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ABSTRACT

The molecular basis for the well known synergistic
biological effects of tumor necrosis factor o (TNFa)
and interferon y (IFNy) is still poorly understood. This
report demonstrates that expression of interferon-
regulatory factor 1 (IRF-1), also known as interferon-
stimulated-gene factor 2 (ISGF-2), is synergistically
induced by these cytokines. The induction is a primary
transcriptional response that occurs rapidly without a
requirement for new protein synthesis. Synergism is
mediated by a novel composite element in the IRF-1
promoter that includes an IFN y-activation site (GAS)
overlapped by a non-consensus site for nuclear factor
kappa B (NF kB). These sequences are bound strongly
by signal transducer and activator of transcription 1
(STAT-1) and weakly by the p50/p65 heterodimer form
of NFkB, respectively. However, the binding of STAT-1
and NF kB to the GAS/ kB element in vitro seems to be
mutually exclusive and independent. Synergistic in-
duction of IRF-1 is likely to be an important early step

in regulatory networks critical to the synergism of
TNFa and IFNy. The GAS/kB element may mediate
synergistic transcriptional induction of IRF-1 by other
pairs of ligands that together activate NF kB and STAT
family members. Other genes are likely to contain this
motif and be regulated similarly.

INTRODUCTION

The effects of tumor necrosis facto{TNFa) and interferory

proteins leads to increased transcription of target genes when
bound to specific DNA regulatory eleme(iigl—20).

Specificity of the pathway that leads from a receptor to the
particular transcription factors that are affected sets the stage for
distinct patterns of gene expression induced by different cytokines.
However, the final determinants of specificity for transcriptional
regulation of gene expression are the particular combinations of
regulatory elements in the promoters of different genes and the
combinatorial features of transcription factor function (for example,
21,22). Synergism of TNF and IFN/ provides a particularly
relevant example of this principle. Synergistic induction of the
chemokine IP-10, the cell adhesion molecule ICAM-1, and certain
MHC class | antigens results from the combined effects of
transcription factors that are induced predominantly or exclusively
by one or the other cytokine at the time the synergism occurs. Those
transcription factors then bind to distinct, separate sites in the
promoters of the genes that encode those prd@&ib8,13). Pairs
of transcription factors so far implicated in the synergistic induction
include NKB plus STAT-1, or NKB plus interferon regulatory
factor 1 (IRF-1).

IRF-1 has been studied in the contexts of inflammation and
immunity and of cell growth control. It was discovered in the course
of work on virus induced interfergh(IFN[3) gene expression, and
independently as interferon-stimulated gene factor 2 (ISGF-2), a
transcription factor induced by interferan (IFNa) (23-25).
TNFa-induced accumulation of IRF-1 mRNA and DNA binding
activity has also been reportéh,27). It was ltimately found
that IFNy is a more potent inducer of IRF-1 expression than is
IFNa, that IFNx and TNFx result in similar induction of IRF-1,
and that virus infection is perhaps the least effective inducer of

(IFNy) on cell growth control are well known, and are related téRF-1 expression(25,28; R. Pine, this report andpublished
inflammatory and immunomodulatory properties of these cytagbservations). While several reports supported the hypothesis

kines (reviewed in refd—6). In adition to their individual

that IRF-1 regulates virus-induced transcription of thei Gishe

effects, there are notable synergistic responses to the combinatftor example, 29,30), experiments done with Hela cells
of TNFa plus IFNy (7-13). Many of these consequencessuggested that IRF-1 plays at most only a small role in the

apparently arise from the ability of both TFRand IFN to
change the cellular program of gene expression.

production of IFNB (25,31,32). fudies with mice homozygously
deleted for IRF-1 subsequently corroborated this conclusion

Each of these cytokines has led to a paradigm for signéd3,34). However, IRF-1 does play an important role in resistance

transduction and transcriptional regulation. In both case$y both viral and bacterial infectio31,35,36), consistent with
receptor—ligand interaction initiates a rapid signal transductioits role in cellular responses to IFNs and TiNFFurthermore,
cascade which leads to activation and translocation to the nucldB$-1 can exert an antiproliferative effect on cells and can
of preexisting cytoplasmic nuclear factor kappa BKRJFor  participate in some apoptotic pathw#$3,38).

signal transducer and activator of transcription 1 (STAT-1), in As the transcription factor product of a primary response gene,
response to TNEF or IFNy, respectively. Each of these two IRF-1 prolongs the expression of other primary response genes or
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activates secondary response genes. Activation of IRF-1 ge(®4,43). The ISRE dmology is shown in bold. A non-specific

transcription by both IFiNand IFNx was found to be mediated by oligonucleotide (CTCTCTGCAAGGGTCATCAGTAC) and its

an IFNy activation site (GAS) in the IRF-1 promo{@B). As part complement, synthesized wittindlll cohesive termini at the &nd

of the overall response to IFN IRF-1 is required for of each strand, includes the distal HNF4 site from the transthyretin

protein-synthesis-dependent transcriptional induction of thpromoter(44). The GAS{B WT oligonucleotide (TACAACAGC-

murineGBP gene (39) and foysergistic induction of the murine  CTGATTTCCCCGAAATGACGGC) and its complement,

inducible nitric oxide synthetaséNOS or NOS2) gene by IFN  synthesized wittHindlll cohesive termini at the'%nd of each

plus lipopolysaccharide or TNF (35,40). Maximal TNE-  strand, spans from —137 to —107 of the IRF-1 promoter. The GAS

induced expression of the VCAM-1 gene requires inducetlomology is shown in bold and the non-consensusBN\Site

synthesis of IRF-1, which then acts as a secondary reg{@@or reverse complement is underlined. The GéBS5M and GAS(B
Since IRF-1 induced by TN¥F or IFNy functions in the 3M oligonucleotides had T GG or AA- CC mutations (top

molecular responses to each cytokine alone, and in the synergistiand; —122 and —123, or —115 and —116, respectively). A shorter

induction of MHC class | alleles and iNOS by TiNplus IFNy,  version of the IRF-1 GAS oligonucleotide (GRTCCCCGAA-

it was of interest to determine if TFplus IFNy caused AT) and its complement, synthesized visrHI cohesive termini

synergistic induction of IRF-1. This report shows that transcriptioat the 5end of each strand, spans from —126 to —113 of the IRF-1

of the IRF-1 gene and accumulation of IRF-1 DNA-bindingpromoter. The GAS homology is shown in bold.

activity are synergistically induced by the combination of &NF

and IFNy. A novel composite GASB element alone can mediate Cell culture and transfection assays

this response. The synergistic induction of IRF-1 by dNifus .

IFNymay involve both NKB and STAT-1 even though they do not HepG2 cells (ATCC HB 8065) were _mamtalnec! as subconfluent

seem to bind simultaneously to the GeESElemenin vitro. The ~ monolayer cultures in Dulbecco-modified Eagle’s medium (Bio-

results presented here raise the possibility that the composféhittaker) plus 10% defined supplemented calf serum (HyClone).

GASKB element in the IRF-1 promoter might mediate othefCells were transfected in suspension with a calcium phosphate

interactions among pathways that utilize members of theBNF Protocol, essentially as described (45), except that QrfyoBDNA

family and those that act through STAT proteins. Furthermord40 Hg/ml) was used foFILCP cells. Luciferase reporter constructs

GASKB regulatory elements are likely to occur and functiorfhat included sequences from the IRF-1 promoter were mixed with
similarly in other genes. an expression vector that encodidalactosidase as an internal

standard for transfection efficiency. Cells transfected in a single tube

were diluted with culture medium then subdivided into 35 mm wells
MATERIALS AND METHODS for subsequent untreated control or cytokine treated samples. The
Reagents monolayers were washed and refed with fresh culture médidrn

later, and then received no further treatment or were treated with
Recombinant human IRNand TNt were from Amgen and TNFa, IFNy or both togethefB4 h after transfection for the next
Chiron, respectively. TNoFand IFNy were used at 5 ng/ml. Al 4 h. Extracts were made as recommended by Promega. Reagent
antisera were polyclonal, from rabbits. The anti-ISGF2 antiseruffom Promega was used to assay extracts for luciferase with an
was raised against the human protein purified from HeLa cell§ptoComp | luminometer from MGM InstrumerisGalactosidase
and immobilized on polyvinylidene difluouride membrg@8).  was assayed according to standard procedures (45), except thal
An irrelevant immune serum was obtained after immunizatiofeactions were performed in 96 well plates and optical density was
with duck metallothionein (gift of P. C. Huang) by the sameéneasured with a plate reader at various times without stopping the
protocol. Anti-STAT-1 and anti-STAT-2 antisera (gift of Chris reactions. Luciferase activity was normalizedPtgalactosidase
Schindler) have been previously descril{@d). Antibodies activity, then fold induction was calculated. Each transfection was
against NKB family members and from normal rabbit serumperformed in triplicate, and at least two experiments were done with
(gift of Hsiou-Chi Liou) have been previously descrit§é@).  independent preparations of each plasmid.
Nitrocellulose was from Schleicher and Schuell. Radioisotopes
were from ICN. Poly (dldC:dIdC) was from Pharmacia. Enzymegytract preparation and electrophoretic mobility shift assays
were from New England Biolabs or Boehringer Mannheim. All
other chemicals were from Boehringer Mannheim, Sigma driepG2 monolayers at 60-90% confluence were untreated or
Fisher Scientific, except as specifically indicated. treated with cytokines as indicated in the figure legends. All
extracts were prepared at 0€ Whole cell extracts were
prepared essentially as previously descr{344, except that the
proportion of extraction buffer to the number of cells was
The IRF-1-luciferase exon fusion constructs, and the @S/ reduced, so that 80, 250 or §@Gvas used for cells in 35, 60 or
WT, GASKB 5M and GASB 3M heterologous promoter 100 mm plates, respectively. The extraction buffer is 0.5% NP-40,
constructs have been described before (28). TH#9/-16, 0.3 M NaCl, 10 mM NgP>,0O7, 5 mM NaF, 0.1 mM EDTA,
—199/-89 and —89/-16 plasmids contained the respaédtide 20 mM Na-HEPES, pH 7.9 at room temperature, 10% glycerol;
fragments from the IRF-1 promoter in the heterologous promot@tus 1 mM dithiothreitol, 10QuM NagVO4, 0.4 mM phenyl-
luciferase reporter. The CM3/GAI plasmid was from California methylsulfonyl fluoride, 3ug aprotinin per ml, Jug leupeptin
Biotechnology, Inc. per ml and 21g pepstatin per ml, each freshly added before each

The interferon-stimulated response element (ISRE) oligadse (buffer A + 0.3 M NaCl). For preparation of cytoplasmic and

nucleotide (CTCGGGAAGSGGAAACCGAAACTG AAGCC) nuclear extracts, cell monolayers from 100 mm plates were
and its complement, synthesized vidtmHI cohesive termini atthe scraped into phosphate buffered saline, recovered by
5" end of each strand, spans from —117 to —89 of the ISG15 promatentrifugation and lysed in 25@ of buffer A + 0.1 M NaCl.

Plasmid constructs and oligonucleotide sequences
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Figure 1. IRF-1 DNA-binding activity is synergistically induced by T&plus IFNy. EMSAs were done with an ISRE oligonucleotide as the probe. Cells were
untreated or treated with the indicated cytokine(s) for the indicated length of time, as shown. Odd-numbered or evenanesbezesilbaded with reactions that
included non-specific (N) or anti-IRF-1 (S) antiserum, respectively. The complex of IRF-1 bound to the ISRE oligonucleofidenanespecific complex (ns)
detected by autoradiography are indicated. The results were quantitated with a gas-ionization detector (Packard Instard reagkown in arbitrary units. The
signal from IRF-1 was normalized to the signal from the respective non-specific complex as an internal standard, the(Nr8luatiandetermined as the amount
of complex removed by inclusion of the anti-IRF-1 antiserum, relative to the signal in the presence of the non-specifit. antiser

Nuclei were recovered by centrifugation at 1§®6r 5 min, then  quantitated directly with a Molecular Dynamics phosphorimager,
resuspended in 50 of buffer A + 0.3 M NaCl for extraction. and visualized by autoradiographic exposure.
After a 30 min incubation, debris was removed by centrifugation
at 12 000y for 10 min and the supernatant was recovered as the-g g
nuclear extract. The supernatant from the cell lysate was clarifie
by centrifugation at 12 00ffor 10 min, and the supernatant was|RF-1 expression is synergistically induced by TN&
recovered as the cytoplasmic extract. plus IFNy

Approximately 10 000 d.p.m. of oligonucleotide labeled by
pulse-chase fill-in of Scohesive ends (0.4-2 ng, depending on timé&ince it was already known that transcription of the IRF-1 gene is
since labeling) was used as probe for electrophoretic mobility shictivated by IFN, that IRF-1 expression is induced by TiNf&nd
assays (EMSAs) withiLO ug of extract protein (typically 2-3 of ~ that TNFa and IFNy often act synergistically, the combined effect
extract). In addition to the contribution from the extract, bindingf TNFa and IFNy on induction of IRF-1 was examined (Fig. 1).
reactions includedxLbinding buffer (4% ficoll, 0.1 mM EGTA, lIrrelevant immune antiserum or specific anti-IRF-1 antiserum was
1 mM MgCh, 0.5 mM dithiothreitol and 20 mM Na-HEPES, pH 7.9included in EMSAs that used the ISG15 ISRE as a probe for binding
at room temperature). The final volume was {2.5or the ISRE by IRF family members. TNF plus IFNy led to a synergistic
probe, 0.5ug of pGEM-1 and Iug of poly (didC:didC) were increase in the amount of IRF-1 DNA binding activity after 2 or 4 h
included as non-specific DNA. For the GAB/probe, 0.7%ug of ~ of treatment (compare lanes 1-8 and 15-20 with lanes 9-14).
poly (dldC:dIdC) was used as non-specific DNA. Reactions wer@ynergism is defined here as a quotient greater than one for the
incubated for 20-30 min at room temperature. If indicategll 26  response to the combined treatment divided by the sum of the
1x binding buffer containing 0.Al of antiserum or antibody was responses to the respective individual treatments (i.e., the whole is
added after the binding reaction was complete, and then incubati@igater than the sum of the parts). These quotients are 1.5 or 1.6 for
was continued for 40-60 min &t@. Samples were electrophoresed?2 or 4 h of treatment with TNFplus IFNy. . _
on 6% polyacrylamide gels run at@ with 20 mM Tris-borate Nuclear run-on assays were performed to directly determine
(pH 8.3 at room temperature), 0.4 mM EDTA. Radioactivity inwvhether transcriptional regulation of the IRF-1 gene could
protein-DNA complexes was quantitated by two dimensiongiccount for or contribute to the synergistic induction of the
gas-ionization beta particle detection (Packard Instant Imager) aRfNA-binding activity. The results from experiments that
visualized by autoradiographic exposure. compared the constitutive rate of transcription to the rate after 0.5
or 2 h of cytokine treatment are shown in Figure 2A and B,
respectively. The transcriptional synergism of DiNBus IFNy
for activation of the IRF-1 gene was sufficient to account for the
Cells were untreated or treated with cytokines as indicated in thevel of induced DNA-binding activity, taking into account that
legend to Figure 2. Run-on assays were performed with isolatétkere is a lag of 1-2 h between transcriptional activation and
nuclei to determine relative rates of transcription as previouslgccumulation of DNA binding activity. After 0.5 and 2 h, the
described (46). Radiolabeled RNA was recovered and hybridizeddootients for transcriptional induction by the combined treatment
excess plasmid DNA fixed to nitrocellulose. IRF-1 transcription wadivided by the sum of the responses to individual treatments were
measured with a cDNA prol§@5). A B-tubulin pseudogen@t7) 2.6 and 1.7, respectively. Inhibition of protein synthesis for
was used as a positive control and internal standard. pGen8Q@ min by cycloheximide does not activate IRF-1 transcription,
(Promega) was used as a negative control probe. The results warealter its activation by IFiNduring that time (25; R. Pine,

Determination of transcription rates
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A 0.5 h treatment fragment, though TNE induction was primarily effected by
regions downstream from —89. As expected from previous studies
IENY + + with HeLa and K562 cells (28,48), th&99/-89 fragment gave

substantial response to IFNvhich ranged from 50 to 100% of
the level obtained with the —199/-16 fragment in this and other
experiments. The —89/—16 fragment did not produce a response
1.0 16 71 11 to IFNy. All induced responses were similarly elevated compared
to those seen with the exon fusion constructs. Thus, there may be
a negative regulatory element between —16 and +168 in the IRF-1
gene which affects both ThFand IFNyinduction. Alternatively,
the interaction of the upstream elements of the IRF-1 promoter
with the minimal thymidine kinase promoter may be more
effective than the interaction with the native TATA-less IRF-1
pGem 1 basal promoter sequences. Of greatest interest for the present
studies, the —199/-89 fragment did mediate a synergistic response
1 2 3 4 to TNFa plus IFNy, while the —89/-16 fragment did not.
The GAS consensus that mediates response tpdi#dtlaps a
sequence previously recognized as a possibieBNie (48). An
B 2 h treatment oligonucleotide that includes this region of the IRF-1 promoter,
referred to here as a GA® element, as well as oligonucleotides

TNFo + +

fold

induc.
IRF-1 — -

i
Tubulin - — — L

i b o that had site-specific double point mutations in either half of the
TNFo. + + GAS dyad symmetry (Fig. 3 bottom, GA® WT, 5M and 3M),
were tested for response to T&NFFNy or both. It was found that
fold 1.0 23 43 18 a heterologous promoter plus the GAB/WT oligonucleotide
induc. mediated essentially the same response tooTOHHFNy as the
—199/-89 fragment linked to the same heterologous promoter, and
IRF-1 R also mediated similar synergistic induction in response tooTNF
plus IFNy. The mutations in the 5M and 3M oligonucleotides were
Tubulin S G = previously found to eliminate response to IF28). The 5M
sequence did not mediate induction by BiNRvhile the 3M
pGem 1 sequence reduced but did not usually eliminate the response to
TNFa. Neither mutant oligonucleotide conferred a synergistic
. ) g E response to stimulation by TNplus IFNy (data not shown).

Effect of treatment with TNFa plus IFNy on protein

Figure 2. Transcription of the IRF-1 gene is synergistically induced byd NF binding to the GASKB element
plus IFNy. A nuclear run-on assay was done to measure transcription rates of

the indicated genes. Tubulin serves as a positive control and internal standal ; ; ; ; ; ot
for normalization, and pGEM-1 serves as a negative control for specificity oflTj0 determine which proteins might mediate the synergistic

hybridization and background subtraction. Cells were untreated, treated fofNduction of IRF-1 in response to Thiflus IFNy, the GASKB
0.5 h, or treated for 2 h, as shown. The image was detected by autoradiograpligonucleotide was used as a probe for EMSA with extracts from

and quantitated with a phosphor storage screen (Molecular Dynamicgells that were untreated or had been treated withoT NfNy or
Phosphorimager). both (Fig. 4). Two complexes formed with extracts from
TNFa-treated cells (Fig. 4A, lane 4), and each complex contained

unpublished observations). Cycloheximide in the presence bpth the p50 and p65 subunits ofki~ as judged by the effect
both TNFa and IFN had little effect on the synergistic induction of antibodies specific for those proteins (Fig. 4A, lanes 5 and 6).

of IRF-1 at 0.5 h (data not shown), thus, it did not require proteifdditional protein(s) are likely to be present in the slower
synthesis. mobility complex, but remain to be identified. Each antibody also

reacted essentially completely with those two complexes when
extracts from cells treated with both T&Fand IFN were
assayed (Fig. 4A, compare lane 7 to lanes 8 and 9). Antibodies
against other human Rel family members, p52, c-Rel and RelB,
Transient transfection was used to identify the regulatorglid not react detectably with either complex regardless of whether
elements in the IRF-1 promoter that mediated synergism o€lls had been treated with T&Enly or both TNIE and IFN/
TNFa with IFNy (Fig. 3) Successive' Bleletions made in the (data not shown). This result is partially obscured by the intensity
context of the IRF-1 transcription start site and first exon fused wf the major IFN-induced complex and what may be a minor

a luciferase reporter were examined, and it was found thENy-induced complex that migrates very close to the lower
sequences between —3.4 kb and —160 bp did not contributeTtiblFa-induced NKB complex. However, extracts from cells
synergism. Constructs with IRF-1 upstream sequence fused tér@ated with both cytokines or only with IgNlearly produced
minimal thymidine kinase promoter-luciferase reporter were thetihe same pattern in the presence of anti-p50 or anti-p65 antibodies
tested to determine the effects of additionalrsl 3 deletions. A (compare lanes 8 and 9 to lanes 11 and 12). All of the complexes
significant response to TNFwas conferred by the —199/-89 induced by TNE plus IFNywere found to contain either STAT-1,

A GAS/kB promoter element mediates the synergistic
transcriptional response to TNFx plus IFNy
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Figure 3. A GAS/kB element of the IRF-1 gene promoter mediates synergistic response dopld$HFNy. Transfected luciferase reporter constructs contained
fragments of the IRF-1 gene withehd 3endpoints as indicated. Constructs that included IRF-1 sequence to +168 bp were made with a promoterless luciferase repor
(indicated as Luc). The other constructs were made with a luciferase reporter that included a minimal promoter from timeidit®/kihgse gene (indicated as
tkLuc). Cells from a single transfection were divided and then left untreated or treated with cytokine(s) as indicatelticKofd (iniplicate mean and standard
deviation) is shown for a typical experiment. The sequence of thekBABId type and mutant elements is shown. WT: the overlapping GAS consensus sequence
and non-consensus KB sequence are underlined. The bases changed in the 5M and 3M mutants are written under the respective wild type lifesgnatidrise

of the mutated sequences are written in parentheses alongside the base changes.

or p50 and p65, by use of the anti-STAT-1 antiserum together wifkig. 4B, lanes 5 and 6) or with Iidlone (Fig. 4B, lanes 7 and
either the anti-p50 or anti-p65 antibodies (Fig. 4A, lanes 13 ar®), the major induced complex reacted specifically and
14). Anti-STAT-1 antiserum alone had no effect on thexBIF completely with the anti-STAT-1 antiserum. Together, these
complexes induced by treatment with TaN&lone (Fig. 4B, lanes results indicate that none of the complexes observed upon assay
1-4), or by treatment with TNFplus IFNy (Fig. 4B, lanes 5 of extracts from cells treated with both cytokines contained
and 6). With extracts from cells treated with TdNPBlus IFNy  heteromeric factors composed of Rel and STAT subunits.
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Figure 4. GASKB complexes induced by TNiplus IFNyinclude either the p50 and p65 subunits okRIBr STAT-1, as do the corresponding complexes induced
by TNFa or IFNy. EMSAs were performed with the GA® oligonucleotide as probe. The complexes that includeBNB50 and p65) or STAT-1 are indicated.

(A) and B) Cells were untreated or were treated with @Rd/or IFN as indicated, for 30 min, prior to preparation of whole cell extracts. Non-specific (con), anti-p50
(p50), anti-p65 (p65), anti-STAT-1 (STAT-1) or anti-STAT- 2 (STAT-2) antisera were included in the assay reactions as Tukoatdabeled constitutive complex
seen in (B) is not detected in some sets of extracts.

When the kinetics of stimulation with either cytokine alone othat pattern is different from the one seen with the extracts from
both together was examined (Fig. 5A), it was found that attells treated for 30 min, 2 h or 4 h with both cytokines together
extracts from cells treated with both cytokines produced a pattelanes 6, 8 and 9, respectively). Thus, the combination of
of complexes consistent with the superimposition of the resultomplexes detected by EMSA of extracts from cells treated with
from each cytokine alone. This was confirmed by quantitation adither cytokine alone and the complexes observed upon assay of
the radioactivity in each complex (data not shown). In fact, wheextracts from cells treated with the combination of GiN#us
assays were done with the corresponding mixtures of extracts, thély exhibited no quantitative or qualitative differences at any
result was the same. Furthermore, extracts from cells treated wititne point examined. The same was true for nuclear extracts
both cytokines did not produce any complexes that had mobilityrepared after 30 min of treatment with T&YHFNy or both,
distinct from the complexes detected with extracts from celldespite the fact that those extracts were 10 times more concentratec
treated with TNE or IFNy (data not shown). Consistent with the on a cell equivalent basis (data not shown).
kinetics of IRF-1 transcription induced by T&Br IFNy alone, Competition with unlabeled oligonucleotides was done as an
the NKB complexes were most in evidence after 30 min oflternative way to detect differences among the complexes of the
TNFa treatment (lanes 1-5), while the STAT-1 complex wassASKB element with NkB or STAT-1 that were due to
nearly constant from 30 min through 4 h of treatment withylFNtreatment with TNE plus IFNy compared to treatment with each
(lanes 6-9). Curiously, the KB complexes reappeared slightly cytokine alone (Fig. 5B). The presence of excess oligonucleotide
after 2 or 4 h of treatment with TiFalthough they had almost should also reveal any interdependence in the formation of the
vanished at 1 h. The biphasic induction of thekBIEomplexes complexes that might result from treatment with both cytokines.
actually helped distinguish between the results obtained with non-specific sequence did not compete with any of the
extracts from cells treated with THFplus IFNy and those complexes (lanes 2, 7 and 12), while excess wild type \S/
obtained with extracts from cells treated with {F&lone. The oligonucleotide eliminated all the complexes (lanes 3, 8 and 13).
differences again were somewhat obscured by the intensity of thlee GASKB 5M mutant oligonucleotide also failed to compete
IFNy induced complex(es). However, the pattern of complexesith any of the complexes (lanes 4, 9 and 14). As expected, the
detected in extracts from cells treated for 1 h with both cytokindlSASkB 3M mutant oligonucleotide competed essentially
was very similar to the pattern observed after any length @ompletely for the NkB complexes induced by TFalone or
treatment with IFNfalone (compare lane 7 with lanes 10-13), anéh cells treated with TNé plus IFNy. It did not compete with the



4344 Nucleic Acids Research, 1997, Vol. 25, No. 21

A TNFc. (h) 0|5 1 2 4 1 2 4| 0 0 0 0O
IENY (h) ojo o0 o o 1 2 4|5 1 2 4
NFxB —
- " N R B -
STAT-1 — " " ' .h
NFxB - - '

1 2 3 4 5 6 7 8 9 10 11 12 13

B trimt - IFNY TNFo + IENY TNFo

comp NIN W 5 3 SIN W 5 3 S|N W 5 3 S§

NFkB >
stata — B e ' -
NFKB .

1 2 3 4 5 & 7 8 9 10 11 12 13 14 15 16

Figure 5. GASKB complexes induced by TNplus IFNy have the same kinetics of induction and site specificity as the corresponding complexes inducexd doy TNF
IFNy. EMSASs were done with the GAS oligonucleotide as the probe. The complexes that inclug®NF50 and p65) or STAT-1 are indicate8) Cells were untreated

or were treated with TNFand/or IFN as indicated, for the length of time indicated, prior to preparation of whole cell extracts. Electrophoresis was contiawed for
time than usual to increase separation of the specific complexes. The unlabeled constitutive complex is not detectes af eatreets) Cells were untreated or were
treated with TNE and/or IFN as indicated, for 30 min, prior to preparation of whole cell extracts. A 200-fold molar excess of an unlabeled oligonaicotiieied

in the assay reactions as indicated: non-specific (N), wild type KBASY), 5M mutated GASB (5), 3M mutated GASB (3), short wild type GAS (S).

STAT-1 complex induced in cells treated with NFilone or  strongly support the idea that synergistic biological effects oiTNF
TNFa plus IFNy. An oligonucleotide referred to here as a shortand IFNy result from synergistic transcriptional activation of genes
GAS element, that included the wild-type IRF-1 GAS consensukat are also regulated by each cytokine alone.
and reconstituted an alternative non-consensudBBNiite, was A composite GAS(B promoter element mediates the synergistic
also tested. It competed completely for the STAT-1 complexes induction of IRF-1 transcription. Both KB and STAT-1 from cells
extracts from cells treated with Idlone or TN plus IFNy,  treated with both cytokines bind to the element, but the binding is
and competed to an extent similar to the G¢BSBM sequence mutually exclusive and independent. The details of the
for the NFKB complexes in extracts from cells treated with ®NF protein—protein and protein—-DNA interactions that result in
alone or TN plus IFNy (lanes 6, 11 and 16). synergistic induction of the IRF-1 gene remain to be determined.
These results independently confirm that th&BIBnd STAT-1  The regulation of IRF-1 transcription may be related to the
complexes that formed with extracts made after cells were treatsghergistic induction by TNdFand IFNy of the ICAM-1 or IP-10
with both cytokines are equivalent to the corresponding complexgenes (9,13), but is clearly distinct since thosenpters include
that formed with extracts from cells treated with TNBT IFNy.  separate NiB and STAT-1 binding sites that can be simultaneously
Furthermore, with extracts from cells treated with &N#Rd IFNy,  occupied.
the NFKB and STAT-1 complexes still form independently, since The function of IRF-1 in protein-synthesis dependent tran-
excess unlabeled GA@& 3M mutant oligonucleotide competed scriptional activation of TN&- or IFN-induced gene expression
against the former but not the latter, consistent with the location isf most consistent with and has been predicted best from
the base changes within the GAS consensus but outside theeriments that characterized induction of IRF-1 DNA-binding

non-consensus MB site. activity (25,27). It ems likely that the outcome of interactions
between IRF-1 and other transcription factors including ICSBP,
DISCUSSION HMG I(Y), or ATF-2 (21,27,49) will be affected by this

synergistic induction. This possibility should be considered in
This report presents data showing that IRF-1 DNA-binding activitparticular for these or other activities that are themselves
is synergistically induced by TNFplus IFNy, and establishing that modulated by either TN¥For IFNy. The data shown here lead to
transcriptional regulation is the mechanism that underlies thtee conclusion that synergistic induction of IRF-1 constitutes a
example of synergism between TaNBnd IFN/. These results and step in a regulatory network. As shown in Figure 6, the regulation
the studies of MHC class I, ICAM-1 and IP-10 regulation (9,10,13)f IRF-1 gene expression and the function of newly synthesized
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IFNYy TNFa TNFa plus IFNo remain to be determined. Nonetheless, this is
the first clear example in which IRF-1 DNA binding activity is
regulated without a corresponding change in the rate at which the
IRF-1 gene is transcribed. In contrast, the synergistic activation
of IRF-1 transcription by TNé plus IFNy was clearly reflected

in synergistic induction of IRF-1 DNA binding activity.

Functional properties of the composite GAHB element

The regulatory element that mediated transcriptional synergism
of IRF-1 induction in response to Thifplus IFNy was found to

be a composite GASB element. The role of this sequence in the
response to IF) through binding of tyrosine phosphorylated

[[NFxB ISRE MHC class ]| STAT-1, has been previously descrilig8). In ®ontrast, it was
unexpected that the GAE element would be a functional
|—> binding site for NikB that could mediate a response to BINF
[ casxB NExB__ IRF-1 | despite a previous report that had marked this non-consensus

sequence as a putative RB-site (48). However, removal of the
proximal consensus MB site found at —49/-40 in the IRF-1
promoter lowered but did not eliminate the response todTNF
alone, and did not change the extent of synergism, i.e., the ratio
of the synergistic induction to the sum of the {¥iisponse plus

the reduced TN response. These results left the G&S/
element as the best candidate for both the ability to mediate the
residual response to TFand synergism of TNFplus IFNy.

This function was confirmed when the GAB/oligonucleotide
Figure 6. Schematic representation of a preamplifier model for regulation andwas tested directly in transfection experiments. Furthermore, the
function of IRF-1. Signals from occupied Tifand IFN receptors lead to IRF-1 composite GA®B site was bound by both the p50 and
synergistic activation of IRF-1 gene expression. IRF-1 arkBNRen act to : . - .

synergistically induce other genes, for example MHC class |, as a secondar965 subunits of N'FB’ thoth the relatlv,e contributions of the
protein-synthesis-dependent response toa ifd IFNy. conserved half-site and the novel half-site are unknown.

This promoter design may be unique to the regulation of IRF-1

IRF-1 as a transcription factor establish a link between synergisg&Pression, and a contribution to the synergistic response of the
primary and secondary responses. Synergistic induction of IRFGASKB element from specific flanking sequences has not been
would serve as a preamplifier for the subsequent interaction Bfled out. However, it is quite likely that composite GRES/
NFKB with IRF-1 in the synergistic induction of MHC class | €lements will be important regulatory sequences that allow
genes as a protein-synthesis dependent response to fibg=  integration of TNl and IF.N/S|gnaII|ng in many different genes.
IFNy (10). A similar network effect ould pertain to synergistic ANy GAS consensus with the sequence TTGIGBA will
induction of the INOS gen35,40). Thus, the synergistic include the highly conser\{ed XB half-srge, which is the reverse
induction of IRF-1 by TNE p|us ”:l\v can C|ear|y Contribute to C(?mplement Of the Under“ned baseS. F|gure 7 SthS two pOSSIb|e
the role of this factor in inflammation and immunity. Thealignments of the NEB consensus sequence with the IRF-1
potential impact of synergistic induction of IRF-1 on apoptoticGASKB element, and the single alignments with the GAS

pathways is not as clear, since pathways that lead to activationS¢ments from the F&1 and ICAM-1 genes. Either alignment of

of the NKB consensus at two positions. The same is true for the
potential non-consensus KIB site that overlaps the iRl GAS
homology. In contrast, the ICAM-1 GAS homology deviates
The synergistic induction of IRF-1 transcription by TdNplus  from the NKB consensus at three positions outside the conserved
IFNy was a primary response that did not require proteihalf-site, and this GAS element will not by itself mediate a
synthesis, since it occurred within 0.5 h and was not blocked Isynergistic response to TRplus IFNy (9). It will be of interest
cycloheximide. Transcriptional regulation as the mechanism @b determine if the IRF-1 or other GA® elements also will
synergistic induction is consistent with the conclusion that IRF-nediate synergism for any transcriptional regulation that involves
expression is generally regulated transcriptionally. PrevioudFkB and STAT family members, perhaps in response to
studies that examined transcription of the IRF-1 gene founidducers other than TNFand IFN,.

induction by interferons, interleukin 6, prolactin and retinoic acid The precise mechanism by which the G&S/element
(25,28,52-54). TN#& plus IFNx synergistically induced DNA- mediates a synergistic response to @iNiRd IFN/ remains to be
binding activity, but not transcription, of IRF-1 (unpublisheddetermined. Although the results obtained with cell extracts did
observations). This exception to regulation of IRF-1 expressiomot reveal any interaction between STAT-1 andkBIF
primarily at the level of transcription could be peculiar to HepG2ecombinant STAT-1 and NB (p50/p65) have been found to
cells, which exhibited unusually little induction of IRF-1 interact in EMSA performed with the GA& oligonucleotide
transcription by IFN alone. The mechanisms that regulate théunpublished observations). Itis likely that the interaction of these
amount of IRF-1 DNA binding activity induced in response tgoroteins will be an important aspect of this synergism. Since no

Regulation of IRF-1 expression
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22
23

TTTCGGGGAAATCAG
GGGRHWY YCC
GGGRHWYYCC

IRF-1 GAS/xB
NFxB consensus

24

25

FCyRI GAS TTTCTGGGAAATA

CA 26
NFxB consensus GGGRHWYYCC
27
ICAM-1 GAS TTTCCGGGAAAGCAG ;g
NFkB consensus GGGRHWYYCC

30

Figure 7. Alignment of IRF-1 GASH{B with the FgR1 and ICAM-1 GAS, and 31
comparison of possible non-consensuxBISites to the NKB consensus 32
sequence. The GAS homologies and flanking sequences are taken from the
literature (55,56). The NéB consensus sequence, based on 40 sites, is adapteg3
from reference 57. The International Union of Biochemists’ single letter code

Xu,X., Ya-Lin,S. and Hoey,T. (1996cience273 794-797.
Miyamoto,M., Fujita,T., Kimura,Y., Maruyama,M., Harada,H., Sudo,Y.,
Miyata,T. and Taniguchi,T. (1988&ell, 54, 903-913.

Levy,D.E., Kessler,D.S., Pine,R., Reich,N. and Darnell,J.E.,Jr (1988)
Genes Dey2, 383-393.

Pine,R., Decker,T., Kessler,D.S., Levy,D.E. and Darnell, J.E.,Jr (1890)
Cell. Biol, 10, 2448-2457.

Fujita,T., Reis,L., Watanabe,N., Kimura,Y., Taniguchi,T. and Vilcek,J.
(1989)Proc. Natl. Acad. Sci. US86, 9963—9940.

Neish,A.S., Read,M.A., Thanos,D., Pine,R., Maniatis, T. and Collins,T.
(1995)Mol. Cell. Biol, 15, 2558—2569.

Pine,R., Canova,A. and Schindler,C. (19BM)BO J, 13, 158-167.
Fujita,T., Kimura,Y., Miyamoto,M., Barsoumian,E.L. and Taniguchi,T.
(1989)Nature 337, 270-272.

Reis,L.F.L., Harada,H., Wolchok,J.D., Taniguchi,T. and Vilcek,J. (1992)
EMBO J, 11, 185-193.

Pine,R. (1992). Virol., 66, 4470-4478.

Whiteside,S.T., Visvanathan,K.V. and Goodbourn,S. (1882)eic Acids
Res, 20, 1531-1538.

Matsuyama,T., Kimura,T., Kitagawa,M., Pfeffer,K., Kawakami,T.,
Watanabe,N., Kundig,T.M., Amakawa,R., Kishihara,K., Wakeham,A.,

for degenerate nucleic acid sequences is used to indicate any base present at apotter,J., Furlonger,C.L., Narendran,A., Suzuki,H., Ohashi,P.S., Paige,C.J.,

particular position in four or more sites.
34

other known promoter architecture or individual regulatory,
elements are fully comparable to those of the IRF-1 gene, further
study of IRF-1 induction is likely to reveal biological cross-talk
and mechanistic features of &kB-and STAT-1 function that have 36
not been recognized previously.
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