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The murine interferon-A11 (Mu IFN-A11) gene is a member of

the IFN-A multigenic family. In mouse L929 cells, the weak

response of the gene’s promoter to viral induction is due to a

combination of both a point mutation in the virus responsive

element (VRE) and the presence of negatively regulating

sequences surrounding the VRE. In the distal part of the

promoter, the negatively acting E1E2 sequence was delimited.

This sequence displays an inhibitory effect in either orientation

or position on the inducibility of a virus-responsive heterologous

promoter. It selectively represses VRE-dependent transcription

but is not able to reduce the transcriptional activity of a VRE-

lacking promoter. In a transient transfection assay, an E1E2-

containing DNA competitor was able to derepress the native Mu

INTRODUCTION

Eukaryotic gene expression is regulated primarily at the tran-

scriptional level and involves interaction of specific trans-

regulator proteins with particular target DNA cis-elements

present mainly in the promoter. The expression patterns are the

consequence of the combination of both positive and negative

control. Several mechanisms have been proposed to explain how

transcriptional repression occurs [1–4]. The repressor can for

instance inhibit the DNA binding of a particular activator by

competing for a common binding site (steric occlusion) or by

interacting with the DNA binding domain of the activator

(squelching). The negative factor can also interact with the

activating domain of the positive factor and inhibit its effect

(quenching). The last mechanism is the silencing or ‘direct

repression’ of the basal transcriptional machinery independent

of the presence of positive elements. In this case the repressor

binds to a silencer sequence and displays its negative effect in

either orientation or position.

The interferon (IFN) system has been widely studied as a

model for understanding the mechanisms of eukaryotic gene

regulation. After stimulation by virus, type-I IFN (IFN-A and

-B) is expressed as a result of transcriptional activation [5,6]. This

response is a transient phenomenon leading to an accumulation

of high levels of IFN mRNA [7] followed by an efficient turnoff

which is due to a combination of transcriptional repression [8]

and rapid turnover of the mRNA [6,9]. The mechanisms by

which IFN gene promoters are activated upon induction have

beenmost particularly studied within the human IFN-Bpromoter

Abbreviations used: IFN, interferon; VRE, virus responsive element ; IRE, IFN gene regulatory element ; PRD, positive regulatory domain; NRD, negative
regulatory domain; NRE, negative regulatory element ; IRF, IFN regulatory factor ; NDV, Newcastle disease virus ; CAT, chloramphenicol
acetyltransferase ; IE, inducible element ; Mu, murine; Hu, human; NF, nuclear factor.
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IFN-A11 promoter. Specific nuclear factors bind to this se-

quence; thus the binding of trans-regulators participates in the

repression of the Mu IFN-A11 gene. The E1E2 sequence contains

an IFN regulatory factor (IRF)-binding site. Recombinant IRF2

binds this sequence and anti-IRF2 antibodies supershift a major

complex formed with nuclear extracts. The protein composing

the complex is 50 kDa in size, indicating the presence of IRF2 or

antigenically related proteins in the complex. The Mu IFN-A11

gene is the first example within the murine IFN-A family, in

which a distal promoter element has been identified that can

negatively modulate the transcriptional response to viral in-

duction.

[10]. It is now accepted that several overlapping positive regula-

tory domains (PRDI, II, III, IV) and negative regulatory domains

(NRDI, II) [10–12] encompassing the IRE (IFN gene regulatory

element) are involved in the regulation of the human IFN-B

gene expression in response to induction [13]. All of these

elements are binding sites for specific nuclear factors [14–16].

Nuclear factor (NF)-κB is activated by virus induction and

participates in the transcriptional activation of the IFN-B gene

by binding to the PRDII motif [16–19]. Activating transcription

factor-2 binds to PRDIV and has been shown to be involved in

virus induction [20]. Moreover, the binding of high-mobility

group I(Y) proteins to PRDII and PRDIV apparently alters the

DNA structure thereby increasing the binding activity of both

NF-κB and activating transcription factor-2 [21]. IFN regulatory

factors, IRF1 and IRF2 [14,22–24], bind to PRDI and PRDIII.

After virus induction, it was originally reported that IRF1

stimulated transcription from the IFN-B promoter while IRF2

antagonized this activation by competing for the same DNA-

binding site [23]. Studies on targeted disruption of the IRF1 gene

in mice or embryonic stem cells remain controversial as to the

role of IRF1 in the viral induction of type-I IFN genes, while the

repressing effect of IRF2 appears confirmed in IRF2-deficient

mice [25–28]. Concerning the negative elements, the negative

regulatory element (NRE) sequence partially overlaps PRDII

and is the binding site for negative factors [29] including DSP-1,

a Drosophila high-mobility group 1-like protein [30]. Virus

induction can overcome the silencing activity of the NRE by the

co-operative effect of PRDI and PRDII. The cDNA encoding a
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PRDI-binding protein, PRDI-BF1, which acts as a post-in-

duction repressor of the IFN-B gene, has also been identified [8].

The transcriptional regulation of IFN-A genes has been less

studied and very little is known about the factors binding to

different elements in the virus-responsive element (VRE) [31]. In

the VRE (®109}®64) of the human (Hu) and murine (Mu)

IFN-A gene promoters, homologies to PRDI and PRDIII have

been found. Transcriptional control of IFN-A genes might thus

involve some factors in common with the IFN-B, as observed in

a number of reports [31–34]. However, some other evidence

indicates that the IFN-A and -B genes are transcriptionally

activated through different mechanisms [31,34–37]. A ‘TG pro-

tein’ has been reported to bind to the TG sequence in the Hu

VRE-A1 and not to Hu IFN-B PRDI nor PRDII; it might be a

specific IFN-A trans-activator [34]. It has been reported that

overexpression of IRF1 was able, independently of virus in-

duction, to activate transcription from chimaeric promoters

containing the VRE from the Hu IFN-A1 [34]. Activation was

also observed with the inducible element (IE) (®109}®75) from

the Mu IFN-A4 and -A6 genes [38] in transient assays ; yet the

endogenous Mu IFN-A genes could not be induced by this

overexpression. A newly identified factor, αF1}B, binds to the IE

in the Mu IFN-A4 promoter [39]. This factor is not a member of

the IRF family and it has been hypothesized [38,39] that it might

co-operate with IRF1 for an efficient activation through the IE

sequence. To date, none of these factors has yet been isolated or

characterized. Recent studies on Mu IFN-A gene activation

indicate that a multicomponent virus-induced factor (VIF),

different from the previously described factors and from IRF1,

binds to the IE and may participate in transcriptional activation

upon virus induction [40].

IFN-A genes are members of a multigenic family and exhibit

differential expression patterns in a cell-type and inducer-specific

manner in both murine [41–47] and human [35] systems. Also,

for a given cell type and a given inducer, the level of expression

of each member of the multigenic family differs. In this respect,

we have previously shown that the Mu IFN-A11 gene [47,48] is

poorly expressed upon Newcastle Disease Virus (NDV) induction

in L929 cells, whereas Mu IFN-A4 is highly inducible. Thereby,

the Mu IFN-A11 gene is considered as a repressed gene. Our

previous work has established that the weak response of the Mu

IFN-A11 gene to NDV in L929 cells is due in part to the presence

of negatively acting regions in the distal promoter and in part to

a crucial point mutation in the VRE of Mu IFN-A11 (VRE11)

as compared with the VRE4 [48]. The removal of the upstream

negative domain (®470 to ®145) increases virus-inducibility

of the Mu IFN-A11 gene. We therefore attempted to define

precisely the boundaries of the negative cis-acting sequences in

the distal regions of the Mu IFN-A11 promoter. In this report we

present a detailed analysis of the E1E2 sequence which displays

a negative effect on virus-induced expression from an inducible

VRE-containing heterologous promoter in an orientation- and

position-independent fashion, but has no effect on a constitutive

heterologous promoter. In the native context, deletion of this

sequence derepresses the activity of the IFN-A11 promoter. Our

results show that the binding of trans-regulators participates in

the repression of the Mu IFN-A11 gene. The E1E2 segment

contains several sequence features such as a tandem repeat, two

palindromes and an IRF-binding site. Recombinant IRF2 bound

this sequence and anti-IRF2 antibodies supershifted a major

complex formed with nuclear extracts. This complex contains a

50 kDa protein similar in size to IRF2, thus indicating the

presence of IRF2 or antigenically related proteins in the complex.

The role of IRF2 and the mechanisms of repression accounting

for the negative effect of E1E2 are discussed.

MATERIALS AND METHODS

Oligonucleotides

Double-stranded DNA oligomers were obtained by annealing

chemically synthesized complementary strands. The 47-bp B and

22-bp C oligomers are blunt-ended double-stranded DNAs

corresponding, respectively, to the sequences from positions

®260 to ®214 and ®213 to ®192 of the Mu IFN-A11 upstream

region (see Figure 3B). The 46-bp E1E2, 23-bp E2 and 20-bp

delta E1E2 are double-stranded oligonucleotides corresponding,

respectively, to the sequences from positions ®244 to ®199,

®222 to ®199 (see Figure 3B) and ®199 to ®180. The 24-bp

(AAGTGA)
$

oligonucleotide is a high-affinity IRF-binding site

and corresponds to the 5«-TCG(AAGTGA)
$
GAC-3« DNA mol-

ecule. EKSB is the DNA oligonucleotide which was used as a

non-relevant competitor and consists of an 18-bp EcoRI–KpnI–

SacI–BamHI polylinker. The 69-bp BC segment was obtained

using single-stranded B and C oligonucleotides as primers in a

PCR.

Construction of reporter plasmids

The pABCD-VRE4tk series of constructions (Figure 1) was

obtained by using the pVRE4 plasmid [48] which carries the

synthetic Mu IFN-A4 promoter region corresponding to the

VRE-A4, flanked on either side by HindIII and BamHI linkers

and inserted at the HindIII and BamHI sites in pBLCAT2 [49].

The pABCD-VRE4tk series was constructed either by subcloning

blunt-ended restriction fragments (®470¯DdeI ; ®261¯
HinfI ; ®213¯DraI ; ®192¯AluI ; ®147¯BstXI) of the Mu

IFN-A11 promoter [47] or by cloning the oligonucleotides

corresponding to the B, C, E2 and E1E2 fragments into the

unique blunt-ended HindIII site of pVRE4. The VRE4–tk–E1E2

is obtained by cloning E1E2 oligonucleotide into the SmaI site of

pVRE4. The pE1E2–tk was obtained by cloning the E1E2 into

the SalI blunt site of pBLCAT2. The pIF11T and p(®119}­19)-

CAT plasmids corresponding, respectively, to the ®470}­19

and ®119}­19 promoters of Mu IFN-A11 inserted in

pBLCAT3 [49] have been described previously [48]. The 5«
deletions of the Mu IFN-A11 promoter fragments were obtained

by PCR using E1E2 for p(®244}­19)-CAT and delta E1E2 for

p(®199}­19)-CAT as 5« primer and for both constructions the

BamHI}A­19 oligonucleotide (5«-CCCAGATCTGGATCC-

TCT-3«) as 3« primer. All fragments were inserted in XbaI

blunt}BamHI sites of pBLCAT3. All constructions were checked

by nucleotide sequencing on double-stranded DNA [50].

DNA transfection, viral induction and enzymic assays

L929 cells (3.5-cm-diam. dishes), seeded in Dulbecco’s modified

Eagle’s medium supplemented with 10% (v}v) horse serum,

were transfected at 50% confluency by the calcium phosphate

precipitation method [51] with 1.25 µg of reporter plasmid in the

presence of 125 ng of pCMV-βGal or 250 ng of pEF-LacZ

plasmids (kindly provided by Dr. D. Biard, CEA, Fontenay-

Aux-Roses, France, and Dr. J. Mushler, Institut Pasteur, Paris,

France, respectively), and followed 4 h later by a 1 min glycerol

(10%) shock. NDV induction was carried out 48 h later as

described [48]. In the mock-induced conditions only NDV

addition was omitted. Cells were harvested 24 h post-induction

and cytoplasmic extracts were prepared by cell lysis with a buffer

containing 0.65% Nonidet P-40, 10 mM Tris}HCl, pH 8.0,

1 mM EDTA, 150 mM NaCl, 0.5 mM PMSF (Dr. M. Parker,

personal communication). Chloramphenicol acetyltransferase

(CAT) assay was carried out as described [52]. Transfection
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Figure 1 The BC segment from the Mu IFN-A11 gene upstream sequence has a negative effect on the VRE4-tk promoter activity

The segments have been named : A from ®470 to ®261, B from ®260 to ®214, C from ®213 to ®192 and D from ®191 to ®147. The name and structure of the different chimeric

plasmids tested are presented in the left-hand panel. L929 cells were transfected and induced as described in the Materials and methods section. In cell lysates, CAT assays were normalized

to β-galactosidase activity. Histogram bars in the right-hand panel represent CAT activities³S.E.M. for at least five separate transfections relative to the mock-induced activity of pVRE4 which

was set at 100%. Inducibility is the ratio of the NDV-induced activity over the mock-induced activity. With the pABCD-, pBCD-, pABC- and pBC- constructs, induced CAT activities in each experiment

were always, or with pB- most often, significantly different from the reference pVRE4 plasmid (P ! 0.01), whereas pCD-, pD-VRE4 and pC-VRE4 were not.

efficiency was determined by the β-galactosidase activity assay

with the Galactolight4 (Tropix, Inc.) chemiluminescence kit. In

each experiment, a given constructionwas transfected in duplicate

and two different clones of each construction were tested. The

significance of pairwise comparisons between a given construc-

tion and pVRE4 reference was determined by Student’s t-test.

Ex vivo transfection-competition experiments

For ex �i�o transfection-competition experiments using oligo-

nucleotides as competitor [53], L929 cells were co-transfected as

described above, either with pBCD-VRE4tk or pIF11T reporter

plasmids, 125 ng of the pCMV-βGal normalizing plasmid and

different fold molar excesses of competitor oligonucleotides BC,

B, C and EKSB. The pUC18 plasmid was used as carrier to

complete each DNA mixture to 2.5 µg. Enzymic activity was

monitored with extracts from NDV-induced or mock-induced

L929 cells as described above.

DNA binding analysis

Nuclear extracts from NDV-induced (8 h) and uninduced L929

cells were prepared as described [54]. Gel shift assays with

recombinant Hu IRF2 protein (kindly provided by Dr. J. Hiscott,

McGill University, Montreal, Quebec, Canada) were performed

as described [55]. Complexes were resolved by electrophoresis on

5% native polyacrylamide gels. Supershift assays using human

(kindly provided by Dr. J. Hiscott) and murine (kindly provided

by Dr. T. Taniguchi, University of Tokyo, Tokyo, Japan) anti-

IRF2 and anti-IRF1 antibodies were performed as described

elsewhere [55]. For the DNase I footprinting assays, the BCD

fragment in the pBCD-tk plasmid was used after appropriate

enzymic digestion to label either the coding or the non-coding

strands. DNase-I footprinting experiments were carried out as

described in the SureTrack protocol (Pharmacia). Depending on

the probe used, the samples were analysed on a 6 or 8%

sequencing gel.

UV cross-linking

UV cross-linking of nuclear proteins to the E2C DNA was

performed as described previously [56]. E2C is obtained by

annealing the following oligonucleotides : the E2 coding and the

C non-coding strands, thus generating 5« and 3« overhangs. The

duplex molecules were blunt-ended by Klenow filling using BrdU

and labelled [α-$#P]dATP and [α-$#P]dGTP nucleotides.

RESULTS

NREs in the upstream region of the Mu IFN-A11 gene repress a
VRE-containing promoter

The weak response of the Mu IFN-A11 promoter to virus

induction in L929 cells was shown to be due to both the presence

of negatively acting regions surrounding the VRE and a nucleo-

tide substitution in the VRE which is responsible for the moderate

response of the VRE11, as compared with the VRE4, to viral

induction in a heterologous promoter [48]. To determine the

sequences of the Mu IFN-A11 upstream region that prevent the

response of the VRE to virus induction, hybrid plasmids carrying

various lengths of the gene promoter were constructed. The

different 5«- and 3«-deleted fragments were generated from the

®470 to ®147 ABCD promoter region. They were inserted in

the pVRE4 plasmid, upstream of the VRE4 oligonucleotide

which is placed 5« to the Herpes simplex thymidine kinase (tk)

gene promoter controlling the expression of the bacterial CAT

reporter gene. Therefore, the VRE4 renders the promoter virus

inducible. L929 cells were co-transfected transiently with these
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Figure 2 Protein binding to the BC segment is responsible for the negative effect on promoter activity

Ex vivo transfection-competition assays were carried out as described in the Materials and methods section. The reference plasmid and the constructions to be derepressed are depicted in the

left-hand panel. In the right-hand panel, relative CAT values are represented either by black (NDV-induced) or open (mock-induced) histogram bars. (A) Derepression of the chimaeric promoter.

L929 cells were co-transfected with the pBCD-VRE4 plasmid and 10-, 25- and 50-fold molar excesses of BC or 50-fold molar excess of B or C oligonucleotides and completed to the same amount

of DNA with pUC18. The non-specific competitor DNA was the EKSB oligonucleotide. The 100% corresponds to the mock-induced CAT activity of pVRE4. (B) Derepression of the Mu IFN-A11

native promoter. The pIF11T plasmid was co-transfected with the BC or the non-relevant EKSB oligonucleotide (50-fold molar excess). CAT activities³S.E.M. for the four separate transfections

are expressed relative to the mock-induced level of pIF11T taken as 100%.

constructs together with a β-galactosidase-expressing vector,

and then they were either NDV- or mock-induced.

The results of transient-transfection experiments are sum-

marized in Figure 1. As the data are pooled from several

experiments, they are presented in arbitrary units of CAT activity,

with 100% corresponding to the mock-induced activity of

pVRE4. After NDV induction, the pABCD-VRE4 plasmid

shows a 67% reduction of CAT activity when compared with the

pVRE4 plasmid. As was observed in the native promoter [48],

these results confirm, in a chimaeric system, the presence in

the distal region of the IFN-A11 promoter of a negatively acting

domain. With the 5« and 3« deletions of the ABCD segment, one

can observe that the plasmid constructions bearing the B and C

fragments together display the most marked effect in reducing

the NDV-induced response of the pVRE4. It can be pointed out

that in the constructions containing the B segment, the

inducibility decreases. This is due to the fact that the tran-

scriptional activity is less reduced in the mock- than in the NDV-

induced conditions. The C and D segments did not modify the

virus inducibility. The B and C fragments, alone, are not able to

display the same reduction as the joint BC fragment on the virus-

activated transcription of the promoter, suggesting that either B

and C fragments co-operate for the repressing activity or the

cleavage between B and C fragments disrupts an element involved

in the repression. Therefore, it seems that the Mu IFN-A11

promoter domain between ®260 and ®192 contains a core

fragment with negative regulatory activity.

Competition analyses demonstrate a functional interaction of the
BC segment with trans-repressor(s)

To investigate whether the negative effect observed on promoter

activity is due to trans-repressor binding to the BC segment, ex

�i�o transfection-competition analyses were carried out by co-

transfecting L929 cells with an excess of the BC fragment with

either the chimaeric or the IFN-A11 native promoter construc-

tions. If the cellular concentration of the trans-acting factor(s)

is limiting, its transcription regulatory effect will be partially

titrated out by co-transfection with the BC fragment.

In the experiments shown in Figure 2(A), increasing amounts
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B

A

Figure 3 Localization of nuclear protein binding activities within the BC
fragment

(A) DNase I footprinting analysis in the coding or non-coding strand on the BCD probe was

performed as described in the Materials and methods section. Lane (®) shows the DNase I

pattern obtained with the probe in the presence of BSA ; lane (­) corresponds to the pattern

in the presence of nuclear extracts from uninduced L929 cells ; lane A­G corresponds to the

products of purine-specific chemical cleavage. Numbers in the centre indicate the nucleotide

distance of the protected regions from the Mu IFN-A11 cap site. E1E2 is the name given to

the protected region. (B) Summary of DNase I footprinting analysis. The nucleotide sequence

of the coding and non-coding strands of the Mu IFN-A11 BC fragment is shown. The

delimitations of the B and C fragments, as well as those for the protected E1E2 region, are

indicated by brackets. Numbering is relative to the transcription initiation site of each promoter.

The palindromic sequences and the direct repeats (R1 and R2) are denoted by arrows. From

methylation interference assays, the G residues which interfere weakly (open circles) or strongly

(closed circles) are indicated. The sequences at the bottom correspond to E1E2, E2

oligonucleotides and the consensus sequence for the IRF-binding site.

of oligonucleotide BC were able to gradually relieve the tran-

scriptional repression exerted by BC in the chimaeric construct,

in a dose-dependent fashion. Competition with the BC and B

oligonucleotides in a 50-fold molar excess restores totally (7.2-

fold) or partially (5.6-fold) the virus inducibility of the pBCD-

VRE4 plasmid to that of the pVRE4 reference. Although the C

oligonucleotide slightly increases the level of transcription it does

not restore inducibility. These results accord well with the

corresponding behaviour of each fragment in the transient-

transfection experiments described above. Competition with a

non-relevant oligonucleotide did not modify the inducibility of

the pBCD-VRE4 plasmid. It may be pointed out that with molar

excesses of BC or B oligonucleotides, the levels of CAT activity

in the induced and mock-induced conditions exceed those of

pVRE4, suggesting that competition with the BC segment not

only restores the VRE4 responsiveness to viral induction but also

relieves a constitutive level of repression of the pBCD-VRE4

plasmid. As a control, co-transfection experiments were per-

formed with the test pBCD-VRE4 plasmid using as competitors

a 50-fold molar excess of pBCD-tk∆ or pBC-tk∆ plasmids in

which a tk-CAT portion was deleted. We obtained a derepression

similar to that described above (results not shown).

We also tested whether the weakly inducible pIF11T plasmid

[48] containing the native promoter of the Mu IFN-A11 gene

(®470}­17) could be derepressed by competition with the BC

oligonucleotide. Co-transfection of L929 cells with pIF11T and

a 50-fold molar excess of competitor yielded an increase in the

level of CAT activity and in the virus inducibility of pIF11T

(Figure 2B).

These results allow the conclusion that the BC fragment exerts

its transcription-repressing activity by the binding of one or more

trans-acting protein factors present in limiting concentrations in

L929 cells.

E1E2 is the binding site for nuclear protein(s) within the BC
segment

To determine the recognition sequences for the protein(s) binding

to the BC segment, we performed DNase I footprinting analysis

with nuclear extracts from either NDV-induced or uninduced

L929 cells. As shown in Figure 3(A), protein binding protects a

minimal E1E2 region subdivided into two subregions that we

have defined as E1 and E2. The E1 subregion corresponds to a

20-bp (®239}®220) and a 16-bp (®241}®226) protected region

on the coding and non-coding strands respectively and its pattern

covers a palindrome (Figure 3B). The E2 subregion is located

between ®218 and ®203 (16 bp) in the coding strand and

between ®222 and ®210 (13 bp) in the non-coding strand. The

first noticeable point with the E2 subregion is that it actually

overlaps the arbitrary B and C junction, explaining the results in

the transient-transfection assays where the B and C segments

have shown the importance of being associated for an optimal

negative effect. Furthermore, the protected region in the non-

coding strand partially overlaps both a tandem repeat (8}9

nucleotide homology) and another palindrome from position

®228 to ®209. Two other direct repeated sequences (10}11)

flank exactly the E1E2 footprint pattern. DNase I footprinting

assays were performed in the presence of either uninduced or

NDV-induced nuclear extracts using the BCD-VRE4 fragment

from the chimaeric promoter or the ®260}­19 native Mu IFN-

A11 promoter in comparison with the BCD segment alone to

check any possible modification of the E1E2 pattern due to the

presence of the VRE or to nuclear extracts. No difference in the

E1E2 protected pattern was detected in either case nor on any

strand. We further performed DNA methylation interference

analyses to identify in the BC segment the guanosine residues

involved in the essential contacts when factors bind to the E1E2

sequence. The G residues which are contact points for protein–

DNA complexes are localized in the E1E2 footprint pattern and

are indicated in Figure 3(B).
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Figure 4 Deletion of the E1E2 sequence derepresses the Mu IFN-A11 native promoter

The names and structures of the different plasmids are presented in the left-hand panel. Assay conditions are as described in the legend to Figure 1. The histogram bars show a representative

assay. Error bars indicate S.E.M.s of duplicate samples. At least three independent experiments yielded essentially identical results (variations ! 15%). Pairwise comparisons between

p(®244/­19)-CAT or p(®457/­19)-CAT constructs and p(®199/­19)-CAT or p(®244/­19)-CAT are significantly different with P ! 0.01 (Student’s t-test).

Figure 5 The effect of E1E2 is orientation- and position-independent but
requires the VRE4

The names and structures of the different chimaeric plasmids tested are presented in the left-

hand panel. Assay conditions are as described in the legend to Figure 1. (A) The effect of E1E2

is orientation- and position-independent. The arrows on the E1E2 box represent the orientation

of the oligonuceotide in pVRE4. Histogram bars in the right-hand panel represent CAT

activities³S.E.M. for at least five separate transfections relative to the mock-induced activity

of pVRE4 which was set at 100%. (B) The E1E2 sequence is ineffective in repressing the

constitutive tk promoter activity. The p-tk plasmid corresponds to pBLCAT2 vector. Histogram

bars represent CAT activities³S.E.M. for four separate transfections relative to the mock-

induced activity of p-tk which was set at 100%.

The presence of E1E2 is required for efficient repression of the
native IFN-A11 promoter

The results described above show that the BC segment in a

chimaeric construct has a repressing effect on the VRE4-mediated

virus inducibility and that protein(s) bind to the BC segment at

the E1E2 site. The requirement of the E1E2 sequence for efficient

repression was determined by examination of the effect of this

sequence in the native IFN-A11 promoter. In the experiments

depicted in Figure 4, after virus induction, the E1E2-containing

IFN-A11 promoter (®244}­19) shows the same level of tran-

scriptional repression as the total (®457}­19) promoter. De-

letion of the 46-bp E1E2 fragment in plasmid p(®199}­19)-

CAT shows a derepression of the virus-induced transcriptional

level and inducibility. The fully responding ®119}­19 IFN-

A11 promoter construct shows the same level of induced tran-

scription. However, for the same mock-induced level, the

inducibility of the E1E2-deleted IFN-A11 promoter (17-fold) is

not sufficient to recover a similar inducibility to that of the

®119}­19 IFN-A4 promoter (more than 50-fold). From these

results, we conclude that the repression of the Mu IFN-A11 gene

is in part due to the negative effect of the E1E2 sequence.

The repressing activity of E1E2 is orientation- and position-
independent and is dependent on the presence of the VRE

The functional features of the 46-bp E1E2 sequence on promoter

activity were further investigated by addressing the question as to

whether E1E2 could act as a silencer. The effect of E1E2 was first

tested for its repressing activity and placed either in the sense or

the antisense orientation, upstream of the VRE4 in the pVRE4

reference plasmid. The results of transient-transfection experi-

ments, as presented in Figure 5(A), show that E1E2 displays a

repressing activity on the VRE4-mediated virus-induced ac-

tivation of the heterologous promoter. The E1E2 sequence is also

able to repress the viral-induced transcription to the same extent

when placed in the opposite orientation.

To check if the effect of E1E2 could be exerted in a position-

independent manner, the E1E2 sequence was placed downstream

of the CAT gene. The results in Figure 5(A) show that the

repression exerted by the E1E2 sequence is position- and

orientation-independent.

Finally, the ability of the E1E2 sequence to act as a general

silencer or in conjunction with other positively regulating

elements was tested. The E1E2 oligonucleotide was inserted

upstream of the constitutive heterologous tk promoter and

assayed with or without virus induction. As shown in Figure

5(B), insertion of the E1E2 element had no effect on CAT gene

expression under the control of the tk promoter.

The absence of repression of E1E2 on the tk promoter raises

the question as to whether the negative effect of E1E2 is achieved

through any domain that confers virus-inducibility or more

particularly the VRE-A. To address this issue the VRE4

(®109}®64) was replaced by the human IFN-B IRE sequence

(®80}®37) containing the elements necessary for response to

virus induction [11]. The IFN-B IRE and the IFN-A VRE,

although presenting some sequence homologies, are not

constituted by the same arrangement of elements. They differ
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Table 1 The E2 sequence displays the same repressing activity as E1E2

Assay conditions are as described in the legend to Figure 1. Inducibility is the ratio of the

NDV-induced activity over the mock-induced activity.

Plasmids NDV-induced* Mock-induced* Inducibility

pVRE4 700³69 100 7

pE1E2-VRE4 385³60 70³12 5.5

pE2-VRE4 371³55 70³10 5.3

* Numbers represent CAT activities³S.E.M. for four separate transfections relative to the

mock-induced activity of pVRE4 which was set at 100%.

especially by the involvement or not of at least one trans-acting

factor in the viral-induced response which is NF-κB. The E1E2

sequence had no effect on the virus-induced activity and

inducibility of the IRE-mediated response to virus stimulation

(results not shown). From these experiments we conclude that

the presence of an IFN-AVREseems to be required for functional

repressing activity via E1E2.

The E1E2 sequence contains an IRF-binding site recognized by
IRF2

E1E2 contains overlapping sequences which show homology

with several regulatory elements acting negatively on gene

transcription. Among them, E1E2 shows homology with the

mouse N-ras NRE [53], the putative binding site for YY1 [57],

and the consensus IRF-binding site [58]. The mouse N-ras NRE,

in contrast to the E1E2 sequence, represses the tk promoter

activity in L cells, and competition with an oligonucleotide

corresponding to the YY1 binding site in gel shift assays failed

to displace any shifted complex formed on the E1E2 sequence

(results not shown). In the E2 subregion, the consensus IRF-

binding site (Figure 3B) presents a nucleotide substitution

[G(A)AAAG}CT}CGAAAG}CT}C]. This sequence is also

homologous to the PRDI and PRDIII elements described in the

Hu IFN-B promoter (GAGAAGTGAAAGTG and GAAAA-

CTGAAAGG respectively) and to the PRDI-like sequence

(GAAAGTGAAAAG) present in the VRE11 and VRE4. The

PRDI sequence is the binding site for known trans-regulators

such as IRF1, IRF2, PRDI-BF1 and ISGF3γ [8,23,59] which, it

has been proposed, are involved in the transcriptional regulation

of the Hu IFN-B gene. Recent reports seem to indicate that IRF2

can display a repressing effect alone without any antagonistic

effect on IRF1 [60]. In light of these observations, the par-

ticipation of IRF2 in the repression mediated by E1E2 is worth

consideration because this protein is known to be present in

uninduced L929 cells and its expression increases after virus

induction [23,61,62]. Since the repressing effect of E1E2 is more

marked in the induced conditions, IRF2 may be a potential

candidate for this effect.

The functional effect of the E2 subregion was first tested on a

VRE4-containing virus-inducible promoter. As shown in Table

1, the E2 subregion alone displays its negative effect on the

activity of the chimaeric promoter as well as the whole E1E2

sequence. The repressing activity of the E2 oligonucleotide may

be due to, at least in part, the binding of a repressing IRF protein

member to the consensus element.

The ability of IRF2 to bind the E2 sequence was further

investigated. As shown in Figure 6 (left-hand panel), in gel shift

assays the recombinant Hu IRF2 (recHuIRF2) protein binds

the E2 oligonucleotide probe efficiently and, in the presence of

Figure 6 IRF2 binds the E2 sequence

Gel retardation assays were performed with 50000 c.p.m. per lane of either the E2 or

(AAGTGA)3
32P-labelled oligonucleotide probes. Binding, supershift and migrating conditions

were as decribed in the Materials and methods section. Left-hand panel : the E2 probe was

incubated with 1 ng of recHuIRF2 in the absence or presence of 1 : 10 dilution of anti-(Hu IRF1)

or anti-(Hu IRF2) antibodies. The two faster-migrating bands correspond to proteolysis forms

of the recHuIRF2 protein. Central panel : the E2 probe was incubated with 5 µg of NDV-induced

L929 nuclear extracts. The B complex was efficiently competed by a 250-fold molar excess of

(AAGTGA)3 oligonucleotide. Right-hand panel : the (AAGTGA)3 or E2 probes were incubated with

5 µg of NDV-induced L929 nuclear extracts in the presence of either anti-(Mu IRF2) (1 : 1

dilution) or anti-(Hu IRF1) or anti-(Hu IRF2) antibodies (1 : 10 dilution).

anti-(Hu IRF2) antibodies, the complex formation between the

recombinant protein and the E2 probe was supershifted. Anti-

(Hu IRF1) antibodies were unable to cross-react with the

recHuIRF2. The recHuIRF2 also binds to the E1E2 sequence

(results not shown). These results indicate that the IRF-binding

site found in the E2 subregion is actually a binding site for the

recHuIRF2 protein. Gel-retardation assays with the E2 probe

show the same migration pattern consisting of two major

complexes A and B formed either with virus-induced (Figure 6,

central panel) or non-induced L929 cell nuclear extracts. When

the (AAGTGA)
$

oligonucleotide, corresponding to the high-

affinity IRF-binding site, was used as competitor, a major

complex B was efficiently displaced. This complex, as shown in

Figure 6 (right-hand panel), is supershifted in the presence of

either anti-(Hu IRF2) or anti-(Mu IRF2) antibodies, suggesting

the presence in the B complex of IRF2 or a protein of similar

antigenicity. As a control, the (AAGTGA)
$
oligonucleotide was

used as a probe in the presence of L929 NDV-induced nuclear

extracts (Figure 6, right-hand panel). The complex corresponding

to IRF2 co-migrates with the complex B.

We have further determined the molecular size of E2-binding

proteins in the A and B complexes. The A complex is not

displaced by competition with (AAGTGA)
$
, is not supershifted

by anti-IRF2 antibodies and, thus, does not seem to contain

IRF2. UV cross-linking of the E2 probe to virus-induced L929

cell proteins reveals a single protein component of approx.

110 kDa (Figure 7). For the B complex, the UV cross-linking

under the same conditions identifies a single protein of approx.

50 kDa, similar in molecular size to the IRF2 protein [61,63]. We
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Figure 7 Identification of the E2-binding proteins by UV cross-linking

SDS/PAGE analysis of the E2-specific complexes A and B. A preparative gel-retardation assay

was performed with NDV-induced L929 cell nuclear extracts and an internally labelled 5-

bromodeoxyuridine-substituted E2C probe. The protein–DNA A and B complexes were UV

cross-linked in the gel, excised, eluted and resolved by SDS/10%-PAGE. The excised A and

B complexes and the molecular-mass markers (MW) are specified above each lane, and the

labelled cross-linked proteins are denoted by arrowheads. The molecular masses of the markers

and the cross-linked proteins (in kDa) are indicated.

can thus conclude that, in L929 cells, IRF2 is able to bind the

IRF-binding site found in the E2 sequence and that another

IRF-unrelated 110 kDa protein also binds this sequence.

DISCUSSION

The Mu IFN-A11 gene is weakly induced by NDV in L929 cells.

In our previous studies with this cell line, we have demonstrated

the presence of negatively acting sequences in the upstream

regions of the Mu IFN-A11 gene promoter. In the present study,

we have delimited an E1E2 (®244}®199) sequence which is able

to reduce, in either orientation or position, both the tran-

scriptional activity and inducibility of a virus-responsive pro-

moter. However, this sequence is not able to reduce the tran-

scriptional activity of a VRE-lacking promoter. We have shown

that the binding of specific and rate-limiting proteins to E1E2 is

responsible for the negative effect.

The Mu IFN-A11 gene is the first example in the Mu IFN-A

family in which a distal negative promoter element has been

described. The presence of negative regions, upstream of the Hu

IFN-A1 VRE, acting constitutively has been suggested previously

[31,32] ; however, these domains have not been studied further.

In any case, these regions were unable to prevent the response to

viral induction. Here we show that the E1E2 sequence is able to

repress mainly the induced expression of a VRE-A-mediated

promoter. The Mu IFN-A6 gene is another member of the

multigenic family and does not respond to virus induction in L

cells [43]. It has been reported that its uninducibility is not due to

the presence of distal negative elements but rather to an inefficient

inducible element IE [37,38].

In an attempt to investigate the E1E2-binding factors, we first

searched for homologies within the E1E2 sequence for known

negative elements which are binding sites for repressor proteins.

We found a homology to the consensus sequence for the IRF

family of transcription factors which all share homologous

DNA-binding domains. To date eight genes, members of this

family, have been cloned and characterized [23,64–69]. While six

members have been described as transcriptional activators, two

of them display negative effects. ICSBP is a repressor which

inhibits the expression of IFN-stimulated genes; its expression

pattern is restricted to cells of the lymphoid and macrophage

lineages [64]. The other member, the IRF2 protein, is known for

its repressing effect due mostly to competition with IRF1 for

binding to the same site [23]. It has also been reported that the

IRF2 protein contains a repression domain in its C-terminal

portion which is able to inhibit nearby activators or general

transcription factors [60]. More recently, in the human histone

H4 gene promoter, a transcriptional activating role has been

ascribed to IRF2 [63]. Therefore, it seems that IRF2 displays

dual activator}repressor functions depending on the promoter

context. We have shown that recombinant IRF2 binds to an

element in E1E2. Supershift assays with anti-IRF2 antibodies

and UV cross-linking experiments demonstrated that in NDV-

induced L929 cell nuclear extracts, the IRF2 molecules bind to

the IRF-binding site in E1E2. Since E2 and E1E2 in chimeric

constructs display their negative effects to the same extent (Table

1), it can be deduced that the major elements necessary for

repression are present in the E2 sequence. One of these elements

is the IRF-binding site, although it is not clear that IRF2 is

acting on its own. The other, still unidentified, element is the

binding site for the 110 kDa protein. This protein may be a

potential repressor candidate or IRF2-partner for the E2-

mediated repression (Figure 6). The participation of IRF2 with

the 110 kDa protein in a multicomponent repressing complex

and their actual involvement in the modulation of Mu IFN-A11

promoter repression remain to be established.

The repressing features of the E1E2 sequence are on the one

hand close to the definition of a silencer in that the negative effect

is observed in either orientation and is position independent. On

the other hand, the E1E2 sequence is unable to repress a

constitutive tk promoter by direct interaction with the activators

(e.g. Sp1) or with the basal transcriptional machinery. We can

thus rule out a mechanism in which repression is exerted on the

general transcriptional machinery. Therefore, the E1E2 negative

sequence cannot be considered strictly a general silencer because

it specifically acts by repressing the VRE-mediated induced

activity. This specificity is not due to the requirement for any

virus-inducible element. Indeed, the E1E2 sequence is ineffective

on the IFN-B IRE-mediated virus induction. These results

indicate that to exert its effect, E1E2 seems to require specific

interactions with virus-activated positive factors, thus affecting

the activating mechanisms displayed by the VRE-A. Evidence

which further supports this notion includes the facts that : (i) the

E1E2 sequence has no effect on a VRE-lacking promoter.

Nevertheless, the same E1E2 footprint patterns are observed

whether or not the probes used contain the VRE. These

observations suggest that the absence of the effect of E1E2 on tk

promoter is not due to the lack of repressor binding but rather

the negative factors bound to E1E2 may act either directly

or indirectly on the VRE-mediated activation. (ii) In the

transient-transfection experiments, the repression in the induced

conditions appears more marked. Under these conditions, virus-

activated trans-activators bind to the VRE-A. Therefore, a

relation between these two regions may be that the factors which

bind to one and}or the other region may interact more strongly

upon induction.

All together, these observations raise the possibility that several
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mechanisms may account for this repression. A possible mech-

anism could be a quenching-type repression. Indeed the negative

trans-regulator(s) on E1E2 may interact with VRE-binding

activator(s) and inhibit its positive effect. Such a mechanism has

recently been proposed for the cyclic AMP-inducible promoter

in the rat lactate dehydrogenase A subunit gene [70]. In this

promoter, as in the IFN-A11 promoter, a distal NRE displays its

effect independently of distance or orientation, and yet has an

absolute requirement for the presence of a cAMP-responsive

element module. It has been suggested that the factors binding to

theNRE may interact with those binding to the cAMP-responsive

element for efficient repression. Other possible mechanisms could

also contribute to the E1E2-mediated repression; for instance, it

may involve steric occlusion, not by competition for the same

binding site as classically described between an activator and a

repressor, but rather by a ‘direct effect ’ exerted by the same

protein containing two DNA-binding domains [13,71]. One of

the domains may bind to E1E2 and the other to an element in the

VRE and thus prevent the binding of positive virus-activated

factors to the latter element.

In order to gain insight into the repressing mechanisms which

control the E1E2-mediated negative effect, we are currently

investigating the different partners of this interaction. On the one

hand, the understanding of the mechanisms underlying viral

induction via the VRE and, on the other hand, the identification

of the E1E2 binding factors are prerequisite conditions. In this

respect, it will be of interest to further investigate the 110 kDa

protein in the A complex and then, in a second step, to examine

its potential interaction with IRF2.
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