradoxical roles of
the immune system during cancer development. Nat Rev Cancer
6: 24-37

Dong B, Zhou Q, Zhao J, Zhou A, Harty RN, Bose S, Banerjee A, Slee R,
Guenther J, Williams BR, Wiedmer T, Sims PJ, Silverman RH (2004)
Phospholipid scramblase 1 potentiates the antiviral activity of
interferon. J Virol 78: 8983-8993

Duarte CW, Willey CD, Zhi D, Cui X, Harris JJ, Vaughan LK,
Mehta T, McCubrey RO, Khodarev NN, Weichselbaum RR,
Gillespie GY (2012) Expression signature of IFN/STAT1 signaling
genes predicts poor survival outcome in glioblastoma multiforme
in a subtype-specific manner. PLoS One 7: €29653

Duong FH, Filipowicz M, Tripodi M, La Monica N, Heim MH (2004)
Hepatitis C virus inhibits interferon signaling through up-regula-
tion of protein phosphatase 2A. Gastroenterology 126: 263-277

Dupuis S, Jouanguy E, Al-Hajjar S, Fieschi C, Al-Mohsen IZ,
Al-Jumaah S, Yang K, Chapgier A, Eidenschenk C, Eid P,
Al Ghonaium A, Tufenkeji H, Frayha H, Al-Gazlan S, Al-Rayes H,
Schreiber RD, Gresser I, Casanova JL (2003) Impaired response to
interferon-alpha/beta and lethal viral disease in human STAT1
deficiency. Nat Genet 33: 388-391

Frith MC, Fu Y, Yu L, Chen JF, Hansen U, Weng Z (2004) Detection
of functional DNA motifs via statistical over-representation.
Nucleic Acids Res 32: 1372-1381

Gongora C, Candeil L, Vezzio N, Copois V, Denis V, Breil C,
Molina F, Fraslon C, Conseiller E, Pau B, Martineau P, Del Rio M
(2008) Altered expression of cell proliferation-related and inter-
feron-stimulated genes in colon cancer cells resistant to SN38.
Cancer Biol Ther 7: 822-832

Hatano H, Kudo Y, Ogawa I, Tsunematsu T, Kikuchi A, Abiko Y,
Takata T (2008) IFN-induced transmembrane protein 1 promotes
invasion at early stage of head and neck cancer progression. Clin
Cancer Res 14: 6097-6105

Itsui Y, Sakamoto N, Kakinuma S, Nakagawa M, Sekine-Osajima Y,
Tasaka-Fujita M, Nishimura-Sakurai Y, Suda G, Karakama Y,
Mishima K, Yamamoto M, Watanabe T, Ueyama M, Funaoka Y,
Azuma S, Watanabe M (2009) Antiviral effects of the interferon-
induced protein guanylate binding protein 1 and its interaction
with the hepatitis C virus NS5B protein. Hepatology 50:
1727-1737

Khodarev NN, Beckett M, Labay E, Darga T, Roizman B,
Weichselbaum RR (2004) STAT1 is overexpressed in tumors
selected for radioresistance and confers protection from radiation
in transduced sensitive cells. Proc Natl Acad Sci USA 101:
1714-1719

Khodarev NN, Minn AJ, Efimova EV, Darga TE, Labay E, Beckett M,
Mauceri HJ, Roizman B, Weichselbaum RR (2007) Signal trans-
ducer and activator of transcription 1 regulates both cytotoxic and
prosurvival functions in tumor cells. Cancer Res 67: 9214-9220

Khodarev NN, Roach P, Pitroda SP, Golden DW, Bhayani M,
Shao MY, Darga TE, Beveridge MG, Sood RF, Sutton HG,

The EMBO Journal VOL 32 | NO 20| 2013

Beckett MA, Mauceri HJ, Posner MC, Weichselbaum RR (2009)
STAT1 pathway mediates amplification of metastatic potential
and resistance to therapy. PLoS One 4: e5821

Khodarev NN, Roizman B, Weichselbaum RR (2012) Molecular
pathways: interferon/statl pathway: role in the tumor resistance
to genotoxic stress and aggressive growth. Clin Cancer Res 18:
3015-3021

Kim HS, Lee MS (2007) STAT1 as a key modulator of cell death. Cell
Signal 19: 454-465

Levin D, Harari D, Schreiber G (2011) Stochastic receptor expression
determines cell fate upon interferon treatment. Mol Cell Biol 31:
3252-3266

Leonova KI, Brodsky L, Lipchick B, Pal M, Novototskaya L,
Chenchik AA, Sen GC, Komarova EA, Gudkov AV (2013) p53
cooperates with DNA methylation and a suicidal interferon
response to maintain epigenetic silencing of repeats and non-
coding RNAs. Proc Natl Acad Sci USA 110: E89-E98

Lin RJ, Chang BL, Yu HP, Liao CL, Lin YL (2006) Blocking of
interferon-induced Jak-Stat signaling by Japanese encephalitis
virus NS5 through a protein tyrosine phosphatase-mediated
mechanism. J Virol 80: 5908-5918

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C(T))
Method. Methods 25: 402-408

Luszczek W, Cheriyath V, Mekhail TM, Borden EC (2010)
Combinations of DNA methyltransferase and histone deacetylase
inhibitors induce DNA damage in small cell lung cancer cells:
correlation of resistance with IFN-stimulated gene expression.
Mol Cancer Ther 9: 2309-2321

Martinez-Moczygemba M, Gutch MJ, French DL, Reich NC (1997)
Distinct STAT structure promotes interaction of STAT2 with the
p48 subunit of the interferon-alpha-stimulated transcription fac-
tor ISGF3. J Biol Chem 272: 20070-20076

Melroe GT, DeLuca NA, Knipe DM (2004) Herpes simplex virus 1
has multiple mechanisms for blocking virus-induced interferon
production. J Virol 78: 8411-8420

Miyashita M, Oshiumi H, Matsumoto M, Seya T (2011) DDX60, a
DEXD/H box helicase, is a novel antiviral factor promoting RIG-I-
like receptor-mediated signaling. Mol Cell Biol 31: 3802-3819

Morrow AN, Schmeisser H, Tsuno T, Zoon KC (2011) A novel role
for IFN-stimulated gene factor 3II in IFN-gamma signaling and
induction of antiviral activity in human cells. J Immunol 186:
1685-1693

Neil SJ, Zang T, Bieniasz PD (2008) Tetherin inhibits retrovirus
release and is antagonized by HIV-1 Vpu. Nature 451: 425-430

Oudshoorn D, van Boheemen S, Sanchez-Aparicio MT, Rajsbaum R,
Garcia-Sastre A, Versteeg GA (2012) HERCG is the main E3 ligase
for global ISG15 conjugation in mouse cells. PLoS One 7: 29870

Perwitasari O, Cho H, Diamond MS, Gale Jr M (2011) Inhibitor of
kappaB kinase epsilon (IKK(epsilon)), STAT1, and IFIT2 proteins
define novel innate immune effector pathway against West Nile
virus infection. J Biol Chem 286: 44412-44423

Randall RE, Goodbourn S (2008) Interferons and viruses: an inter-
play between induction, signalling, antiviral responses and virus
countermeasures. J Gen Virol 89: 1-47

Rickardson L, Fryknas M, Dhar S, Lovborg H, Gullbo J, Rydaker M,
Nygren P, Gustafsson MG, Larsson R, Isaksson A (2005)
Identification of molecular mechanisms for cellular drug resis-
tance by combining drug activity and gene expression profiles.
Br J Cancer 93: 483-492

Roberts D, Schick J, Conway S, Biade S, Laub PB, Stevenson JP,
Hamilton TC, O’Dwyer PJ, Johnson SW (2005) Identification of
genes associated with platinum drug sensitivity and resistance in
human ovarian cancer cells. Br J Cancer 92: 1149-1158

Sadler AJ, Williams BR (2008) Interferon-inducible antiviral effec-
tors. Nat Rev Immunol 8: 559-568

Schlender J, Hornung V, Finke S, Gunthner-Biller M, Marozin §,
Brzozka K, Moghim S, Endres S, Hartmann G, Conzelmann KK
(2005) Inhibition of toll-like receptor 7- and 9-mediated alpha/
beta interferon production in human plasmacytoid dendritic cells
by respiratory syncytial virus and measles virus. J Virol 79:
5507-5515

Schmeisser H, Mejido J, Balinsky CA, Morrow AN, Clark CR,
Zhao T, Zoon KC (2010) Identification of alpha interferon-induced
genes associated with antiviral activity in Daudi cells and charac-
terization of IFIT3 as a novel antiviral gene. J Virol 84: 10671-10680

©2013 European Molecular Biology Organization



Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT,
Bieniasz P, Rice CM (2011) A diverse range of gene products
are effectors of the type I interferon antiviral response. Nature
472: 481-485

Suomela S, Cao L, Bowcock A, Saarialho-Kere U (2004) Interferon
alpha-inducible protein 27 (IFI27) is upregulated in psoriatic skin
and certain epithelial cancers. J Invest Dermatol 122: 717-721

Tan J, Qiao W, Wang J, Xu F, Li Y, Zhou J, Chen Q, Geng Y (2008)
IFP35 is involved in the antiviral function of interferon by
association with the viral tas transactivator of bovine foamy
virus. J Virol 82: 4275-4283

Tang Y, Zhong G, Zhu L, Liu X, Shan Y, Feng H, Bu Z, Chen H,
Wang C (2010) Herc5 attenuates influenza A virus by catalyzing
ISGylation of viral NS1 protein. J Immunol 184: 5777-5790

Tenoever BR, Ng SL, Chua MA, McWhirter SM, Garcia-Sastre A,
Maniatis T (2007) Multiple functions of the IKK-related kinase
IKKepsilon in interferon-mediated antiviral immunity. Science
315: 1274-1278

Thijs G, Marchal K, Lescot M, Rombauts S, De Moor B, Rouze P,
Moreau Y (2002) A Gibbs sampling method to detect overrepre-
sented motifs in the upstream regions of coexpressed genes.
J Comput Biol 9: 447-464

©2013 European Molecular Biology Organization

A two-phase response to interferon-p
H Cheon et al

Weichselbaum RR, Ishwaran H, Yoon T, Nuyten DS, Baker SW,
Khodarev N, Su AW, Shaikh AY, Roach P, Kreike B, Roizman B,
Bergh J, Pawitan Y, van de Vijver MJ, Minn AJ (2008) An
interferon-related gene signature for DNA damage resistance is
a predictive marker for chemotherapy and radiation for breast
cancer. Proc Natl Acad Sci USA 105: 18490-18495

Yoshimura A, Naka T, Kubo M (2007) SOCS proteins, cytokine
signalling and immune regulation. Nat Rev Immunol 7: 454-465

Zaidi MR, Davis S, Noonan FP, Graff-Cherry C, Hawley TS, Walker
RL, Feigenbaum L, Fuchs E, Lyakh L, Young HA, Hornyak TJ,
Arnheiter H, Trinchieri G, Meltzer PS, De Fabo EC, Merlino G
(2011) Interferon-gamma links ultraviolet radiation to melanoma-
genesis in mice. Nature 469: 548-553

The EMBO Journal is published by Nature
G Publishing Group on behalf of the European
Molecular Biology Organization. This article is licensed
under a Creative Commons Attribution 3.0 Unported
Licence. To view a copy of this licence visit http://creative
commons.org/licenses/by/3.0/.

The EMBO Journal VOL 32 | NO 20| 2013 2763


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/

	IFNbeta-dependent increases in STAT1, STAT2, and IRF9 mediate resistance to viruses and DNA damage
	Outline placeholder
	The expression of anti-viral genes is sustained for several days after IFN•beta treatment, along with increased levels of STAT1, STAT2, and IRF9 proteins
	High levels of U-—STAT1, U-—STAT2, and IRF9 are necessary and sufficient for the induction of some anti-viral genes
	High levels of U-—STAT1, U-—STAT2, and IRF9 protect cells from virus infection

	expression of anti-viral genes is sustained for several days after IFN stimulation, along with increased levels of the STAT1, STAT2, and IRF9 proteins. (A) The expression of the anti-viral genes IFI27, BST2, OAS2, and MX1 was analysed by real-time PCR aft
	levels of STAT1, STAT2, and IRF9 proteins are necessary and sufficient for the induction of some anti-viral genes without IFN-induced phosphorylation. (A) The phosphorylation status of STAT1 (Y701) and STAT2 (Y690) was examined in hTERT-HME1 cells transfe
	U-STAT1, U-—STAT2, and IRF9 form U-—ISGF3, which binds to IFN stimulated response elements in target gene promoters
	U-ISGF3-induced genes have distinct ISREs

	levels of STAT1, STAT2, and IRF9 proteins protect cells from various RNA viruses in an IFN-independent manner. hTERT-HME1 cells transfected with empty vector (Vec), wild-type STAT1solSTAT2solIRF9 (WT) or Y701F-STAT1solSTAT2solIRF9 (YF) were used. (A) Cell
	U-ISGF3 induces resistance to DNA damage

	U-—STAT2, and IRF9 form U-—ISGF3, which binds to ISREs on the target gene promoters. hTERT-HME1 cells expressing high levels of U-—STAT1, U-—STAT2, and IRF9 without IFN stimulation were analysed by co-immunoprecipitation (Co-IP) and chromatin-immunoprecip
	genes have distinct ISREs. (A) BJ cells were treated with 3thinspIUsolml of IFNbeta for 6thinsph, followed by microarray analyses for the expression of IFNbeta-induced genes. To identify the U-—ISGF3-induced genes, the cells were stably transfected with a
	induced by chronic exposure to IFNbeta confers resistance to DNA damage. (A) The expression of PY-701- or total STAT1, PY-690- or total STAT2, and total IRF9 was examined by the western method in six different small cell lung carcinoma cell lines. A signa
	significance of U-—ISGF3-induced gene expression. (A) U-—ISGF3 prolongs anti-viral effects. IFNbeta induces the expression of a large number of ISGs (gt100 genes) within minutes to hours through the action of ISGF3 (PY-701-STAT1, PY-690-STAT2, and IRF9), 
	Constructs and gene transfection
	Reagents
	Cell culture
	Real-time PCR
	Western analyses
	Microarray analysis
	Cytoplasmic-nuclear fractionation and co-immunoprecipitation
	Chromatin immunoprecipitation
	Promoter analysis
	Plaque assay
	Virus infection assay using flow cytometry
	Cell survival assay
	Supplementary dataSupplementary data are available at The EMBO Journal Online (http://www.embojournal.org).EMCV, VSV-GFP, PIV3-GFP, and YFV-GFP were kindly provided by Drs G Sen, Cleveland Clinic, J Rose, Yale University, and P Collins, National Institute

	ACKNOWLEDGEMENTS


