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Interferon Consensus Sequence Binding Protein and Interferon
Regulatory Factor-4/Pip Form a Complex That Represses the Expression
of the Interferon-Stimulated Gene-15 in Macrophages

By Frank Rosenbauer, Jeffrey F. Waring, John Foerster, Marcus Wietstruk, Dieter Philipp, and Ivan Horak

Interferon consensus sequence binding protein (ICSBP), a
transcription factor of the interferon (IFN) regulatory factor
(IRF) family, binds to the IFN-stimulated response element
(ISRE) in the regulatory region of IFNs and IFN-stimulated
genes (ISG). To identify target genes, which are deregulated
by an ICSBP null-mutation in mice (ICSBP—/-), we have
analyzed transcription of an ISRE-bearing gene, ISG15. We
have found that although ISG15 expression is unchanged in
B cells, it is upregulated in macrophages from ICSBP—/—

the ISRE in B cells, however only ICSBP and IRF-4/Pip were
found to bind this sequence in macrophages of wild-type
mice. Although IRF-4 was considered to be a lymphoid-
specific factor, we provide evidence for its role in macro-
phage gene regulation. Our results suggest that the forma-
tion of cell-type-specific heteromeric complexes between
individual IRFs plays a crucial role in regulating IFN re-
sponses.
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mice. Three factors, ICSBP, IRF-2, and IRF-4/Pip interact with

RANSCRIPTION FACTORS of the interferon regulatory B-lymphoid cells and an enhanced number of immature cells in
factor (IRF) family are interferon primary response genesthe periphery and in hematopoietic organs. Whether ICSBP also
regulate expression of a broad spectrum of secondary respongéays a role in human CML is not yet known. Interestingly
genest?2 The best characterized members of this family, IRF-1,however, a lack or strongly reduced expression of ICSBP was
IRF-22 interferon-stimulated gene factor 3 (ISGK3J)inter- found in 79% of CML and 66% of AML patients.
feron consensus sequence binding protein (ICSBRY IRF-4/ A critical role of ICSBP in macrophage-mediated host
Pip®-8 contain a variable C-terminal domain and a conserveddefense was documented by a high sensitivity of ICSBP
N-terminal DNA-binding domain and bind to an element mice to various pathogeAd!>16Thus, ICSBP seems to play 2
known as the ISRE (interferon-stimulated response element)listinct roles, 1 during development of hematopoietic cells and
which has a consensus sequence GAAANRhe ISRE motifis  a second in regulating immune response. ICSBP might modu-
present in the regulatory regions of interferons and of interferorlate gene transcription by a direct binding to regulatory DNA
secondary response genes, named also interferon-stimulatsg@quences or by its interaction with other transcription factors.
genes (ISG). The biological function of the majority of ISGs is In vitro, it has been shown that ICSBP interacts with 2 other mem-
not yet well understoodi? Recently, ISG15 was shown to be an bers of the IRF family, IRF-1 and IRF2 as well as with the ets
a/B-interferon—induced cytokine, which stimulates natural killer family factor PU.18 Similar to ICSBP, PU.1 has also been
(NK) cell proliferation and augmentginterferon productionin  shown to be crucial for early hematolymphoid developniént.
lymphocytest? In contrast to the ubiquitous expression of IRF-1 and IRF-2,
ICSBP is known as a negative regulator of IFN and IFN- the expression of ICSBP and IRF-4/Pip is more restricted.
induced geneX. We recently generated ICSBP-deficient mice ICSBP is expressed in monocytic and lymphoid cellEhe
(ICSBP-/—) by gene targeting. These mice are immunodefi-expression of the IRF-4/Pip gene was reported to be predomi-
cient and develop disease symptoms similar to human chronioantly in B lymphocytes and only weakly in T ceft$é Of the
myelogenous leukemia (CML$:13 The main alterations com- IRF family members, IRF-4/Pip is the most closely related to
pared with wild-type mice are higher counts of myeloid and ICSBP by sequence homology. Interestingly, both ICSBP and
IRF-4/Pip bind only weakly to the ISRE and only in the
presence of other DNA binding proteins. IRF-4/Pip was initially
recognized as part of a ternary complex between PU.1 and a
domain of the immunoglobulin light chain enhan&&® In
conjunction with PU.1, IRF-4/Pip specifically stimulates tran-
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plastic overnight in complete RPMI 1640 medium (10% fetal calf unlabelled 1SG15 oligonucleotide was used. After incubation, the
serum, 1.5 mmol/L L-glutamine, 100 U/mL penicillin/streptomycin, reaction mixtures were run on a 1X TBE gel at 4°C.
nonessential amino acids (GIBCO-BRL, Gaithersburg, MD), and 50 Transfections. K562 cells were transfected by electroporation ex-
mmol/L 2-mercaptoethanol) at 37°C in 5% g@nd nonadherent cells  actly according to the conditions of Waring et?alK562 cells were
were removed before further use. The macrophages used in ouransfected with 15 ug of pGL-ISG15p and 15 pg of pcDNA or
preparations were checked for B-cell or other cell contamination, and?cDNA-ICSBP or pcDNA-IRF-4. In addition, cells were transfected
they were confirmed to be composed of over 95% macrophages with nwith 3 g of the internal control pRL-TK. The relactive light units from
detectable lymphocytes. CD1B lymphocytes were isolated from the pGL-ISG15p vector were standardized relative to the expression of
mouse spleens using magnetic analyzed cell sorting (MACS) agRL-TK. Vectors pRL-TK, pcDNA, and pGL3-Promoter were pur-
described? The K562 and A 20.2j cell lines were maintained in chased from Promega (Madison, WI). The pGL3-Promoter vector had
complete RPMI 1640 medium. 150 bp of the ISG15 promoter cloned into the Smal restriction site. The
Antibodies. Generation of ICSBP antiserum (designated S 183): the! CSBP expression vector was made by inserting an EcoRI fragment of
peptide ECGRSEIEELIKEPS corresponding to residues 137-151 ofhe ICSBP cDNA, which includes all of the coding exons into the vector
murine ICSBP (no homology to any known IRF family member) was PCONA. The IRF-4/Pip expression vector was a gift from Drs H.-W.
cysteine-conjugated to keyhole limpet hemocyanin and injected intoMittricker and Tak W. Mak (Department of Immunology, University of
rabbits followed by booster immunizations. Rabbits were bled sequen0ronto, Toronto, Ontario, Canada).

tially and sera assayed for specific Ig via Western blot. High-titer serum \Vestern blotting and immunoprecipitationA total of 3x 10" cells
obtained 14 days after the second boost was used in a routin&vere washed twice with phosphate-buffered saline (PBS) and lysed in 1

immunoblot at a 1:2,000 dilution. The antiserum was affinity-purified ML ristocetin-induced platelet agglutination (RIPA) buffer (S0 mmol/L
by chromatography on antigenic peptide immobilized to Sulfolink T”S':—'CI' pH|/7.4, 1% NP-40, 0|./25%fN;—deoxychoIa/te, 150 ",‘”,”O"L
(Pierce, Rockford, IL) according to the instructions of the manufacturer.Naf: ,Iillmmo L_EDlTA’ 2/00me0 L Ee a 30 SC.1 mgImL ag)rfotlnllnr,‘ 1
Column-bound antibody was washed sequentially in buffers containin g/m eupeptin, 1 mg/m peps_ta_tln)_ and were precieared for L hour
150 mmol/L NaCl at pH 7.5, 6.0, and 5.0, and eluted at pH 3.0, followed ith 40 WL agarose. Immunoprempltatlons_ were performed with 750.“9
by immediate realkalinization. Specificity was documented by competi-WhO|e 'ceII Iysat_e in 500 pL R”:A buffer ysmg 2 g anti-ICSBP (rabbit)
tion with antigenic peptide. No ICSBP was detected in ICSBP or anti-IRF-4/Pip (goat) at 4°C overnight. Immunocomplexes were

cells. Antibodies against IRF-1, IRF-2, IRF-4/Pip, and horseradish-separated by 40 L A/G-Sepharose (2 hours, 4°C) and were analyzed by

o ’ ] ) )
conjugated antigoat IgG were purchased from Santa Cruz Biotechnols-i 10% sodium dOQecyI sulfate polyacrylam_lde gel electrophoresis

(SDS-PAGE). Proteins were transferred to nitrocellulose membranes,
ogy (Santa Cruz, CA).

. . . and immunoblottings were performed with anti-IRF-4/Pip (1:2,000) or
Synthetic oligonucleotides.The sequence of the ISG15 ISRE 9 p P )

. . A anti-ICSBP (1:2,000) followed by horseradish peroxidase-conjugated
oligonucleotide used in binding assays ISBATCCTCGGGAAAGG- antigoat 1gG (1:3,000) or antirabbit IgG F(abffagment (1:3,000).
GAAACCGAAACTGAAGCC3 .M The sequences for the mutated

ISRE oligonucleotides are: M1I“GATCCTCGGGAAAGGCGTACC- RESULTS
GAAACTGAAGCC3; M2-5GATCCTCGGCGTAGGCGTACC- o ) .
GAAACTGAAGCC3:; M3-5GATCCTCGGCGTAGGCGTACCCG- Cell type-specific disregulation of the ISG15 gene in

TACTGAAGCC3: M4-5'GATCCTCGGCGTAGGGAAACCGAAA-  ICSBP-/— mice. To investigate whether the lack of ICSBP
CTGAAGCC3: M5-5'GATCCTCGGGAAAGGGAAACCCGTACT-  affects the expression of ISRE-containing genes, we have
GAAGCC3; GG1-5GATCCTCGGGAAAGGGGGAAACCGAAAC-  analyzed the transcription of the ISG15 gene in primary B cells
TGAAGCC3; GG2-5GATCCTCGGGAAAGGGAAACCGGGA-  and peritoneal macrophages. Both cell types are known to
AACTGAAGCGZ'. express ICSBP constitutively in wild-type mice. ISG15 is a
The sequences of the murine IRF-4/Pip primers used for reversgrototype gene containing an ISRE-sequence that has been used
transcriptase-polymerase chain reaction (RT-PCR) are: upper strangp several previous studiés?
5'CTCAGAGTTCGGCATGAGCGCAS,  lower  strand-5CTC- The results show that the expression level of the ISG15 gene
CAGCTCCTGTCATGGGGS whereas the sequences of the human oo o nsistently 3-fold to 5-fold higher in macrophages from

IRF-4/Pip primers are: upper strand&ECAACGACCGGCCCAA- . . : .
CAAAC3" lower strand-5GCAAGACCCCGTATCCCCGTATCAS ICSBP-/~— than in wild-type mice (Fig 1A). In contrast to the
' gétuation in macrophages, in B cells, the expression of ISG15

These primers do not cross-react with the ICSBP gene. The sequenc . i | - .
of the ISG15 RT-PCR primers are: upper strariGGCCTGG-  Was essentially the same in wild-type and ICSBP mice (Fig

GACCTAAAGGTGAAGA3': lower strand-5TGCACTGGGGCTT-  1B). The results indicate that in the ICSBP- mice, there is a
TAGGCCATACT3. cell type-specific disregulation of the ISG15 gene.

RT-PCR analysis. RT-PCR analysis was performed accordingtothe  ICSBP and IRF-4/Pip form complexes that bind to the ISG15
methods of Schmidt et af. For the ISG15 gene analyses in B ISRE in B cells and macrophagesWe analyzed whether an
lymphocytes, 30 cycles were used, whereas in macrophages, 25 cycledtered formation of DNA protein complexes is directly respon-
of the following parameters were used: 24 seconds, 94°C; 36 secondsjple for the observed disregulation of ISG15 expression in
60°C; 36 seconds, 72°C. ICSBP—/— mice. Mobility shift assays were performed using

Gel electrophoretic mobility shift assayNuclear extracts were ha |SRE sequence from the 1ISG15 gene promoter and protein
harvested according to the method of Schreiber &t ®obility shift extracts from primary spleenic B cells and peritoneal macro-
assays were performed by incubating 5 to 10 ug of nuclear extract in ?)hages isolated from ICSBH+ and ICSBP-/— mice.
mmol/L. HEPES, pH 7.9, 30 mmol/L potassium chioride, 6% glycerol, Figure 2A shows the result of a mobility shift assay obtained

0.1 mmol/L EDTA, 0.3 mmol/L dithiotreitol (DTT), 2 ug salmon sperm, . ) .
and 20 pg bovine serum albumin for 10 minutes on ice. After this, 2 ngby incubating the ISG15 ISRE with nuclear extracts from sorted

of labeled probe was added and the samples were incubated at roofh CellS of wild-type and ICSBP-deficient mice. Two complexes,

temperature for 10 minutes. One microgram of the antibody was adde@lesignated B1 and B2, were seen in B-cell nuclear extracts from
to the reactions before the addition of the probe for the supershiftwild-type mice (Fig 2, lane 2). When an antibody against ICSBP
reactions. To exclude unspecific binding, a 200-fold excess of thewas added to the binding reaction, the slower migrating B1
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A Macrophages
WT WT -/- -/-
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B B-lymphocytes
WT WT ~/- -/-

o --\_-- e N
“ “ _— — <= ISG15 Fig 1. 1SG15 mRNA expression levels in macro-

phages and B lymphocytes. Semiquantitative RT-

. PCR analysis showing the mRNA expression levels of

'“_ “ il . <mu B-actln the ISG15 gene in primgry macrophages (A) e_ln_d B

lymphocytes (B) from wild-type and ICSBP-deficient

mice. The PCR protocols were standardized for both

1 2 3 4 ISG15 and the internal control B-actin to ensure that
PCR amplification was in the linear phase.

complex disappeared completely, and a supershifted band coukektracts from macrophages. Only 1 ISRE-binding complex,
be seen, indicating that ICSBP binds to the ISG15 ISRE inlabeled M1, which migrates at the same position as B1 in B-cell
B-cell extracts (Fig 2, lane 3). The addition of an antibody extracts, was detected in macrophage extracts from wild-type
against IRF-2 resulted in a supershift of both B1 and B2mice. This complex was supershifted with the ICSBP antibody
complexes (Fig 2, lane 4). It has been previously shown tha(Fig 2, lane 3). Unlike the results in B cells, despite its presence
IRF-2 can bind to the ISRE by itselt,and it is very likely that ~ (Fig 3C), no IRF-2 binding was seen in nuclear extracts from
B2 represents IRF-2 binding alone to the ISRE, whereas thenacrophages (data not shown). However, the addition of an
slower migrating B1 complex is composed of IRF-2 complexedIRF-4/Pip—specific antibody did result in a supershift of the M1
to ICSBP and/or other ISRE binding factors. Remarkably, theband, indicating that IRF-4/Pip binds to the ISG15 ISRE in
addition of an antibody against IRF-4/Pip also caused amacrophages (Fig 2B, lane 2). Previous studies using cell lines
complete supershift of the B1 complex, which contained ICSBPhad suggested that IRF-4/Pip expression is limited to lymphoid
and IRF-2 (Fig 2, lane 5). Our results suggest that in B cells,cells’® The observation that IRF-4/Pip is present in macro-
ICSBP, IRF-2, and IRF-4/Pip form a heteromeric complex thatphages suggests that IRF-4/Pip expression is not as restricted as
binds to the ISG15 ISRE, which is of interest because it has noprevious results indicated. Similar to the results in B cells, the
been shown previously that ICSBP complexes with IRF-4/Pip.results in macrophages suggest that a complex is formed
Incubation of the ISG15 ISRE with B-cell nuclear extracts between ICSBP and IRF-4/Pip and implicate IRF-4/Pip as a
from ICSBP-deficient mice also resulted in the formation of thenew binding partner for ICSBP. Analyses of protein DNA
2 binding complexes, B1 and B2, as well as a third fastercomplexes in macrophage nuclear extracts from ICSBP
migrating band labeled B3, which has not yet been charactermice showed the absence of the M1 complex. Antibodies
ized (Fig 2A, lane 7). As seen in Fig 2, lanes 9 and 10, IRF-2—against ICSBP and IRF-4/Pip did not result in a supershift (Fig
and IRF-4/Pip—specific antibodies both gave rise to a complet@B, lanes 5 and 6). These results suggest a cell-specific complex
supershift of the B1 complex, indicating that IRF-4/Pip and formation of the IRFs on the ISG15 promoter.
IRF-2 form a ternary complex with ISRE in the absence of The IRF-4/Pip mRNA and protein is expressed in both
ICSBP. We did not detect the IRF-2 protein in spleen cells fromwild-type and ICSBP/— mouse macrophages.The absence
ICSBP-/— mice in our previous experimentThis difference  of IRF-4/Pip binding to the ISRE in ICSBP — macrophages
is probably due to an improved preparation of extracts fromwould suggest that either IRF-4/Pip is not present or that in
primary cells, which contain high concentrations of proteasesmacrophages, it requires the presence of ICSBP to bind the
Taken together, the above results show that ICSBP, IRF-2, antSRE. To distinguish between these 2 possibilities, we analyzed
IRF-4/Pip all bind to the ISG15 ISRE in B-cell nuclear extracts IRF-4/Pip mRNA and protein expression in macrophages by
and suggest a complex formation between all 3 proteins. RT-PCR and by immunoprecipitation followed by Western
Different protein-DNA complexes were observed in nuclearblotting. Figure 3A and B shows that IRF-4/Pip mRNA and
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A B-Lymphocytes
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Fig 2. ICSBP and IRF-4/Pip form a complex on the
ISG15 ISRE. (A) ICSBP, IRF-2, and IRF-4/Pip form a WT “/=
complex on the ISG15 ISRE in B lymphocytes. Mobil-
ity shift assay with the ISG15 ISRE probe and B- T 1T | C
lymphocyte nuclear extracts from wild-type (lanes 1 oICSBP - - + bl - +
to 5) and ICSBP-deficient mice (lanes 6 to 10). Lanes 1
and 6, competition with unlabelled ISG15 ISRE oligo- O IRF-4 - + - . + - Macrophages
nucleotide; lanes 3 and 8, anti-ICSBP antibody; lanes
4 and 9, anti-IRF-2 antibody; lanes 5 and 10, anti-IRF-
4/Pip antibody. The position of the bands, B1, 2, and
3, formed on the ISG15 ISRE are indicated with
arrows. (B) IRF-4/Pip is present in macrophages and
forms a complex with ICSBP. Mobility shift assay
showing complex formation of the ISG15 ISRE and
proteins from primary macrophage nuclear extracts Ml —-
from wild-type (lanes 1 to 3) or ICSBP-deficient mice
(lanes 4 to 6). Lanes 3 and 6, anti-ICSBP antibody;
lanes 2 and 5, anti-IRF-4/Pip antibody. The arrow
shows the specific complex binding to the ISG15
ISRE. The slowly migrating bands seen in the
ICSBP—/— extracts are nonspecific bands. (C) West-
ern blot indicating the presence of IRF-2 in mouse

macrophages. 1 2 3 4 5 6

- i'j

protein are present in wild-type and ICSBP- macrophages, extracts in a mobility shift assay. ICSBP, IRF-4/Pip, and IRF-2
suggesting that IRF-4/Pip requires the presence of ICSBP tdound to the ISG15 ISRE in mock-depleted extracts (Fig 4A,
bind to the ISG15 ISRE. lanes 1 to 4). However, when ICSBP was depleted from the
ICSBP and IRF-4/Pip form stable complexes in vivo in theB-cell wild-type extracts, binding of IRF-4/Pip to the ISG15
absence of DNA. Because IRF-4/Pip is unable to bind to the ISRE was abrogated, although IRF-2 binding is still present
ISG15 ISRE in macrophages in the absence of ICSBP, it i{Fig 4A, lanes 7 and 8). In addition, the slower migrating
likely that these 2 proteins form a complex in macrophagescomplex B1, which contains ICSBP, IRF-2, and IRF-4/Pip, was
However, in B cells, IRF-4/Pip binds to the ISG15 ISRE in the no longer present (Fig 4A, compare lan& lane 5). Because
absence of ICSBP; thus it is not clear if these 2 proteinsIRF-4/Pip was previously shown to bind to the ISG15 ISRE in
complex in B cells or if, as in the case with PU.1, ICSBP andthe absence of ICSBP in B cells (Fig 2A), this raised the
IRF-4/Pip compete for IRF-2 binding. To determine if ICSBP possibility that IRF-4/Pip was coimmunoprecipitated from the
and IRF-4/Pip form a complex in B cells, we depleted ICSBP wild-type B-cell extracts by the ICSBP antibody, suggesting the
from wild-type B-cell nuclear extracts and used the depletedexistence of an ICSBP-IRF-4/Pip complex in the absence of
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Fig 3. IRF-4/Pip protein and mRNA are expressed in mouse
primary macrophages. (A) IRF-4/Pip mRNA is expressed in mouse
primary macrophages and B lymphocytes. The expression levels of
the IRF-4/Pip gene was determined in primary macrophages and B
lymphocytes from wild-type and ICSBP-deficient mice. The arrows
show the band for IRF-4/Pip and for the B-actin control. (B) The
IRF-4/Pip protein is present in mouse primary macrophages from
wild-type and ICSBP-deficient mice. The presence of the IRF-4/Pip
protein in mouse macrophages in wild-type and ICSBP—/— mice was
determined by a Western blotting assay.
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the results in B cells, the mutated oligonucleotides, M1-3, M5,
or GG2, were unable to bind ICSBP or IRF-4/Pip (Table 1). The
results in both B cells and macrophages show that the number
and spacing of the ISRE consensus sites are crucial for
generation of the ICSBP and IRF-4/Pip complexes.

ICSBP and IRF-4/Pip synergistically repress the activity of
the ISG15 promoter. Our results to this point show that ICSBP
and IRF-4/Pip form a complex and bind to the ISRE region of
the ISG15 promoter in both macrophage and B-cell nuclear
extracts. Previous results have shown that both ICSBP and
IRF-4/Pip individually act as negative regulators of ISRE-
dependent transcriptidt?® To determine the function of the
ICSBP-IRF-4/Pip complex, we constructed a luciferase vector
that contained approximately 150 bp of the ISG15 promoter
incuding the ISRE-region. This construct was transfected into
K562 cells, which express endogenous IRF-2, but no IRF-4/Pip
or ICSBP24 The K562 cells were then transfected with an
IRF-4/Pip or an ICSBP expression vector or with both vectors.
Mobility shift assays confirmed the presence of the ICSBP and
IRF-4/Pip proteins binding to the ISG15 ISRE in transfected
K562 cells and its absence in control cells (data not shown). The
results of the luciferase assay are shown in Fig 5. K562 cells
transfected with the ISG15 reporter plasmid showed high levels
of luciferase activity. Transfection of the ISG15 luciferase
vector into K562 cells cotransfected with the IRF-4/Pip or the
ICSBP vector reduced the expression approximatelly 15-fold.
However, when the ISG15 luciferase vector was transfented
K562 cells expressing both ICSBP and IRF-4/Pip, the luciferase
expression was reduced over 150-fold to background levels. These

results confirm that a complex of IRF-4/Pip and ICSBP synergisti-

DNA. The existence of such a complex in both B cells and Cally repress the expression of the ISG15 gene promoter.
macrophages was confirmed by coimmunoprecipitation, fol-
lowed by Western blotting (Fig 4B and C). DISCUSSION

The number and spacing of the consensus ISRE sites within We have shown that the ISG15 gene promoter is a target for
the ISG15 ISRE motif are critical for ICSBP and IRF-4/Pip several IRFs that form different heteromeric complexes in
binding. As shown previously, the consensus binding site formacrophages and in B cells. While 3 IRF-members, ICSBP,
the ISRE is GAAANN? The ISG15 ISRE is somewhat unique IRF-2, and IRF-4/Pip, interact with the ISRE in B cells, only
in that it contains 3 consensus binding sites next to each othelCSBP and IRF-4/Pip were found to bind this sequence in
with no spacing in between. To determine if the number andmacrophages from wild-type mice. The presence of IRF-4/Pip
spacing of the ISRE consensus sites is important for IRFn macrophages was surprising and suggests that IRF-4/Pip
binding, we made a series of mutations in the ISG15 ISRE expression is not as restricted as previously indicéfed.
either mutating or inserting base pairs between the consensus Mutational analyses of the ISRE indicated that the sequence
sites (Table 1). These oligonucleotides were used for mobilityrequirements for binding of the ICSBP and IRF-4/Pip complex
shift assays with macrophage and B-cell nuclear extracts fronare highly specific. The strongest binding of the complex is seen
wild-type mice. When the mutated 1ISG15 ISRE oligonucleo-with the native ISG15 sequence, which is composed of 3
tides GG1 or M4 (Table 1) were used in a mobility shift assay,consensus ISRE sequences placed together with no intervening
the binding of ICSBP, IRF-2, and IRF-4/Pip strongly decreasedbase pairs. Therefore, it is likely that only a limited number of
ICSBP, IRF-2, and IRF-4/Pip were unable to bind to the genes with ISRE promoter elements are regulated by the ICSBP
oligonucleotides, M1-3, M5, and GG2, which have a disruptionand IRF-4/Pip complex.
in the middle or the 3ISRE consensus sites, (Table 1). From  Both ICSBP and IRF-4/Pip do not bind strongly to the ISRE,
these results, one may conclude that the middle ahd 3and it has been reported that complex formation with other
consensus ISRE sites are more crucial for binding of the ICSBRranscription factors improves their binding significantly. Both
protein complexes than theé BSRE. Nonetheless, binding of [ICSBP and IRF-4/Pip binding to the ISRE of the lambda B site
the IRF family protein complexes was significantly weaker is dependent on the presence of the ets family member, PU.1.
when any of the ISRE consensus sites was mutated. In contrast, the other IRF proteins, IRF-1, IRF-2, and IS§GF3

A similar result was seen in mobility shift assay with the bind to the same site independently from P®.The binding of
mutated ISRE oligonucleotides and macrophage nuclear eXtCSBP to the ISG15 ISRE in vitro is enhanced by IRF-1 or
tracts. Using the mutated ISRE oligonucleotide, GG1 or M4, thelRF-211 Although ICSBP and IRF-4/Pip are closely related by
binding of both ICSBP and IRF-4/Pip was reduced. Similar to sequence homology, cooperative binding between IRF-4/Pip
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Fig 4. ICSBP and IRF-4/Pip form a complex in B
cells and macrophages. (A) IRF-4/Pip is precipitated
out of mouse B-lymphocyte extracts with an anti-
body against ICSBP. (A) Shows a mobility shift assay
incubating the ISG15 ISRE oligonucleotide with wild-
type mouse B-lymphocyte extracts, either mock-
depleted (lanes 1 to 4) or depleted for the ICSBP
protein (lanes 5 to 8). In lanes 2 and 6, the extracts are
incubated with antibody against ICSBP, lanes 3 and 7
are with anti-IRF-4/Pip, and lanes 4 and 8 are with
anti-IRF-2. (B and C) Evidence for ICSBP and IRF-4/
Pip complex by coimmunoprecipitation in B-cell line,
A20.2] (B) and in primary macrophages (C). The
IRF-4/Pip protein was precipitated with an antibody
against ICSBP and vice versa as described in Materi-
als and Methods. Fluorographs of the immunoprecipi-
tated fractions (P) and the supernatants (S) are
shown.
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and IRF-1 or IRF-2 has not yet been reported. Therefore, it was Our observations define novel interactions between IRF-4/

somewhat surprising to find IRF-4/Pip complexing with 2 other Pip and ICSBP and show that these 2 factors downregulate the
IRF-members, ICSBP and IRF-2. The above results extendranscription of an ISRE-promoter from the ISG15 gene upon

previous observations indicating a high frequency of heterocomits transfection into monocytic cells. The fact that the expres-

sion of ISG15 is enhanced in macrophages from ICSBP

plex formation within the IRF family*

Table 1. Binding of IRF Complexes to Mutated ISG15 ISRE Oligonucleotides

Binding*
B Lymphocyte Macrophage

Oligo Sequence ICSBP IRF-2 IRF-4 ICSBP IRF-4
ISRE GATCCTCGGGAAAGGGAAACCGAAACTGAAGCC ++ ++ ++ ++ ++
M1 GATCCTCGGGAAAGGGCgtCCGAAACTGAAGCC - - - - -
M2 GATCCTCGGGcgtGGGegtCCGAAACTGAAGCC - - - - -
M3 GATCCTCGGGcgtGGGegtCCGegtCTGAAGCC - - - - -
M4 GATCCTCGGGCcgtGGGAAACCGAAACTGAAGCC + + + + +
M5 GATCCTCGGGAAAGGGAAACCGCgtCTGAAGCC - - - - -
GG1 GATCCTCGGGAAAGGYggGAAACCGAAACTGAAGCC + + - + +
GG2 GATCCTCGGGAAAGGGAAACCggGAAACTGAAGCC - - - - -

Abbreviations: ++, strong binding; +, weak binding; —, no binding.

*The presence of individual IRF proteins was concluded from positive supershifts with the corresponding antibody.

complexes formed with mutated oligonucleotides is in part altered.

The mobility of protein
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v-interferon responses is the ICSBP and IRF-4/Pip—mediated
72000 —| downregulation of ISG15.
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