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Virus-induced activation of the beta interferon (IFN-�) gene requires orderly recruitment of chromatin-
remodeling complexes and time-regulated acetylation of histone residues K8H4 and K14H3 on the promoter
region. We have previously shown that transcription factor Yin Yang 1 (YY1) binds the murine IFN-� promoter
at two sites (�122 and �90) regulating promoter transcriptional capacity with a dual activator/repressor role.
In this work we demonstrate that both YY1 �122 and �90 sites are required for CBP recruitment and
K8H4/K14H3 acetylation to take place on the IFN-� promoter region after virus infection. A single point
mutation introduced at either one of these two sites inhibiting YY1 binding completely disrupted CBP
recruitment and K8H4/K14H3 acetylation independently of HMGI or IRF3 binding to the promoter. We have
previously demonstrated that YY1 represses the transcriptional capacity of the IFN-� promoter through its
�90 site via histone deacetylation. Here we demonstrate that, in vivo, the binding of YY1 to the �90 site is
constant all through virus infection whereas the binding of YY1 to the �122 site is activated after infection. We
discuss here the capacity of YY1 to either repress (through histone deacetylase recruitment) or activate
(through CBP recruitment) IFN-� gene expression according to the occupancy of either only its �90 site or
both its �122 and �90 sites.

Beta interferon (IFN-�) plays an essential role during the
establishment of an antiviral state (8, 30). The transcriptional
capacity of the IFN-� promoter is constitutively repressed in
an adult normal cell and remains inactivated until an external
stimulus such as virus infection triggers its activation. Activa-
tion of the transcriptional capacity of the IFN-� promoter is
transient. It is turned on 4 to 6 h after virus infection, and it is
turned off 10 to 12 h after it (10, 36). Regulation of the pro-
moter transcriptional capacity requires specific binding of tran-
scription factors as well as the orderly recruitment of chroma-
tin-remodeling complexes on the promoter region (1, 25, 33).

In the absence of virus infection, histone deacetylase activity
maintains deacetylated lysine residues of histones H3 and H4
positioned on the IFN-� promoter region (22, 27). Shortly
after virus infection, transcription factors and protein HMGI
bind to the promoter on the nucleosome-free virus-responsive
element region. The subsequent recruitment of histone acetyl-
transferases (HATs) CBP/p300 and GCN5/PCAF leads to the
specific acetylation of certain lysine residues of histone H4 and
H3, specially K8H4 and K14H3, which are essential for the
recruitment of the RNA polymerase II holoenzyme complex
and the SWI/SNF nucleosome-remodeling complex (2). Fi-
nally, nucleosome remodeling allows the binding of TFIID to
the TATA box, triggering initiation of transcription of the
IFN-� gene.

We have recently published data indicating that transcrip-

tion factor Yin Yang 1 (YY1) binds to the murine IFN-�
(muIFN-�) promoter at two different sites and regulates pro-
moter transcriptional capacity with a dual activator/repressor
role (35). The repressor role of YY1 appeared linked to its
capacity to interact and recruit a histone deacetylase (HDAC)
on the promoter region through its �90 site, while the exact
molecular mechanisms governing the capacity of YY1 to acti-
vate the muIFN-� promoter remained to be elucidated.

YY1 is a ubiquitous, highly conserved zinc finger transcrip-
tion factor (3, 9, 32) that activates or represses several different
eukaryotic genes, among which are the c-Myc, c-Fos, �-casein,
�-actin, interleukin 3 and 5, and IFN-� genes, as well as some
viral promoters (15, 16, 29, 32, 38). It binds to DNA through
the recognition of a specific sequence containing a consensus
(C/t/aCAT [uppercase letters represent preferred nucleotides;
lowercase letters represent nucleotides tolerated to a lesser
extent]) core motif (12). Promoter context (20), intracellular
concentration (6), and posttranslational modifications (37) as
well as the capacity of YY1 to interact with transcription fac-
tors and cofactors can influence the capacity of YY1 to act
either as an activator or a repressor (7, 26, 32). Particularly, the
interaction of YY1 with HATs or HDACs can orient YY1
towards either an activator or a repressor role.

Using gel retardation and recombinant glutathione S-trans-
ferase (GST)–YY1 protein we demonstrate in this work that
the sequences surrounding the consensus YY1 DNA-binding
core motifs present on the muIFN-� promoter strongly influ-
ence the binding of YY1 to these sites so that YY1 effectively
binds only to the core motifs present at positions �122 and
�90. Using the DNase I footprinting technique we have ana-
lyzed the capacity of YY1 for binding to its respective sites in
the context of the entire promoter. We have observed that
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YY1 is able to bind both sites simultaneously protecting a
region that extends beyond the �122 and �90 sites. Disruption
of YY1 binding to either the �90 or the �122 site did not
disrupt the binding of YY1 to the remaining intact site. In
order to decipher the molecular mechanism governing the role
of YY1 as activator of the transcriptional capacity of the mu-
rine IFN-� promoter, we have carried out chromatin immu-
noprecipitation (ChIP) assays on murine L929 cells and estab-
lished cell lines containing either the wild-type muIFN-�
promoter or the corresponding promoters mutated at either
the �122 or the �90 YY1 site fused to a chloramphenicol
acetyltransferase (CAT) reporter gene integrated in their ge-
nomes. The in vivo binding of CBP, AcK8H4, AcK14H3, IRF3,
and YY1 to either the wild-type promoter or to the promoters
mutated at the �122 (mut122) or �90 (mut90) site was ana-
lyzed before and at different times after virus infection. The
results we have obtained here clearly indicated that the simul-
taneous presence of intact �90 and �122 sites was required to
allow virus-induced CBP recruitment and K8H4/K14H3 acet-
ylation on the muIFN-� promoter region as well as to reach
virus-induced promoter transcriptional activation. The binding
of YY1 to only one intact site, either �122 or �90, was not
sufficient to allow CBP recruitment and K8H4/K14H3 acety-
lation. The binding of YY1 to the �90 site appeared constant,
visible before as well as after infection, whereas the binding of
YY1 to the �122 site was induced after infection so that
simultaneous occupancy of both sites seemed possible only
after infection. Contrary to the role of YY1 as activator of the
muIFN-� promoter that, as demonstrated here, required that
both the �122 and �90 sites be intact, only an intact �90 site
has been previously described as required for the YY1-depen-
dent repression of the promoter (35).

We analyze here the essential role of YY1 during virus-
induced CBP recruitment, K8H4/K14H3 acetylation, and
muIFN-� promoter transcriptional activation and show that its
role is predominant with respect to the main role generally
attributed to IRF3 as a regulator of virus-induced CBP recruit-
ment and IFN-� promoter activation. We also discuss here the
possibility to regulate the orientation of YY1 either as a re-
pressor or an activator by regulating the degree of occupancy
of the respective YY1 binding sites present in a same promoter
region.

MATERIALS AND METHODS

Expression and purification of recombinant GST-YY1 and HMGI protein.
The plasmid encoding GST-YY1 was obtained from Martin Montecino (Chile).
The GST fusion protein was isolated by transformation of the plasmid into
Escherichia coli BL21 strain followed by batch purification using glutathione
agarose (Sigma) and the procedure recommended by the manufacturer except
that phosphate-buffered saline (PBS) was used as washing buffer instead of
PBS-Tween 20. The purity of the protein was evaluated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis followed by Coomassie blue staining
and Western blot analysis using anti-YY1-specific antibodies (Santa Cruz). The
protein concentration was determined by Bradford assay. Purification of recom-
binant HMGI protein was carried out as previously described (5).

Gel retardation assays. Purified GST-YY1 or nuclear extracts of murine L929
cells prepared by microextraction were incubated with the corresponding 5�
32P-labeled probes as previously indicated (35) in 20 �l (final volume) of 50 mM
Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM EDTA, 10% glycerol, and 5 mM
dithiothreitol in the presence of an excess of either unlabeled poly(dI/dC) or
unlabeled sonicated salmon sperm DNA as indicated in the figure legends. In
each gel, equivalent amounts of radioactive probes (in cpm) were used for each
labeled probe tested. During competition experiments, the corresponding unla-

beled DNA probes were incubated with the protein for 10 min at room temper-
ature before the labeled probe was added. When indicated (see Fig. 1B and 8C),
2 �g of either monoclonal H-10 anti-YY1 (sc-7341X), polyclonal PL-425 anti-
IRF3 (sc-9082X), or polyclonal A-22 anti-CBP (sc-369X) antibodies or normal
rabbit immunoglobulin G (IgG) (sc-2027) was added to the protein and incu-
bated 1 h at 4°C prior to the addition of the labeled probe.

DNase I footprint. For the footprinting experiments the noncoding strand of
the muIFN-� promoter fragment (from position �330 to �20), either wild type
(wt330) or mutated in the corresponding YY1 binding site (mut90 and mut122),
was 5� end labeled at position �20. The fragments were prepared from 20 �g of
the respective plasmids pBLCAT3-muIFN�wt330, pBLCAT3-muIFN�mut90,
and pBLCAT3-muIFN�mut122 (35). The plasmids were digested with BamHI,
dephosphorylated with alkaline phosphatase, 5� 32P end labeled with T4 polynu-
cleotide kinase, and further digested with PstI. Before DNase I digestion, the
350-bp fragments, 5� 32P end labeled at the BamHI site (�20) were incubated
with various amounts of recombinant GST-YY1 protein in 100 �l (final volume)
of YY1 binding buffer containing 50 mM Tris-HCl (pH 7.5), 50 mM NaCl, 5 mM
EDTA, and 5 mM dithiothreitol in the presence of an excess of unlabeled
poly(dI/dC). The digested DNA was precipitated and resuspended in formamide–
Tris-borate-EDTA (TBE). The samples were loaded onto an 8 M urea–6%
acrylamide gel buffered in TBE. The migration was carried out at 40 W.

Cell line and transfection. L929wt330, L929mut90, and L929mut122 cell lines
have been described previously (35). These cell lines carry integrated into their
genomes the muIFN-� promoter (from position �330 to �20), either wild type
(wt330) or mutated in the corresponding YY1 binding sites (mut90 and mut122),
fused to the CAT reporter gene. Cell culture, Newcastle disease virus (NDV)
infection, and CAT assays were as previously described (5).

Chromatin immunoprecipitation. Aliquots of 30 �g of genomic DNA from
L929, L929wt330, L929mut90, and L929mut122 cells were immunoprecipitated
as previously described (35) using anti-YY1 H-10 (sc-4703; Santa Cruz) mono-
clonal antibody, anti-CBP A-22 (sc-369; Santa Cruz) polyclonal antibody, anti-
acetyl-histoneH4(Lys8) (06-760; Upstate) polyclonal antibody, anti-acetyl-
histoneH3(Lys14) (06-911; Upstate) polyclonal antibody, anti-IRF3 polyclonal
antibody from Michael David (San Diego, CA), and anti-NSs polyclonal anti-
body from Michèle Bouloy (Institut Pasteur, Paris, France). The same amount of
genomic DNA (30 �g) was used for input amplifications. PCR analysis of inputs
or immunoprecipitated DNA was performed in 25-�l final volume. The previ-
ously described (35) F-40 and CAT oligonucleotides, specific for the integrated
muIFN-� promoters, were used as primers to amplify the integrated wt330,
mut90, and mut122 IFN-� promoters using the following PCR conditions: 1 cycle
of 94°C for 5 min; 20 cycles of 94°C for 30 s, 53°C for 30 s, and 72°C for 30 s; and
1 cycle of 72°C for 10 min. A first “cold” PCR was carried out in the presence of
25 pmol of each primer; 2 �l of the product of the first PCR was subjected to a
second “hot” PCR carried out in the presence of 0.1 �l of [�-32P]dATP (6,000
Ci/mmol) and 10 pmol of each primer. For the amplification of the endogenous
wild-type IFN-� promoter present in the L929 strain we used as primers oligo-
nucleotides 5.233 (5�-CCTTTGCTCCAGCAATTGGTGA-3�) and 3.27 (5�-CC
GGATCCTGGCAGTGAGAATGAT-3�) under the following PCR conditions:
1 cycle of 94°C for 5 min; 20 cycles of 94°C for 30 s, 55°C for 1 min, and 72°C for
1 min; and 1 cycle of 72°C for 10 min. A first “cold” PCR was carried out in the
presence of 25 pmol of each primer; 2 �l of the product of the first PCR was
subjected to a second “hot” PCR carried out in the presence of 0.1 �l of
[�-32P]dATP (6,000 Ci/mmol) and 10 pmol of each primer. For amplification of
the endogenous wild-type IFN-� promoter present in L929mut122 strains we
used as primers oligonucleotides 5.334 (5�-AGCTACTCTGCCTGGCTT-3�)
and 3.�125 (5�-GGA GAA GCA CAG CAG GAA-3�), which specifically am-
plify the endogenous IFN-� promoter without amplifying the integrated mut122
IFN-� promoter. With these primers, PCR conditions were as follows: 1 cycle of
94°C for 5 min; 20 cycles of 94°C for 30 s, 63°C for 1 min, and 72°C for 1.5 min;
and 1 cycle of 72°C for 10 min. A first “cold” PCR was carried out in the presence
of 25 pmol of each primer; 2 �l of the product of the first PCR was subjected to
a second “hot” PCR carried out in the presence of 0.1 �l of [�-32P]dATP (6,000
Ci/mmol) and 10 pmol of each primer. For amplification of the �-actin gene we
used as primers oligonucleotides actineBC (5�-TGACGGGGTCACCCACACT
GT-3�) and actineBNC (5�-CTAGAAGCATTTGCGGTGGAC-3�) with the fol-
lowing PCR conditions: 1 cycle of 94°C for 5 min; 20 cycles of 94°C for 1 min,
60°C for 1 min, and 72°C for 2 min; and 1 cycle of 72°C for 10 min. A first “cold”
PCR was carried out in the presence of 25 pmol of each primer; 2 �l of the
product of the first PCR was subjected to a second “hot” PCR carried out in the
presence of 0.1 �l of [�-32P]dATP (6,000 Ci/mmol) and 10 pmol of each primer.
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RESULTS

Bases surrounding the YY1 DNA-binding core motif
strongly influence the binding of YY1 to the muIFN-� pro-
moter. Four potential YY1 binding sites are present in the
muIFN-� promoter at positions �32, �90, �122, and �161
(Table 1). Using total murine L929 nuclear extracts we have
previously shown that protein YY1 could bind only to the sites
present at positions �122 and �90, with a stronger affinity to
the �90 site (35). In order to determine if the differential
binding affinities of YY1 for the �32, �90, �122, and �161
sites observed with nuclear extracts were due to the sequences
surrounding the corresponding YY1 core motifs present at
these positions rather than to a factor present in the nuclear
extracts susceptible of influencing YY1 binding to the different
DNA sequences, we carried out gel retardation experiments
using recombinant GST-YY1 protein (instead of total nuclear
extracts) and double-stranded DNA probes corresponding to
the �32, �90, �122, and �161 sites (Table 1). As we had
previously observed with nuclear extracts, we observed the
binding of GST-YY1 only to probes 90 and 122, with an ap-
parent stronger affinity for probe 90. No binding to probes 32
and 161 was observed (Fig. 1A). As expected for a YY1-DNA
complex, the complexes formed by GST-YY1 with probes 90
and 122 were disrupted after the introduction of a mutation on
the corresponding core motifs (oligonucleotides mut90 and
mut122 in Table 1) as well as in the presence of anti-YY1
antibodies (Fig. 1B).

The results we show here with recombinant GST-YY1 pro-
tein are equivalent to those we have previously obtained with
YY1 protein present in total L929 nuclear extracts (35). There-
fore, the inability of YY1 to bind to the sites present at posi-
tions �161 and �32 and the weaker affinity of YY1 for the
�122 site compared to the �90 site cannot be assigned to an
eventual inhibitory factor present in the nuclear extracts.

The presence of thymidines 3� and a guanine 5� of the YY1
core motif (underlined in Table 1) has been shown to be
important for binding affinity and specificity during YY1-DNA
complex formation (12). The inability of YY1 to bind to the
site present at position �32 (GACCATCCC), which carries a

canonical CCAT core motif, could be related to the absence of
two thymidines 3� and of a guanine 5� of the core motif. In
order to verify this hypothesis, we synthesized oligonucleotides
corresponding to probe 32 carrying modifications 5� and/or 3�
of the core motif. Oligonucleotide 32G carries a G 5� (GGCC
ATCCC), oligonucleotide 32T carries two TTs 3� (GACCATC
TT), and oligonucleotide 32GT carries both a G 5� and two
TTs 3� (GGCCATCTT) of the core motif. In Fig. 1C we com-
pared, using gel retardation, the binding capacities of GST-
YY1 to probes 32, 32G, 32T, and 32GT. As previously shown,
no GST-YY1–DNA complex is observed with probe 32
whereas GST-YY1–DNA complexes are formed with probes
32G, 32T, and 32GT, with the apparent corresponding affini-
ties increasing from 32G to 32GT as follows 32G � 32T �
32GT. A similar experiment was carried out with probe 122,
which carries two Ts 3�, but lacks a G 5�, of the core motif. In
Fig. 1D we compared, using gel retardation, the binding ca-
pacities of GST-YY1 to probes 90 (TGTCATTTT), 122 (ATT
CATTTT), and 122G (AGTCATTTT). As in the case of probes
32 and 32G, the addition of a G 5� of the core motif of probe 122
enhanced the DNA-binding affinity of YY1 for this probe ren-
dering it equivalent to probe 90.

Gel shift competition experiments were carried out in order
to further confirm the different affinities of YY1 for binding to
the 32GT, 32T, 32G, 32, 90, 122, and 122G YY1-binding sites.
In the experiment for which results are presented in Fig. 1E,
32P-labeled probe 32GT was incubated with GST-YY1 in the
presence of 25-, 50-, and 150-fold excesses of unlabeled probes
32GT, 32T, 32G, and 32 or in the presence of 25- and 150-fold
excesses of unlabeled probes 90, 122, and 122G. A clear com-
petition was observed in the presence of a 25-fold excess of
unlabeled probe 32GT, the competition being total in the pres-
ence of a 50-fold excess. In the case of probe 32T, a clear
competition was observed in the presence of a 50-fold excess of
unlabeled probe 32T, with competition being total in the pres-
ence of a 150-fold excess. No competition was observed with
probe 32, and only a faint competition was observed in the
presence of a 150-fold excess of probe 32G. Unlabeled probes
90 and 122G equally competed labeled probe 32GT, in a way
similar to probe 32G, whereas competition observed with un-
labeled probe 122 was weaker than that obtained with unla-
beled probes 90 and 122G. Overall, the results obtained during
gel shift competition experiments fully agreed and confirmed
the different DNA binding affinities of YY1 for probes 32GT,
32T, 32G, 32, 90, 122, and 122G observed in Fig. 1C and D,
with the apparent corresponding affinities increasing as follows
32 � 32G � 122 � 90 	 122 	 32G � 32GT.

The DNA regions containing either the �90 or the �122
YY1 binding sites also contain previously described HMGI
binding sites (Fig. 2A). The HMGI binding site overlapping
the YY1 �90 site has been described as a weak HMGI binding
site whereas the HMGI binding site overlapping the YY1
�122 site is a strong HMGI binding site (5). Single point
mutations mut90 and mut122, introduced in the YY1 �90 and
YY1 �122 sites (indicated by arrowheads in Fig. 2A), respec-
tively, were chosen in order to modify the corresponding YY1
core binding motifs and disrupt YY1 binding without affecting
the bases previously described as necessary for HMGI binding
(5). Results obtained during gel retardation experiments car-
ried out with recombinant HMGI protein and radioactively

TABLE 1. Sequences of wild-type or mutated YY1
DNA-binding sites

Name Sequencea (5�–3�) muIFN-� promoter
position

Consensus GA(C/g/a)(G/t)(C/a/t)CATN(T/a)(T/g/c)
32 GCAGAAAGGACCATCCCTTATA �32 coding strand
32G GCAGAAAGGgCCATCCCTTATA �32 coding strand
32T GCAGAAAGGACCATCttTTATA �32 coding strand
32GT GCAGAAAGGgCCATCttTTATA �32 coding strand
90 TTTTCCTCTGTCATTTTCTCTT �90 noncoding strand
mut90 TTTTCCTCTGTaATTTTCTCTT �90 noncoding strand
122 CTTCTAATATTCATTTTATTCA �122 noncoding strand
mut122 CTTCTAATATTgATTTTATTCA �122 noncoding strand
122G CTTCTAATAgTCATTTTATTCA �122 noncoding strand
161 TTAACCCAGTACATAGCATATA �161 coding strand

a In the consensus sequence as defined by Hyde-DeRuyscher et al. (12) up-
percase letters represent the preferred nucleotides and lowercase letters repre-
sent nucleotides tolerated to a lesser extent. Boldface letters indicate the nucle-
otides corresponding to the YY1 core motif. Underlining indicates the
nucleotides present outside the core motif characterized as important for binding
affinity and specificity. Lightface lowercase letters in the muIFN-� sites indicate
mutations introduced in the sequence of the potential YY1-binding sites.
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labeled 90, mut90, 122, and mut122 sequences (Fig. 2B) dem-
onstrated that, as expected, mutations mut90 and mut122 did
not affect the DNA binding of HMGI to its respective binding
sites present in these two regions.

In vitro, YY1 can bind the �90 and �122 sites either simul-
taneously or independently of one another. We have carried
out DNase I footprinting experiments in order to analyze the

binding of GST-YY1 to the �90 and �122 sites in the context
of the entire promoter, either wild type (wt300) or mutated at
the �90 site (mut90) or the �122 site (mut122). Results are
shown in Fig. 3. Protections translating YY1 binding are visible
at both the �90 and �122 regions of the wild-type (wt330)
promoter, indicating that YY1 is capable of binding both wild-
type sites simultaneously. Regions situated near and between

FIG. 1. Bases surrounding the YY1 core motif strongly influence YY1 DNA-binding affinity. A) Equal amounts of GST-YY1 (0, 12.5, 25, and
37.5 ng/�l) were incubated with labeled probes 32, 90, 122, and 161 (in the presence of 500 ng of unlabeled poly[dI/dC] and 125 ng of unlabeled
sonicated salmon sperm DNA) and subjected to a gel retardation assay. The arrowhead (also in panels B, C, and D) indicates protein-DNA
complexes containing GST-YY1. B) GST-YY1 (37.5 ng/�l) was incubated with labeled probes 90, mut90, 122, and mut122 (in the presence of 500
ng of unlabeled poly[dI/dC] and 125 ng of unlabeled sonicated salmon sperm DNA) in the presence or absence of 2 �g of monoclonal anti-YY1
antibody H-10 (sc-7341) raised against the full-length YY1 protein. The arrow indicates supershifted complexes. C) Equal amounts of GST-YY1
protein (0, 12.5, 25, and 37.5 ng/�l) were incubated with labeled probes 32, 32G, 32T, and 32GT (in the presence of 500 ng of unlabeled poly[dI/dC]
and 125 ng of unlabeled sonicated salmon sperm DNA) and subjected to a gel retardation assay. D) Equal amounts of GST-YY1 protein (0, 12.5,
25, and 37.5 ng/�l) were incubated with labeled probes 90, 122, and 122G (in the presence of 500 ng of unlabeled poly[dI/dC] and 125 ng of
unlabeled sonicated salmon sperm DNA) and subjected to a gel retardation assay. E) GST-YY1 (37.5 ng/�l) was incubated with labeled probe
32GT in the absence (�) or presence of a 25-, 50-, or 150-fold excess of the indicated unlabeled probes. Protein-DNA complexes were subjected
to a gel retardation assay.
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the �90 and �122 sites were protected, and protection ex-
tended beyond the �122 site, up to the �140 region. Some
regions were completely protected (indicated by black rectan-
gles), and some of them were only partially protected (indi-
cated by gray rectangles). Introduction of a mutation at either
the �90 site (mut90) or the �122 site (mut122) disrupted the
binding of YY1 to the corresponding mutated site without
preventing, even though slightly diminishing, the binding of
YY1 to the remaining wild-type site.

In vivo, YY1 binds to the murine IFN-� promoter before as
well as after virus infection. Using chromatin immunoprecipita-
tion, we have analyzed the in vivo binding of YY1 to the wild-type
endogenous promoter present in murine L929 cells before as well
as after virus infection. In order to do this, equal amounts of
genomic DNA collected from noninfected as well as from NDV-
infected cells were immunoprecipitated with anti-YY1 monoclo-
nal antibody H-10 or with irrelevant anti-NSs polyclonal antibody
directed against the nonstructural protein NSs of Rift Valley fever
virus. Equal amounts of immunoprecipitated DNA were ampli-
fied with primers specific for the endogenous wild-type murine
IFN-� promoter. Under the PCR conditions used in these exper-
iments the intensity of the radioactively labeled amplified band
corresponding to the IFN-� promoter appeared proportional to
the amount of DNA present in the reaction mixture (Fig. 4A). As
shown in Fig. 4B, the endogenous IFN-� promoter was immuno-
precipitated with anti-YY1 antibody in noninfected as well as in
infected cells. The immunoprecipitation obtained with anti-YY1
antibody appeared specific since under the same conditions the
IFN-� promoter was not immunoprecipitated with an irrelevant
anti-NSs antibody.

Intact �122 and �90 YY1 binding sites are required for
CBP recruitment on the IFN-� promoter after virus infection.
The IFN-� promoter reaches its highest transcriptional capac-

ity around 10 h after infection, followed by a posttranscrip-
tional turnoff that is established between 10 and 12 h after
infection. In Fig. 5, we show the virus-induced transcriptional
capacities of the stably integrated wild-type (wt330) and mu-
tated (mut122 and mut90) muIFN-� promoter CAT reporter
constructs measured 10 and 15 h after infection. Ten hours
after infection, both the mut122 and mut90 promoters dis-
played weak virus-induced transcriptional activities compared
to the wild-type wt330 promoter, corresponding to 10% and
5%, respectively, of the activity displayed by the wild-type
promoter at the same time. Between 10 and 15 h after infec-
tion, the activity of the wt330 promoter remained almost con-
stant, with a 1.2-fold increase, whereas the activity of the
mut122 and mut90 promoters continued to progress, with 4.0-
fold and 2.7-fold increases, respectively. Therefore, under the
conditions used in these experiments, both the mut122 and
mut90 promoters displayed similar phenotypes corresponding
to (i) weak virus-induced transcriptional capacities and (ii) a
retarded posttranscriptional turnoff.

Cofactor CBP is recruited on the IFN-� promoter starting
4 h and peaking 8 h after infection (1). CBP recruitment on the

FIG. 2. Mutations introduced in YY1 binding sites �90 (mut90)
and �122 (mut122) do not affect HMGI binding. A) Schematic rep-
resentation of HMGI binding sites present in the �90 (weak HMGI
binding site) and �122 (strong HMGI binding site) regions as de-
scribed previously (5). Ovals indicate the bases directly interacting with
HMGI, and boldface letters indicate the bases directly interacting with
YY1. Arrowheads indicate the bases mutated to give rise to mut90 and
mut122 sequences. B) Equal amounts of recombinant HMGI protein
(0, 1, and 3 ng/�l) were incubated with labeled probes 90, mut90, 122,
and mut122 (in the presence of 125 ng of unlabeled sonicated salmon
sperm DNA) and subjected to a gel retardation assay. The arrow
indicates protein-DNA complexes containing HMGI.

FIG. 3. YY1 can bind the �122 and �90 sites simultaneously as
well as independently of one another. DNase I footprinting was carried
out on the noncoding strand of the wild-type muIFN-� promoter
(�330 to �20) (wt330) or an muIFN-� promoter mutated in the �90
site (mut90) or �122 site (mut122). The corresponding 5�-end-labeled
promoter fragments were incubated with 0, 80, 160, and 240 ng/�l of
GST-YY1 in the presence of unlabeled poly(dI/dC), digested with
DNase I, and analyzed on an 8 M urea–6% polyacrylamide gel. A
specific G�A DNA sequencing reaction of the corresponding labeled
DNA fragments is shown. Positions of the �90 and �122 sites are
indicated. Regions completely protected (black rectangles) or partially
protected (gray rectangles) by YY1 are indicated.
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IFN-� promoter has been described as being required for
correct promoter transcriptional activation as well as for the
establishment of promoter transcriptional turnoff (19). Since
transcription factor YY1 directly interacts with cofactor CBP,
we analyzed the eventual role of YY1 during the recruitment
of CBP on the muIFN-� promoter.

Using chromatin immunoprecipitation we have compared
the recruitment of CBP on the wild-type (wt330) promoter to
its recruitment on the mut90 and mut122 promoters, which
displayed a weak transcriptional capacity as well as a retarded
transcriptional turnoff. Genomic DNA from wt330, mut90, and
mut122 strains was collected before (0 h) as well as 8 and 24 h
after infection. Equal amounts of DNA collected at these times

were immunoprecipitated with an anti-CBP antibody and am-
plified with primers specific for either the wt330, mut90, and
mut122 integrated promoters (Fig. 6A); the endogenous
IFN-� promoter (Fig. 6B); or the endogenous �-actin gene
(Fig. 6C). Under the PCR conditions used in these experi-
ments, the intensity of the radioactively labeled amplified band
appeared proportional to the amount of DNA present in the
reaction mixture (see inputs in Fig. 6A, B, and C). In agree-
ment with the results previously described for the human en-
dogenous IFN-� promoter (1), CBP recruitment on the wild-
type integrated wt330 IFN-� promoter was induced after virus
infection (Fig. 6A). Compared to the wild-type integrated pro-
moter, neither the mut90 nor the mut122 integrated promoter
was able to recruit CBP after virus infection (Fig. 6A).

The absence of immunoprecipitation with anti-CBP antibody
of either the mut90 or the mut122 promoter was specific since
under the same conditions the endogenous wild-type IFN-� pro-
moter present in the L929mut122 strain was immunoprecipitated
with anti-CBP antibody (Fig. 6B), displaying a phenotype similar
to the one obtained for the wt330 promoter on the L929wt330
strain and similar to what has been described in the literature for
the endogenous human IFN-� promoter (1). As expected, no
amplification of the murine �-actin gene was obtained from the
genomic DNA of the L929mut122 strain immunoprecipitated
with anti-CBP antibody either in noninfected or in infected cells.
We therefore demonstrate here that CBP recruitment on the
murine IFN-� promoter required that both YY1 binding sites be
intact. The presence of only one intact site, either �90 or �122,
was not sufficient to allow CBP recruitment on the promoter
region after virus infection.

Intact �122 and �90 YY1 binding sites are required for
virus-induced acetylation of K8H4 and K14H3 on the IFN-�
promoter. Acetylation of K8H4 and K14H3 has been shown to
be essential for the induction of the transcriptional capacity of

FIG. 4. In vivo, YY1 binds to the endogenous IFN-� promoter
before as well as after virus infection. Input (1 �l of 1-, 5-, 10-, and
50-fold dilutions) (A) and anti-YY1 and anti-NSs immunoprecipitated
(IP; 1, 2, and 3 �l of a 2-fold dilution) (B) DNA from L929 cells
noninfected (NI) or NDV infected (NDV) collected 6 h after infection
was amplified with primers specific for the endogenous wild-type mu-
rine IFN-� promoter.

FIG. 5. Mutated promoters mut122 and mut90 display abnormal virus-induced activities. Cells from the wild-type L929wt330 strain or the
mutated L929mut122 and L929mut90 strains were either mock infected (0 h) or infected with NDV and collected 10 and 15 h after infection. The
corresponding CAT activities were measured. The results correspond to the averages of two independent experiments with each point in duplicate.
The CAT activities for mock infection were as follows: L929wt330, 6,926 
 132.5 cpm/h/mg; L929mut90, 2,427.5 
 104.5 cpm/h/mg; L929mut122,
2,774.5 
 132.5 cpm/h/mg.
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the IFN-� promoter (2). The capacity of YY1 to directly in-
teract and regulate CBP recruitment on the IFN-� promoter,
which itself interacts with PCAF, the HAT responsible of
K8H4 and K14H3 acetylation on the IFN-� promoter, made us
consider YY1 as a potential regulator of the rate of AcK8H4
and AcK14H3 on the IFN-� promoter after virus infection. We
tested this hypothesis using ChIP assays. The same fractions of
genomic DNA from L929 strains containing the stably inte-
grated wt330, mut90, and mut122 promoters immunoprecipi-
tated with anti-CBP antibodies in Fig. 6 were also immuno-
precipitated with anti-AcK8H4 (Fig. 7A) and anti-AcK14H3
(Fig. 7B) antibodies. In agreement with the results previously
described for the endogenous human IFN-� promoter (2), acet-
ylation of K8H4 and K14H3 was transiently induced on the inte-

grated wild-type murine IFN-� wt330 promoter 8 h after infec-
tion, whereas acetylation of K8H4 and K14H3 was completely
inhibited on the mut90 and mut122 promoters. As in the case of
the immunoprecipitates obtained with anti-CBP antibodies
shown in Fig. 6, the absence of immunoprecipitations with anti-
K8H4 and anti-K14H3 antibodies of either the mut90 or the
mut122 promoter was specific since under the same conditions
the endogenous wild-type IFN-� promoter present in the
L929mut122 strain was immunoprecipitated with anti-K8H4 and
anti-K14H3 antibodies, displaying a phenotype similar to the one
obtained for the wt330 promoter on the L929wt330 strain and
similar to what has been described in the literature for the en-
dogenous human IFN-� promoter (1). Therefore the presence of
two intact YY1 binding sites appeared to be required not only for

FIG. 6. Intact �122 and �90 YY1 binding sites are required to allow virus-induced CBP recruitment on the muIFN-� promoter. A) Input (1
�l of 1, 10, 100, and 1,000-fold dilutions) and anti-CBP-immunoprecipitated (IP) (1, 2, and 3 �l of a 10-fold dilution) DNA from L929wt330,
L929mut90, and L929mut122 strains collected 0, 8, or 24 h after infection was amplified with primers specific for the integrated wt330, mut90, and
mut122 IFN-� promoters. B) Input (1 �l of 1, 5, 10, and 50-fold dilutions) and anti-CBP-immunoprecipitated (1, 2, and 3 �l of a 5-fold dilution)
DNA from the L929mut122 strain collected 0, 8, and 24 h after infection was amplified with primers specific for the wild-type endogenous IFN-�
promoter. C) Input (1 �l of 5, 10, and 50-fold dilutions) and anti-CBP-immunoprecipitated (1, 2, and 3 �l of a 5-fold dilution) DNA from the
L929mut122 strain collected 0, 8, and 24 h after infection was amplified with primers specific for the endogenous �-actin gene.
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CBP recruitment but also for K8H4 and K14H3 acetylation on
the IFN-� promoter after virus infection.

The lack of CBP recruitment and K8H4/K14H3 acetylation
on the mut122 promoter is independent of IRF3 binding to the
promoter. Virus-induced transcriptional activation of the
IFN-� gene requires IRF3 binding to the IFN-� promoter.
After virus infection, transcription factor IRF3 is activated and
translocated to the nucleus, where it binds to the PRDI-III
region of the IFN-� promoter. Cofactor CBP and IRF3 can
directly interact with each other, and it has been proposed that
the binding of IRF3 to the IFN-� promoter occurs concomi-
tantly with CBP recruitment on the promoter region (11, 17,
34, 39). We carried out ChIP assays in order to analyze if IRF3
binding to the IFN-� promoter was affected in the context of
the mut90 and mut122 promoters, where no recruitment of

CBP was observed. Genomic DNA collected at 0, 6, and 8 h
after virus infection from the wt330, mut90, and mut122 strains
was immunoprecipitated with anti-IRF3 and anti-YY1 anti-
bodies. Results are shown in Fig. 8A. As expected, IRF3 bind-
ing to the wild-type wt330 promoter was enhanced after infec-
tion. Quantification of the amount of IFN-� promoter DNA

FIG. 7. Intact �122 and �90 YY1 binding sites are required to
allow virus-induced K8H4 and K14H3 acetylation on the muIFN-�
promoter. For integrated IFN-� promoters, anti-K8H4 (A)- and anti-
K14H3 (B)-immunoprecipitated (IP) DNA from L929wt330,
L929mut90, and L929mut122 strains collected 0, 8, or 24 h after in-
fection (1, 2, and 3 �l of a 10-fold dilution) was amplified with primers
specific for the integrated wt330, mut90, and mut122 IFN-� promoter.
For the endogenous wild-type IFN-� promoter, anti-K8H4 (A)- and
anti-K14H3 (B)-immunoprecipitated DNA from the L929mut122
strain collected 0, 8, or 24 h after infection (1, 2, and 3 �l of a fivefold
dilution) was amplified with primers specific for the wild-type endog-
enous IFN-� promoter.

FIG. 8. CBP recruitment is independent of IRF3 binding to
muIFN-�. A) Equal amounts of genomic DNA from L929wt330,
L929mut90, and L929mut122 noninfected (0 h) or NDV-infected (col-
lected at 6 and 8 after infection) cells were immunoprecipitated with
antibodies directed against IRF-3 and YY1. The corresponding immuno-
precipitated DNA was amplified with primers specific for the integrated
IFN-� promoter. B) Intensity of the band amplified from anti-IRF3-
immunoprecipitated DNA corresponding to the integrated wt330, mut90,
and mut122 promoters, respectively, 0, 6, and 8 h after NDV infection was
quantified using a PhosphorImager. Results correspond to the averages of
two independent amplification reactions. C) (Left panel) Zero (�) or 5
�g (�) of total nuclear extracts prepared from NDV-infected L929 cells
was incubated with labeled probe 90 or mut90 in the presence of 1.5 �g
of unlabeled sonicated poly(dI/dC) and subjected to gel retardation.
When indicated, a 50-fold excess of unlabeled probe 32GT or 32 was
added to the reaction mixture. (Right panel) Five micrograms (�) of total
nuclear extracts prepared from NDV-infected L929 cells was incubated
with labeled probe 90, in the absence of poly(dI/dC), and subjected to gel
retardation. When indicated, 2 �g of anti-CBP, anti-IRF3, or total rabbit
IgG was added to the reaction mixture. Arrows indicate the most retarded
complex, behaving as a YY1-DNA binding complex.
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amplified from wt330, mut90, and mut122 anti-IRF3 immuno-
precipitates (Fig. 8B) showed that the profile for the binding of
IRF3 to the mut122 promoter was very similar to the one
observed for the wild-type wt330 promoter, demonstrating that
mutation mut122 did not dramatically affect IRF3 binding.
Therefore, the absence of CBP recruitment and K8H4/K14H3
acetylation observed on the mut122 promoter could not be
assigned to default of IRF3 binding that occurred here inde-
pendently of CBP. In contrast to what was found for the
mut122 promoter, no binding of IRF3 to the mut90 promoter
was observed after virus infection. The weaker transcriptional
capacity displayed by the mut90 promoter compared to the
mut122 promoter (Fig. 5) could be related to the absence of
IRF3 on promoter mut90 compared to promoter mut122.

In order to analyze the eventual role of the YY1 binding site
present at position �90 on the formation of a protein-DNA
complex containing IRF3 and probe 90, we carried out in vitro
gel retardation experiments. In a first set of experiments (Fig.
8C, left panel), nuclear extracts prepared from NDV-infected
L929 cells were incubated with labeled probe 90 in the pres-
ence of an excess of sonicated poly(dI/dC) as nonspecific com-
petitor DNA. The main most retarded complex formed, indi-
cated by an arrow, behaved as a YY1-containing protein-DNA
complex since it disappeared when the same nuclear extracts
were incubated with labeled probe mut90 (carrying a mutation
on the YY1 DNA-binding core motif present at position �90)
instead of probe 90. Also, the formation of this complex was
inhibited after addition of an excess of unlabeled probe 32GT
(containing a good YY1-binding site, used here as a specific
competitor DNA) but not in the presence of an excess of
unlabeled probe 32 (containing a very weak YY1-binding site).
In a second set of experiments (Fig. 8C, right panel), the same
nuclear extracts prepared from NDV-infected L929 cells were
incubated in the absence of poly(dI/dC) but in the presence of
2 �g of either anti-CBP, anti-IRF3 polyclonal antibodies, or
total normal rabbit IgGs. Under these conditions, the forma-
tion of the main most retarded complex, indicated again by an
arrow, was specifically inhibited after incubation of the nuclear
extracts with anti-IRF3 antibody but not by the anti-CBP an-
tibody or rabbit IgGs. In agreement with the results obtained in
vivo during ChIP assays (shown in Fig. 8A, upper line), the
experiments shown in Fig. 8C indicate that IRF3 can form a
protein-DNA complex in vitro with probe 90 in the absence of
CBP provided that the YY1 �90 site is intact.

Lastly, results obtained with the anti-YY1 monoclonal anti-
body, shown in the bottom line of Fig. 8A, indicated that YY1
remained associated to the integrated wild-type wt330 pro-
moter before as well as after virus infection. This is in agree-
ment with results obtained during ChIP assays with the endog-
enous wild-type IFN-� promoter shown in Fig. 4. Results
obtained here with the integrated mut90 and mut122 promot-
ers indicate that the binding of YY1 to the �122 site was
enhanced after virus infection whereas, in noninfected cells,
YY1 appeared predominantly bound to the �90 site.

DISCUSSION

The presence of more than one YY1 binding site on the same
promoter region as a means to functionally switch YY1 from a
repressor to an activator. Two functional YY1 binding sites

are present on the proximal region of the muIFN-� promoter
present at positions �122 and �90, respectively. We have
shown here that the introduction of single point mutations on
either the �122 or the �90 site completely disrupted CBP
recruitment and K8H4/K14H3 acetylation on the mutated pro-
moters, strongly affecting the transcriptional capacity of the
corresponding promoters.

The presence of more than one YY1 DNA-binding site on
several promoters regulated by YY1 has been described (13,
24, 38), as has their presence on YY1-bound pericentromeric
�-satellite DNA sequences (28). Can a functional meaning be
ascribed to the presence of more than one YY1 binding site on
the same promoter region, considering that binding of YY1 to
more than one site did not appear strongly cooperative?

A protein called YY2, closely related to YY1, has been
recently isolated and described as able to bind to some, al-
though not all, YY1 binding sites (21). Therefore some of the
sites considered until now as YY1 binding sites might actually
be YY2 binding sites. The binding of YY2 to the IFN-� pro-
moter has been recently considered by Klar and Bode (14) as
a possible means to antagonize the negative effect of YY1 on
promoter transcriptional capacity. Nevertheless, notwithstand-
ing evidence indicating probable binding of YY2 to far-up-
stream control elements present in the human IFN-� promoter
at kb �3 and �2, there is for the moment no strong evidence
of YY2 binding to the proximal region of the murine IFN-�
promoter. Gel retardation experiments with recombinant YY2
protein carried out by Klar and Bode showed that in vitro YY2
could form a protein-DNA complex with a probe carrying the
�90 site but that, as stated by the authors themselves, the
intensity of the complex formed was particularly weak (14).

Nguyen et al. (21) have analyzed the capacity of YY2 to bind
10 sequences previously characterized as YY1 binding sites.
Their results indicated that YY2 was able to bind 5 out of the
10 tested sequences. All the sequences that were not bound by
YY2 contained a T (underlined) 3� of the core motif [C/t/aC
AT(N)T], and a T at this position was absent on all the se-
quences, except one, bound by YY2. In the case of the
muIFN-� promoter, both the �122 and �90 sites carry a T 3�
of the core motif. Even though we cannot completely exclude
the possibility that the �122 and �90 YY1 binding sites could
be YY2 binding sites, there is for the moment no strong argu-
ment supporting this hypothesis.

During the YY1 ChIP assays we carried out in this work, we
used the monoclonal anti-YY1 antibody (H-10) that according
to the manufacturer recognizes only YY1 protein. The results
obtained for the endogenous as well as the wild-type wt330
integrated promoter showed that YY1 interacted with the
proximal region of the muIFN-� promoter before as well as
after virus infection. In noninfected cells YY1 appeared to be
predominantly bound to its �90 site and remained bound to
this site at least until 8 h after infection. The situation was
different in the case of the �122 site. As observed for the
mut90 promoter, the binding of YY1 to the �122 site, which
was not visible in noninfected cells, was induced only after
infection. In a previous work we demonstrated that YY1-de-
pendent repression of the muIFN-� promoter via HDAC re-
cruitment relied mainly on the presence of an intact �90 site
(35). The results obtained in this work suggest that the simul-
taneous double occupancy of both the �122 and �90 sites is
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necessary to allow CBP recruitment and K8H4/K14H3 acety-
lation, which are essential for promoter transcriptional activa-
tion. The transition from single-site occupancy (�90 site, be-
fore virus infection) to double-site occupancy (�90 and �122
sites, after virus infection) appears therefore as a possible
means to promote a functional switch of YY1 from a repressor
(via HDAC recruitment) to an activator (via CBP recruit-
ment). It is possible to speculate that the interaction of CBP
with only one YY1 molecule would not be sufficient to disrupt
the YY1-HDAC interaction taking place in noninfected cells,
this being only possible if CBP interacts with two YY1 mole-
cules. Qin et al. (23) have suggested that coactivator CBP
assumes different conformational changes according to the
number of transcription factors bound to it. In the case of
IFN-� transcriptional activation, it is possible that the “func-
tionally correct” conformation of CBP could be reached only
when interaction is with at least two YY1 molecules.

Of the two YY1 binding sites, the �122 site is the weaker
one and therefore the one most likely to be modulated. Several
factors, such as acetylation, phosphorylation, and protein-pro-
tein interactions, are capable of modifying YY1 DNA-binding
affinity. Even though these factors could affect the binding of
YY1 to either the �90 or the �122 site, the effect would be
expected to be more pronounced in the case of the �122 site,
which is the weaker one. A strong HMGI binding site overlaps
the YY1 �122 binding site, whereas only a weak HMGI site
overlaps the YY1 �90 site. In future work, it would be inter-
esting to analyze the effect of protein HMGI on YY1 binding
to the muIFN-� promoter.

Going against the IRF3-CBP dogma during the regulation
of the IFN-� promoter. In this work we have demonstrated
that YY1 plays a determinant role during regulation of IFN-�
gene expression. Intact YY1 binding sites present at positions
�122 and �90 are essential for CBP recruitment and K8H4/
K14H3 acetylation on the proximal region of the muIFN-�
promoter.

Until now an essential role for virus-induced IFN-� pro-
moter activation has been ascribed to factor IRF3. It has been
often suggested not only that IRF3 is the main factor respon-
sible of CBP recruitment on the IFN-� promoter but also that
IRF3 and CBP associate prior to binding to the IFN-� pro-
moter (31).

The results we present here clearly demonstrate that IRF3 is
not the main factor responsible for CBP recruitment on the
IFN-� promoter. Promoter mut122, carrying a single point
mutation on the core motif of the YY1 �122 binding site, was
not able to allow CBP recruitment notwithstanding IRF3 bind-
ing to this promoter, indicating not only that IRF3 was not the
main factor responsible of CBP recruitment on the muIFN-�
promoter but also that IRF3 could bind to the promoter in the
absence of CBP.

Results obtained during ChIP assays with anit-IRF3 anti-
body and mut90 promoter showing the inability of IRF3 to
interact with the promoter carrying a mutation on the YY1
�90 binding site were confirmed during gel retardation exper-
iments. In vitro binding of IRF3 present in nuclear extracts
prepared from NDV-infected cells to probe 90, which contains
a single IRF3 binding site at its 3� end, also appeared to
require that the YY1-binding site present at position �90 be
intact. Overall these results open up the possibility of a “cross

talk” between YY1 and IRF3 during binding to the �90 region
of the murine IFN-� promoter. Nevertheless, we believe that
no definite conclusion can for the moment be reached con-
cerning this potentially interesting point before carrying out
further experiments.

Viruses have developed different strategies to counteract the
IFN-�-dependent antiviral response. Some viruses have devel-
oped strategies to stop IFN-� mRNA synthesis by functionally
inhibiting IRF3 and IRF7 factors, which are the main activa-
tors of the IFN-� genes (18) whereas other viruses, like the
Rift Valley fever virus (a phlebovirus of the family Bunyaviri-
dae transmitted by mosquitoes) specifically blocks IFN-� tran-
scription by a yet-unknown mechanism without functionally
counteracting or inhibiting virus-induced activation of virus-
responsive element factors such as IRF3, NF-�B, and AP-1 (4).
By identifying YY1 as one of the main factors regulating the
transcriptional capacity of the IFN-� promoter, our results
open up new axis of investigation that could lead us to decipher
strategies developed by some viruses to specifically block
IFN-� transcription in order to counteract the host antiviral
response.
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