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ABSTRACT

Interferons (IFNs) are a family of multifunctional
proteins involved in immune activation, regulation of
cell growth and antiviral response. They exert their
functions by induction of several IFN-stimulated
genes, including IFN regulatory factors (IRFs), a
family of transcriptional regulators. One of these
factors, IRF-2, was initially cloned as an antagonistic
counterpart to IRF-1 with oncogenic potential. Here
we describe a second isoform of IRF-2, termed IRF-2s,
cloned from human and murine cells. This isoform
lacks two amino acids located C-terminal of the DNA-
binding domain, which is conserved in all IRF family
members, leading to a change in the predicted
secondary structure. Both isoforms have similar
binding affinities to known target sequences in electro-
phoretic mobility shift assays. Using reporter gene
constructs with the type IV promoter region of the
MHC class Il transactivator (CIITA), which is the
essential factor for IFN-y-induced MHC class Il
expression, we show that the short isoform IRF-2s
exhibits a weaker activation ability compared to IRF-2.
Thus, our data present the first evidence of two IRF-
2 isoforms with different regulatory ability.

INTRODUCTION

Interferons (IFNs) are secreted cytokines with multiple functions
in the immune system. Signalling by IFN-y is mediated via
successive phosphorylation events at the IFN-y receptor by the
associated tyrosine kinases JAK1 and JAK2. Subsequently, the
signal transducer and activator of transcription 1o (STATIo)
becomes phosphorylated and dimerises (for reviews see 1-3).
Homodimerised STAT1a translocates to the nucleus where it
binds to the IFN-v activation site (GAS) in promoters of IFN-
inducible genes.

IFN-y-induced up-regulation and subsequent phosphorylation
of STAT1a leads to the induction of a family of transcription
factors, the interferon regulatory factors (IRFs) (for reviews
see 4,5). IRF-1 was detected through its ability to activate
expression of interferon-inducible genes like IFN-f3 and MHC
class I by binding to a sequence element named the interferon-
stimulated response element (ISRE) located in the promoter
region. An antagonistic factor termed IRF-2 was found to bind the
same element but suppressed IRF-1 activation of IFN-inducible
genes (6,7). The antagonistic effects are also represented in the
oncogenic potential of IRF-2 and the anti-oncogenic potential
of IRF-1 (8). Although the antagonistic role of the two factors
prevails, IRF-2 has recently been shown to act as an activator
of transcription for several genes (9—11). IRF-1 and IRF-2 can
be detected in a wide variety of tissues. While the level of
expression of IRF-1 in its constitutive form seems to be
dependent on the cell cycle, the level of IRF-2 mRNA remains
constant (6,7). Another member of the IRF family of transcrip-
tion factors is the IFN consensus sequence binding protein
(ICSBP), which represses transcription of target genes and is
predominantly expressed in cells of the immune system (12—
14).

The members of the IRF family share significant structural
homologies. The N-terminal regions of the IRFs are highly
conserved and confer DNA binding specificity. This region is
called the DNA-binding domain (DBD) (4). In addition, an
IRF-association domain (IAD) and several other regulatory
domains are present in various IRFs, like IRF-1, IRF-2 and
ICSBP (4,15,16). The binding affinities of IRF-1 and IRF-2 for
specific sequences differ for each target sequence. The very
low binding affinity of ICSBP to the ISRE is greatly enhanced
by complex formation with IRF-1 or IRF-2, both in vivo and in
vitro, in the presence or absence of DNA. The regulation of
various target genes by IRFs is not only dependent on the
formation of hetero-complexes with many different proteins,
but also post-translational modifications (4,16—-18), i.e. phos-
phorylation of ICSBP is necessary for binding DNA, which
was also observed for IRF-1 and IRF-2 (4,15,19).
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In addition to IFN-B and MHC class I, the MHC class II
transactivator (CIITA) is another target for IRFs. CIITA was
identified in studies of patients that suffered from primary
immunodeficiency syndromes (20,21). Expression of CIITA,
the key regulatory factor of IFN-y-induced MHC class II tran-
scription, is tightly regulated in humans and mice by different
promoters preceding four alternatively used first exons (types
I-1V) (22). The type IV promoter is predominantly responsible
for induced expression of CIITA and subsequently MHC II
following IFN-y stimulation of target cells (22). Furthermore,
an additional role of STAT1a for IFN-y-induced regulation of
CIITA expression has been described (23—-27). These data can
be explained by the presence of GAS and ISRE sequence
elements in the CIITA promoter.

In this work we describe the sequence and characterisation
of a shorter isoform of IRF-2. To evaluate possible functional
differences, we studied the binding affinities of both isoforms
to known DNA target sequences by EMSA. We then analysed
the regulatory activity of both isoforms using the CIITA type
IV promoter in reporter gene assays.

MATERIALS AND METHODS

Cells and cell culture

The murine Leydig cell line TM3 was obtained from the
ATCC (American Type Culture Collection, Rockville). Cells
were cultured at 5% CO, in DMEM/NUT-F12 medium (Gibco
BRL, Eggenstein, Germany) supplemented with 10% foetal
calf serum (Gibco BRL), 100 U/ml penicillin and 100 mg/ml
streptomycin (Biochrom KG, Berlin, Germany). Stimulation
experiments were performed with 200 U/ml IFN-y (Boehringer
Mannheim, Mannheim, Germany) for 24 h.

Primer extension assay

Since IRF-2 differs only in an additional 6 bp from IRF-2s, we
employed a primer extension assay based on the PCR tech-
nique to analyse their expression. We used primers for IRF-2
spanning the variant region (sense, 5-ATAGTACGGTGAA-
CATCAT-3’; antisense, 5’-TTGCTGTCCAGATGGGACTG-
3”) which were labelled with IRD-800 dye (MWG Biotech,
Ebersberg, Germany). After a standard PCR (55°C annealing
temperature, 25 cycles) the samples were loaded on a 30 cm
acrylamide gel and run on an automated sequencer (LI-COR;
MWG Biotech) as recommended by the manufacturer.

Generation of expression and reporter constructs

Murine cDNAs encoding IRF-2 and IRF-2s were synthesised
from TM3 cell total RNA by reverse transcription (RT)-PCR
using Superscript II reverse transcriptase (Gibco BRL) and the
PCR system (Boehringer Mannheim) with the following
primers: IRF-2 sense primer, ACCCAAGCTTGCGGGATTG-
TATTGGTAGCG; IRF-2 antisense primer, GCTGTCCA-
GATGGGACTGTCCTACAACT. The cDNA was then
inserted into pcDNA3.1(+) (Invitrogen, San Diego, CA)
between HindIll and BamHI restriction sites. The complete
mICSBP cDNA clone was generously provided by Dr K. Ozato
and the Kpnl-BamHI backbone fragment was inserted into
plasmid pcDNA3.

For the dual luciferase assays, the upstream 377 bp of the
CIITA type IV promoter were PCR amplified from genomic
DNA of TM3 cells. Primers containing specific restriction sites
at their 5’-ends were used to insert the fragment into the pGL3-
Basic firefly luciferase reporter vector (Promega, Madison,
WI). Sequencing of the products was performed with either a
LI-COR (MWG Biotech) or an ABI Prism 377 (PE Biosystems,
Foster City, CA) automated sequencer as recommended by the
manufacturer.

Calculation of secondary structure

Secondary structures were predicted using the PHDsec computer
program (EMBL Laboratories) obtained via the Internet (http://
www.embl-heidelberg.de/predictprotein/predictprotein.html ).
This program calculates the secondary structure of proteins
from their amino acid sequence using a system of neural
networks.

In vitro transcription and translation

Plasmids containing IRF-2, IRF-2s and ICSBP under control
of the T7 promoter were linearised downstream of the coding
region with appropriate restriction enzymes. Aliquots of 3-5 mg
of linearised plasmid were transcribed in vitro by T7 RNA
polymerase using a commercial kit (Stratagene, La Jolla, CA).
Proteins were translated in vitro using a rabbit reticulocyte
(RRL) system (Promega) as recommended by the manufacturer.
To monitor translation efficiency, small-scale reactions
containing [3*S]methionine were performed and the labelled
protein was separated by 7% SDS-PAGE and subjected to
autoradiography.

Electrophoretic mobility shift assay (EMSA)

In vitro translated proteins were prepared as described above.
Nuclear extracts were prepared according to Dignam et al.
(28). The oligonucleotides used for gel shift assays were as
follows. PRDI trimer: forward, GATCAAGTGAAAGT-
GAAAGTGA; reverse complementary, GATCTCACTTTC-
ACTTTCACTT. AB: forward, gatctcttggtttcacttcettttatttctg;
reverse complementary, gatccagaaataaaaggaagtgaaaccaaga.
ISG-15: forward, GATCCTCGGGAAAGGGAAAC-
CGAAACTGAAGCC; reverse complementary, GATCG-
GCTTCAGTTTCGGTTTCCCTTTCCCGAG. Gel  shift
assays were performed as described elsewhere (15). A typical
reaction contained up to 6 ul of RRL with in vitro translated
proteins or nuclear extracts containing 2-5 |g protein. The
samples were incubated with radiolabelled oligonucleotide in
binding buffer [10 mM HEPES, pH 8.0, 5 mM MgCl,, 50 mM
KCI, 1 mM dithiothreitol, 10% Ficoll, 3% glycerol, 0.025%
Bromophenol blue, 0.005% xylene cyanol, 1 mg sonicated
poly(dI-dC), 1 mg sheared salmon sperm DNA] for 10 min on
ice. For supershift experiments the samples were incubated
with 2—4 ul of antiserum or pre-immune serum for 1 h on ice
before adding the oligonucleotide. The antisera used against
IRF2 (Ab 311, against peptide 205-226; Ab 313, against
peptide 250-268) were a generous gift from Dr H. Hauser. For
competition experiments, the samples were incubated with the
indicated amount of unlabelled competitor for 10 min before
the labelled probe was added. The samples were then applied
to a pre-run 7% polyacrylamide gel. The dried gel was subse-
quently autoradiographed.
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Figure 1. The different IRF-2 isoforms. (A) Protein composition of human IRF-2. The arrow denotes the location of the two amino acids missing in IRF-2s.
(B and C) Alignment of IRF-2 and IRF-2s mRNA and protein sequences, respectively (note that the human and murine sequences in this region are identical).

DBD, DNA-binding domain; IAD, IRF-association domain; RP, repressor domain (4,16,31).

Transfection of TM3 cells using a ballistic vector system

Transfection for transient expression was performed with a
ballistic vector system (BVS). Since BVS transfers large
numbers of plasmid vectors directly into the nucleus, efficient
co-transfection of the same cell with different constructs can
be achieved (29). TM3 cells were grown to confluency in 3 cm
Petri dishes and the culture medium was removed prior to
transfection. The transfection was performed using BVS with
the Hydra extension module (Bio-Rad, Richmond, CA). This
allows simultaneous transfection of up to six culture dishes. In
all experiments the plasmid concentration was as follows:
400 nM reporter gene construct (CIITA type IV promoter/
firefly luciferase gene), 110 nM transfection control construct
(TK promoter/renilla luciferase gene) and 8 nM IRF expression
vector (CMV promoter/IRF-2 or IRF-2s).

Dual luciferase assay

Promoter function was measured using the dual luciferase
assay (Promega). In this system a co-transfected expression
plasmid for renilla luciferase provides an internal reference for
efficiency of transfection and expression. The promoter-
dependent signal was generated from an expression plasmid
carrying the CIITA type IV promoter controlling expression of
the firefly luciferase gene. Twenty-four hours after transfection,
culture medium was removed and replaced with medium
containing 200 U/ml IFN-y. Cells were harvested for determin-
ation of luciferase activity 24 h later. Luciferase assays were
performed with a LB 96 P microlumat (E.G. & G. Berthold,
Bad Wildbad, Germany). The results are presented as the ratio
of measured firefly relative light units (r.l.u.) to renilla r.l.u.

RESULTS

A naturally occurring isoform of IRF-2, termed IRF-2s

During cloning experiments with TM3 cells, a murine Leydig
cell line, we found an isoform of IRF-2 which lacked six bases
in the mRNA sequence as compared to the database sequence
of the originally described IRF-2 (Fig. 1). These six bases are

A B
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Figure 2. Expression of IRF-2 isoforms in cell lines. IRF-2/IRF-2s mRNA
levels (arrows) were determined by primer extension assay. (A) Three experiments

for TM3 (left) and J774.A1 (right) were performed. (B) As controls, plasmids
with IRF-2s (lane 1), IRF-2 (lane 2) and both (lane 3) were studied.
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located at the exon 5/exon 6 boundary and their absence leads
to a shorter IRF-2 protein lacking two valines at that position
(Vall77 and Vall78). We have termed this isoform IRF-2s
(short). We tested whether the isoforms were also expressed in
other species and found the same shortened isoform in J774.A1
cells, a murine monocytic/macrophage line. Primer extension
analysis showed expression of both isoforms in these cells
(Fig. 2). Interestingly, the ratio of IRF-2 to IRF-2s varied
considerably: in TM3 cells both isoforms were expressed
similarly, whereas IRF-2 dominated in J774.A1 cells (Fig. 2).
The second isoform, IRF-2s, was also isolated from human
peripheral blood and lacked six bases at a comparable site
(Vall77 and Val178) (Fig. 1) (30). Using the PHDsec computer
program (EMBL Laboratories) the secondary structure of both
isoforms was predicted (Fig. 3). The missing two valines in the
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Figure 3. Predicted secondary structure of IRF-2 isoforms. The amino acid (AA) sequence is shown on the upper lane starting from amino acid 125 to 180 or 182,
respectively. The region corresponding to the 6 bp difference in the RNA sequence is shown by arrows. The calculated secondary structure motifs (with the PHDsec
program) are shown in the second lane (PHD sec). H, o-helices; E, B-sheets. The third lane (Rel sec) shows the reliability index of the prediction (9 is highest).

Differences in secondary structure motifs are marked with a star.

1SG-1 B PRDI
RRL I e
IRF-2 - - = 4 = = 4 =
RF2s = -+ = =+ = - +

IRF-2 or
: -}I I
123 4856 788

Figure 4. DNA-binding ability of IRF-2/IRF-2s to various target sequences.
Binding of IRF-2 and IRF-2s to ISG15, AB and PRDI probes in EMSA. No
significant difference in binding ability between IRF-2 (lanes 2, 5 and 8) and
IRF-2s (lanes 3, 6 and 9) was detected. RRL, rabbit reticulocyte lysate.

IRF-2s isoform are located in a B-sheet, which becomes shorter
and thus may be destabilised. Furthermore, the formation of a
new B-sheet domain is predicted approximately 15 amino acids
N-terminal of the original B-sheet (Fig. 3).

IRF-2 and IRF-2s have comparable binding affinities to
target DNA elements in vitro

To investigate possible functional differences of the two
isoforms, we first asked whether they differ in their ability to
bind certain target DNA sequences in EMSA. Three different
target probes of standard consensus sequences were used: a
positive regulatory domain I trimer (PRDI) from the IFN-8
promoter (15,32); the ISRE of the IFN-stimulated gene 15
promoter (ISG15) (14,33); the AB element of the immuno-
globulin light chain gene enhancer (34). We used in vitro

RRL # == == = ===
IRF-2 -+t 4 - - ==
IRF-2s e
PRDI - - 10 50100 - 10 50100

IRF-2 or
IRF-2s >

123 4 5 67 8 9

Figure 5. DNA-binding ability of IRF-2/IRF-2s in competition EMSA. Binding of
IRF-2 (lanes 2-5) and IRF-2s (lanes 6-9) to a labelled PRDI trimer probe was
comparably diminished by increasing amounts of unlabelled PRDI competitor
(10, 50 and 100 times excess). RRL, rabbit reticulocyte lysate.

translated proteins of IRF-2 and IRF-2s and ensured equal
amounts of protein by calibrating translation via incorporation
of radiolabelled methionine. We found no significant differ-
ence between binding of IRF-2 and IRF-2s to the above
elements (Fig. 4). To investigate the DNA-binding affinity of
IRF-2 and IRF-2s in more detail, we performed competitive
EMSA with a labelled PRDI probe. The binding of both
complexes was comparably diminished by increasing amounts
of unlabelled PRDI competitor probe (Fig. 5). The same was
found for competition with a probe comprising the AB element
(data not shown). We then performed supershift experiments
with in vitro translated proteins and two different antibodies
against IRF-2, Ab 311 (against peptide 205-226) and Ab 313
(against peptide 250-268). Both complexes, IRF-2-DNA and
IRF-2s-DNA, were supershifted to a similar extent (data not
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Figure 6. Activation ability of IRF-2/IRF-2s in reporter gene assays. IRF-2 or
IRF-2s expression plasmid or no IRF was transfected into TM3 cells with the
CIITA type IV promoter/luciferase vector and the TK promoter/renilla
luciferase vector (as an internal control). Effect of IFN-y (A) and IFN-o (B) on
IRF-2/IRF-2s-induced reporter gene expression. Open boxes denote no
stimulation and dark grey boxes IFN stimulation (24 h). The relative promoter
activity is calculated as the ratio of firefly luciferase to renilla luciferase
activity. The mean of three experiments is shown (+ SE).

shown). In addition, both isoforms were able to form hetero-
complexes with ICSBP. No significant difference in the
strength of binding to the PRDI probe was observed (data not
shown). These data argue that the DNA-binding affinity of
both proteins is similar, if not identical. This can be rationalised by
the location of the two missing amino acids C-terminal of the
DBD.

IRF-2s is a weaker transcriptional activator in vivo than IRF-2

Since both isoforms are present in several cell types, we
addressed whether the variation in primary structure of IRF-2s leads
to a differential ability to regulate target genes. We chose the CIITA
type IV promoter, which is known to be activated by IFN-y and
IRF-2 (11). The coding sequences of both isoforms were inserted
into identical expression vectors, which were co-transfected with
the CITA type IV promoter-reporter gene construct. The
reporter activity was measured in unstimulated and IFN-y-
stimulated TM3 cells. The basal reporter activity without the
IRF expression vector was enhanced two to three times by
IFN-y (Fig. 6A). Co-transfection with IRF-2 led to an increase
in reporter activity to nearly three times the basal level, which
was further increased by IFN-y to >4-fold above the basal level
(Fig. 6A). Co-transfection of IRF-2s also enhanced basal and
IFN-y-induced reporter activity, but the level of activation was
0.4-0.7 times lower compared to that of IRF-2 (Fig. 6A).
Furthermore, these differences persisted with IFN-o. treatment,
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which reduced IRF-2/IRF-2s-mediated reporter gene activation
(Fig. 6B). These data clearly indicate that IRF-2s has a weaker
activating ability on transcription through the CIITA type IV
promoter than IRF-2 in TM3 cells.

DISCUSSION

We cloned a naturally expressed IRF-2 isotype, IRF-2s, from
both murine and human cells. This factor, which is two amino
acids shorter than the previously described IRF-2, exhibits a
comparable binding affinity to typical target promoter
elements. Both isotypes are identical except for 6 bp, arguing
against two genes coding for IRF-2. Alternative splicing is the
most likely explanation for the existance of the two IRF-2
isoforms. There is growing evidence that alternative splicing,
the use of different splice sites by the spliceosome, may be a
major mechanism for controlling the expression of eukaryotic
genes. Indeed, alternative splicing has been shown to be
involved in the generation of various immunomodulatory
proteins. These include the cytokines EGF, TGF-1, IL-2, IL-4
and others (35). Alternative splicing has also been described
for a variety of other proteins, including kinases, receptors like
MHC class I, whose alternatively spliced form leads to a soluble
protein, and transcription factors (36-38). The functional
correlation of alternative splicing may include: (i) protein
localisation; (ii) deletion, modulation or change of function;
(iii) participation in developmental pathways.

The difference of 6 bp between the two IRF-2 isotypes most
likely accounts for the differences in activation activity. The
predicted secondary structure of the two isotypes indicates a
putative destabilisation of a B-sheet inside the IRF-2s protein
and a new P-sheet further N-terminal. The reduction of IRF-2-
induced transcriptional activity at the CIITA type IV promoter
without affecting the binding ability may be explained by a
change in protein—protein interactions which is essential for
the function of IRF family members (15,16,39). It is also
possible that a conformational change of the protein may lead
to stabilisation of its repression domains (31,40,41). Another
possibility may be disruption of the latent activation domain
located at amino acids 160-220 (31) by the missing amino
acids at positions 177 and 178. A pivotal element called the
IAD, which was shown to be essential for formation of hetero-
complexes (4,15,16), was not directly affected by absence of
the two amino acids (Fig. 1A). It seems unlikely that the lack
of just 6 bp accounts for a reduced RNA stability or translation
efficiency which would then lead to decreased promoter
activation.

As previously described, the expression of IFN-y target
genes is regulated by various IRFs, like the activators IRF-1,
IRF-2 and IRF-2s and the repressor ICSBP. The exact combin-
ation of these transcription factors, comprised of activators of
different strengths as well as inhibitors, may be important in
fine tuning expression of several crucial genes, such as control
of T cell activation by MHC class II expression through its key
regulator CIITA. Differential usage of the IRF-2 isotypes may
thus be a novel mechanism for precise regulation of target gene
expression by the same IRF protein. These data are substantiated
by our results that the two isoforms are expressed in different
ratios in the two cell types, TM3 Leydig and J774.A1 mono-
cytic/macrophage cells. Thus it may be interesting in future
studies with IRF-2/IRF-2s to reveal the differences between
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the two isotypes in a system in which IRF-2 acts as repressor
(e.g. MHC class I).

Previous studies on IRF-2 have contributed to a more
complicated picture. It has been shown that upon induction
with double-stranded RNA or viruses, 185 amino acids at the
C-terminal end of IRF-2 are proteolytically removed (42—44).
This modification can alter IRF-2 repression of the IFN-3 gene
(42-44). Other truncated forms of IRF-2 have been found in
induced complexes, such as I-Bfi and TH3 (42,45). Formation
of hetero-complexes is an important regulatory mechanism
used by IRF-2 (44) and other IRFs (16,18). Moreover, it has
been shown that phosphorylation of IRF-2 is important for
binding to ICSBP (15,19). This complex network of inter-
actions has been further complicated by our findings that IRF-2
exists in two different isoforms. Although IRF-2s exhibited a
reduced activation ability, no obvious alteration in binding
target sequences and in forming hetero-complexes with ICSBP
was detected in EMSAs. Another IRF family member, IRF4
(LSIRF/Pip/ICSAT/MUM1), is known to express two splice
forms with a difference of one amino acid (GIn164), which is
also not located in the DBD or IAD (4,46). Thus, the existence
of splice variants of other IRFs than IRF-2 with differential
regulatory functions is possible.

Our experiments imply a putative new regulatory mechanism,
namely the generation of splice variants of the same IRF
transcription factor, which results in proteins with different
regulatory abilities.
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