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The induction of the beta interferon (IFN-f3) gene constitutes one of the first responses of the cell to virus
infection. Its regulation is achieved through an intricate combination of virus-induced binding of transcription
factors and local chromatin remodeling. In this work, we demonstrate that transcription factor YY1, known to
interact with histone deacetylases (HDAC) and histone acetyltransferases, has a dual activator/repressor role
during the regulation of the IFN-f3 promoter activity. We show that YY1 specifically binds in vitro and in vivo
to the murine IFN-f3 promoter at positions —90 and —122. Overexpression of YY1 strongly repressed the
transcriptional capacity of a stably integrated IFN-3 promoter fused to a chloramphenicol acetyltransferase
reporter gene as well as the endogenous IFN activity of murine 1929 cells via an HDAC activity. Stably
integrated IFN-3 promoters mutated at the —90 site were no longer repressed by YY1, could no longer be
activated by trichostatin A, displayed a retarded postinduction turn off, and a reduced virus-induced activity.
Introduction of a mutation at the —122 site did not affect YY1-induced repression, but promoters with this
mutation displayed a reduced virus-induced activity. Stably integrated full-length promoters (from position
—330 to +20) mutated at both YY1-binding sites displayed extremely reduced promoter activities. We conclude
that YY1 has a dual activator/repressor role on IFN-f3 promoter activity depending on its binding site and time

after infection.

Beta interferon (IFN-B) plays a key role modulating antivi-
ral response (8, 32). In the absence of external stimuli, the
IFN-B gene is maintained in a constitutive transcriptionally
silent state while this gene is transiently activated after virus
infection (37). As is the case for many other environmentally
stimulated genes, the transcriptional regulation of the IFN-
gene is achieved through a complex mechanism during which
specific transcription factors as well as chromatin and chroma-
tin-remodeling complexes intervene (1, 28, 36). In a recent
work, it was demonstrated that histone deacetylation partici-
pates in the establishment of the repressed state of the IFN-38
promoter (30). Inhibition of histone deacetylase (HDAC) ac-
tivity with trichostatin A (TSA) led to the local acetylation of
histone H4 tails positioned on the IFN-B promoter region,
enhanced the transcriptional capacity of this promoter, and
induced an antiviral state to murine fibroblastic L929 cells
infected by vesicular stomatitis virus.

Nuclear HDACs deacetylate nucleosomal core histone tails,
establishing a locally condensed chromatin structure associ-
ated with gene silencing (38). Three classes of nuclear HDACs
have been described. The first class includes mammalian
HDACI1, HDAC2, and HDAC3, which are highly homologous
to the yeast repressor protein Rpd3 (6) and characterized as
almost exclusively present in the nucleus. The second class
includes mammalian HDAC4, HDACS, and HDAC6, which
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are homologous to yeast Hdal (12) and are able to shuttle
between the nucleus and the cytoplasm (23). The third class of
HDAC:S are related to yeast repressor protein SIR2 (18). They
differ from the other two classes in that they display NAD-
dependent HDAC activity (16) and are often found in the
nucleolus. HDACs do not bind directly to DNA but are re-
cruited either directly or indirectly to specific promoters by
transcription factors (38) and often function in large multipro-
tein complexes, such as mSin3A, NuRD (nucleosome remod-
eling histone deacetylase), or MeCP2 (7, 17, 38).

Protein Yin Yang 1 (YY1) is a transcription factor that binds
to DNA through the recognition of a specific consensus se-
quence and directly interacts with HDACs. YY1 has been
shown to bind in vivo to HDAC2 and in vitro to HDACI,
HDAC?2, and HDAC3 (6). It is a ubiquitous, Kriippel-like, zinc
finger transcription factor (2, 11, 34) known to either repress or
activate a high number of genes, among which are c-Myc,
c-Fos, B-casein, a-actin, histone H4, IFN-v, interleukin 5, in-
terleukin 3, adeno-associated virus P5 promoter, human pap-
illomavirus type 16 and 18, Moloney murine leukemia virus,
and several other cellular or viral genes (10, 13, 31, 34, 40). The
targeted disruption of the mouse YY1 gene is lethal, demon-
strating an essential function of this protein during the devel-
opment of the mouse embryo (9).

A wide variety of transcription factors, such as c-Myc, SP1
(29), and E1A (20), as well as transcriptional corepressors,
such as HDAC:s (as it was mentioned before), or coactivators
like CBP, pCAF, and p300 bind to YY1 (34). Such protein-
protein interactions can play a key role in establishing YY1
either as a repressor or as an activator, as it has been demon-
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TABLE 1. Sequences of oligonucleotides containing wild-type or mutated YY1 DNA-binding sites”

Name Sequence (5’ to 3") Promoter
Consensus GA(C/g/a)(G/t)(C/a/t)CATN(T/a)(T/g/c)
c-Fos GCAGAGGGGACCATCTCCGAAA c-Fos
32 GCAGAAAGGACCATCCCTTATA —32 mulFN-B coding strand
90 TTTTCCTCTGICATTTTCTCTT —90 mulFN-B noncoding strand
mut90 TTTTCCTCTGIaATTTTCTCTT
122 CTTCTAATATTCATTTTATTCA —122 mulFN-B noncoding strand
mut122 CTTCTAATATTQATTTTATTCA
161 TTAACCCAGTACATAGCATATA —161 mulFN-B coding strand

“1In the consensus sequence, as defined by Hyde-DeRuyscher et al. (15), uppercase letters are the preferred nucleotides and lowercase letters are nucleotides
tolerated to a lesser extent. Boldface type indicates the nucleotides corresponding to the YY1 core motif. Underlining indicates the nucleotides present in the consensus

core motif.

strated in the case of the human immunodeficiency virus type
1 long terminal repeat, where YY1 acts as a repressor via the
recruitment of HDACI (5). The intracellular YY1 concentra-
tion (4), promoter sequence environment (27), or YY1 post-
translational modifications (39) can also decide whether YY1
acts as a repressor or an activator of transcription.

In this work we show that YY1 specifically binds in vitro as
well as in vivo to IFN-B promoter at positions —90 and —122.
We demonstrate that YY1 plays a dual repressor/activator role
in the transcriptional capacity of the IFN- promoter depend-
ing on its binding site and on the moment after virus infection.
Protein YY1 can itself be acetylated and deacetylated by his-
tone acetyltransferases (HAT) and deacetylases (39). The de-
gree of acetylation of YY1 can affect its DNA-binding capacity
as well as the capacity of the protein to interact with HDACs.
These characteristics of YY1 are discussed in the context of
IFN-B gene regulation.

MATERIALS AND METHODS

Gel retardation assays. Nuclear extracts of murine 1.929 cells were prepared
by microextraction as described by Therrien and Drouin (33). Five micrograms
of nuclear extracts was incubated with 1.5 wg of poly(dI-dC) in 20 pl (final
volume) of 50 mM Tris-HCI (pH 7.5), 50 mM NaCl, 5 mM EDTA, 10% glycerol,
and 5 mM dithiothreitol for 10 min at room temperature before adding the
corresponding 5’ 3?P-labeled probes (0.05 pmol). After adding the labeled probe,
the mixture was incubated at room temperature for 15 min. Electrophoresis was
carried out in an 8% polyacrylamide gel in 0.25X Tris-borate-EDTA. During
competition experiments, the corresponding unlabeled DNA probes were added
at the same time as the labeled probes. When indicated, 1 wg of anti-YY1
monoclonal H-10 antibodies (Santa Cruz no. 7341X) were added to the nuclear
extracts prior to the addition of the labeled probes. Nuclear extracts and anti-
bodies were incubated in ice for 40 min in 20 pl of 50 mM Tris-HCI (pH 7.5), 50
mM NaCl, 5 mM EDTA, 10% glycerol, 5 mM dithiothreitol in the presence of
1.5 pg of poly(dI-dC). After adding labeled probes, the samples were further
incubated for 15 min at room temperature. Gel retardation assays carried out
with recombinant HMGI protein were done as previously described (3).

Gel retardation assays followed by Western blotting. Gel retardation assays
were carried out as described above, except that 25 g of nuclear extracts
(instead of 5 ng) and 5 pmol of unlabeled DNA probe (instead of 0.05 pmol)
were used. After migration, the gel was soaked in transfer buffer (50 mM
Tris-HCI, 40 mM Gly, 1 mM sodium dodecyl sulfate [SDS], 20% methanol) for
40 min at room temperature before being submitted to Western blotting with
Santa Cruz rabbit polyclonal anti-YY1 antibody (H-414) as the primary antibody.

Chromatin immunoprecipitation. 1.929 wt330, mut122, and mut90 cells were
fixed with 1% formaldehyde added to the medium for 10 min, scraped, and
collected by centrifugation. Cells were resuspended in 0.1 ml of lysis buffer [5
mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES, pH 8.0), 85 mM KCl,
0.5% NP-40] with 0.5 mM phenylmethylsulfonyl fluoride, 1 pg of pepstatin A/ml,
and 1 pg of leupeptin/ml. Cells were pelleted by centrifugation and resuspended
in 200 pl of 1% SDS, 10 mM EDTA, and 50 mM Tris-HCI (pH 8.0) containing
protease inhibitors. After incubation on ice for 10 min, cells were sonicated 10

times for 10 s. Lysates were then cleared by centrifugation, and the concentration
of DNA was determined. DNA was diluted 10-fold in dilution buffer (0.01%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], 150 mM NaCl).
The chromatin solution was precleared for 45 min at 4°C on protein A-Sepharose
4B beads preadsorbed with sonicated single-stranded DNA (1 ml of a 50%
suspension of protein A-Sepharose 4B beads plus 8 pl of sonicated 10-mg/ml
single-stranded DNA). Corresponding aliquots of chromatin solution were then
incubated with 5 pl of anti-YY1 (Santa Cruz no. 4703) or anti-HMGI (Santa
Cruz no. 8982) antibodies overnight at 4°C. Immune complexes were collected
on protein A beads preadsorbed with sonicated single-stranded DNA. Beads
were washed sequentially in TSE (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20
mM Tris-HCI [pH 8.1]) with 150 mM NaCl, TSE with 500 mM NaCl, buffer A
(0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI [pH
8.1]), and three times with Tris-EDTA and then extracted three times with 1%
SDS and 0.1 M NaHCO3. Cross-links were reversed by heating at 65°C for 4 h,
and DNA was precipitated with ethanol. Precipitates were resuspended in 20 pl
of Tris-EDTA, digested with proteinase K (50 pg/ml for 1 h at 37°C), extracted
with phenol-chloroform (1:1), and finally ethanol precipitated. PCR analysis of
immunoprecipitated DNA was performed with the oligonucleotide F-40 (5'-
GTT TTC CCA GTC ACG AC-3', specific for the pBLCAT3 vector) as the 5’
primer and oligonucleotide CAT (5'-CCA TTT TAG CTT CCT TAG-3', specific
for the chloramphenicol acetyltransferase [CAT] reporter gene) as the 3’ primer.
PCR conditions were as follows: 1 cycle of 94°C for 1 min, 60°C for 1 min, and
72°C for 1 min; 1 cycle of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min; 1
cycle of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min; 20 cycles of 94°C for
1 min, 53°C for 1 min, and 72°C for 1 min; and 1 cycle of 72°C for 10 min.

Plasmid construction. Plasmid constructions were carried out by double PCR
as previously described (3) by using plasmid pBLCAT3-mulFN-B wt330 as a
template. This plasmid carries the wild-type murine IFN-B (mulFN-B) promoter
fragment from —330 to +20 cloned in front of the CAT reporter gene of plasmid
pBLCATS3 (3). For primers, we used the corresponding mutated oligonucleotides
described in Table 1 as well as primer —40 (5'-GTTTTCCCAGTCACGAC-3")
and primer CAT (5'-CCATTTTAGCTTCCTTAG-3"). Plasmid mut122 carries a
mutation at the —122 site, and plasmid mut90 carries a mutation at the —90 site.
Plasmid mut122 was used as a template for the construction of plasmid mut122/
90, which carried mutations at both the —122 and —90 sites.

Cell line and transfection. 1.929 wt330 and wt110 cell lines have been de-
scribed previously (30). Cell culture, transient transfection by the calcium phos-
phate method, Newcastle disease virus infection, and CAT assays were as de-
scribed previously (3). Plasmid pCMV-YY1 was a generous gift of Jianping Ye
and has been described previously by Flanagan et al. (10). YY1 overexpressing
plasmid pCMV-YY1 or the corresponding empty vector pPCMV was transiently
transfected into 1929 wt330 or 1929 wt110 cells in six-well plates (200,000
cells/well in 2 ml of medium). When indicated, TSA (Sigma) was added to the
medium 6 h after transfection at a final concentration of 100 ng/ml. Cells were
infected with Newcastle disease virus 48 h after transfection and collected 10 h
after infection. Stable transfection of plasmids mut122, mut90, and mut122/90
into 1929 cells was carried out as previously described (30). Geneticin-resistant
clones were isolated, propagated, and tested for virus-induced CAT activity.
Eight to 12 positive clones were pooled, and the integrated IFN-B promoter was
sequenced. For each pool, its phenotype was compared to the phenotypes of
three corresponding individual positive clones. The results shown in Fig. 4, 5, 6,
7, and 8 correspond to those obtained with the pool (which was very similar to
that of the corresponding independent clones), they correspond to the average of
two or three independent experiments with each point in duplicate.



VoL. 77, 2003

2210 NRDII

YY1 BINDS TO AND REGULATES THE IFN-8 PROMOTER

2905

16l 150

-50 3 122

]
e
EC GACCATCCCT[ATARATA

AACT
- Ill 0
AGCTGTTAGAATAAGAGRARATGACAGAGGAAAACTGAAAGGGAGAACTGARAGT GGGARATT
50 VRE

NRDI

FIG. 1. Four potential YY1-binding sites are present in the mulFN-B promoter. The DNA sequence of the mulFN- promoter region spanning
from the TATA box to position —210 is shown (35). Positions of the VRE and NRDs are indicated. Arrows indicate the presence of the YY1 core

motifs (5’ to 3") of the four potential YY1-binding sites.

Titration of IFN activity. IFNs present in the supernatants of virus-infected
1929 wt330 cells, transfected or mock-transfected with plasmids pCMV-YY1 or
pCMYV, were titrated by using the antiviral activity assay described by Mogensen
and Bandu (24) against an IFN reference, which had itself been standardized
against the international reference MRC 69/19.

RESULTS

YY1 binds to the mulFN-f promoter. Four potential YY1-
binding sites containing the conserved 5'-C/a/tCAT-3" YY1
DNA-binding core motif are present at positions —32, —90,
—122, and —161 of the mulFN-B promoter (Fig. 1 and Table
1). In order to analyze the specific binding of YY1 to these
sites, gel shift assays were carried out in the presence of the
corresponding double-stranded DNA probes and murine L929
nuclear extracts. After migration, the gels were either dried
and autoradiographed or transferred to a nitrocellulose mem-
brane and submitted to Western blotting with a polyclonal
anti-YY1 antibody raised against the entire protein to selec-
tively identify among the retarded protein-DNA complexes
those containing YY1. Figure 2 shows the results obtained
during Western blot analysis of gel retardation assays. As
shown in Fig. 2A, a protein-DNA complex containing YY1 was
formed with oligonucleotides 32, 90, and 122. These complexes
migrated at the same position as the one formed with the c-Fos
probe containing the sequence of a previously described YY1
DNA-binding site present in the promoter region of the c-Fos
gene (31). Protein YY1 displayed a strong affinity for its sites
present in oligonucleotides 90 and 122, whereas the complex
formed with oligonucleotide 32 was of very weak intensity and
no complex at all was observed with probe 161 (Fig. 2A).
Mutations introduced in the YY1 DNA-binding core motifs of
oligonucleotides 90 and 122 (Table 1, sequences mut90 and
mut122) disrupted the complex formed between YY1 and the
corresponding oligonucleotides (Fig. 2B). In Fig. 2C we show
that a second more-retarded complex of less intensity can also
be observed with probe 122. The results shown on this figure
also indicate that nuclear extracts loaded in the absence of
DNA probes give no specific signal equivalent to those ob-
served after incubation of nuclear extracts with probe c-Fos,
90, or 122 (Fig. 2C).

In Fig. 3 we show the autoradiograms of gel shift experi-
ments carried out parallel to and under the same conditions as
the ones presented in Fig. 2, except that DNA probes were
labeled with *?P and gels were dried and autoradiographed
instead of being transferred to a nitrocellulose membrane.
Contrary to the results observed after Western blotting, several
protein-DNA complexes were visible after incubation of 1.929
nuclear extracts with labeled probes 122 (Fig. 3A) and 90 (Fig.

3B). Introduction of a mutation on the corresponding YY1
core motifs present at position —122 or —90 led to the disrup-
tion of the complexes indicated by arrows. The formation of
these complexes was also inhibited by a monoclonal anti-YY1
antibody, therefore confirming the presence of YY1. In the
case of probe 122, the lower migrating complex corresponds to
the YY1-122 complex observed in Fig. 2. The second more-
retarded complex observed in Fig. 3A was only weakly de-
tected during Western blot analysis of gel retardation (Fig.
2C). In the case of probe 90, the upper migrating complex
corresponds to the YY1-90 complex observed in Fig. 2,
whereas the second less-retarded complex observed in Fig. 3B
was not detected during Western blot analysis of gel retarda-
tion.

Gel shift competition experiments were carried out in order
to further confirm the different binding affinities of YY1 to the
four (90, 122, 161, and 32) YY1-binding sites. In the experi-
ment for which results are presented in Fig. 3C, **P-labeled
probe 90 was incubated with 1929 nuclear extracts in the pres-
ence of a 150-fold excess of unlabeled probes 90, mut90, 122,
mutl22, 161, and 32. Unlabeled probes 122 and 90 inhibited
the formation of the YY1-90 complexes, whereas neither mu-
tated probes mut122 and mut90 nor wild-type probes 161 and
32 competed for the binding of YY1 to probe 90. This confirms
the affinity of YY1 for probes 90 and 122 and the lack of or
weak affinity for mutated probes and probes 161 and 32, re-
spectively. As shown in Fig. 3D, higher amounts of unlabeled
probe 122 (150-fold excess) than of probe 90 (50-fold excess)
were required to completely compete for the formation of the
YY1-90 complexes, revealing a higher affinity of YY1 for
probe 90 than for probe 122. Similar results were obtained
during a reciprocal experiment with labeled probe 122 (data
not shown).

Chromatin immunoprecipitation assays were performed in
order to investigate the capacity of YY1 to bind to the
mulFN-B promoter in vivo. Genomic DNA from noninfected
murine 1929 wt330 cells was immunoprecipitated with anti-
YY1 antibodies and amplified with primers specific for the
integrated IFN-B promoter. As an internal negative control,
the same fraction of genomic DNA was immunoprecipitated
with antibodies directed against HMGI, a protein whose bind-
ing to the IFN-B promoter is not observed in vivo in the
absence of virus infection (26). As shown in Fig. 3E, the IFN-$
promoter region was immunoprecipitated in the presence of
anti-Y Y1 antibodies, indicating that YY1 binds in vivo to the
IFN-B promoter in noninfected cells. As expected with
genomic DNA isolated from noninfected cells, no signal cor-
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FIG. 2. Protein YY1 forms protein-DNA complexes with sequences present in the mulFN-B promoter. (A) Nuclear extracts were incubated
with the indicated unlabeled double-stranded DNA probes (whose sequences are listed in Table 1), submitted to a gel retardation assay, and
transferred on a nitrocellulose membrane. The presence of protein YY1 in the retarded protein-DNA complexes was revealed with anti-YY1
H-414 raised against the full-length YY1 as the primary antibody. (B) Same experiment as described for panel A but with probe mut90 containing
the —90 YY1-binding site mutated in its YY1 core motif and probe mut122 containing the —122 YY1-binding site mutated in its YY1 core motif.
(C) Same experiment as described for panels A and B, except that in the last lane nuclear extracts were loaded in the presence of poly(dI-dC) but

in the absence (—) of DNA.

responding to the IFN-B promoter was observed after immu-
noprecipitation with anti-HMGI antibodies.

YY1 down-regulates the transcriptional capacity of the
mulFN-f3 promoter. In order to assess the role of YY1 during
the regulation of the transcriptional capacity of the IFN-
promoter, YY1 was overexpressed in cells from the murine
fibroblastic 1.929 wt330 cell line carrying a stably integrated
wild-type mulFN-B promoter (from position —330 to +20)
CAT reporter construct. These cells were transiently trans-
fected with either a YY1 expression vector (pCMV-YY1) or
the corresponding empty vector (pCMV) and virus infected
48 h after transfection. As shown in Fig. 4A, overexpression of

YY1 strongly repressed the transcriptional capacity of the in-
tegrated wt330 mulFN-B promoter. The repression induced by
YY1 increased proportionally with the amount of pCMV-YY1
plasmid used during transfection experiments (Fig. 4B), a phe-
nomenon previously described when analyzing YY1-induced
transcriptional repression (4, 10). No effect (either activator or
repressor) was observed at plasmid concentrations of less than
62 ng/well (data not shown).

The interferon activity present in the medium of either
pCMV- or pCMV-YY1-transfected or mock-transfected L929
cells was titrated. The results present in Table 2 clearly indicate
that YY1 down-regulates the endogenous interferon activity in
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FIG. 4. YY1 down-regulates the transcriptional capacity of the
mulFN-B promoter via histone deacetylation. (A) Murine 1.929 wt330
cells, carrying the stably integrated mulFN-B promoter (from position
=330 to +20) fused upstream of a CAT reporter gene, were transiently
transfected with 1 pg/well, final concentration, of YY1 expressing
plasmid (pCMV-YY1) or the corresponding empty vector (pCMV).
When indicated, TSA (100 ng/ml final concentration) was added to the
medium 4 h after transfection. Cells were virus induced 48 h after
transfection and collected 18 h after virus infection. TSA was removed
from the medium after virus infection and thereafter until the collec-
tion of the cells. (B) Murine 1.929 wt330 cells were transiently trans-
fected and virus infected as described for panel A with increasing
amounts (62, 125, 250, 500, or 1,000 ng/well) of YY1 expressing a
plasmid (pCMV-YY1) or the corresponding empty vector (pCMV).
Repression fold corresponds to the CAT activity measured from
pCMV-transfected cells divided by the CAT activity measured from
pCMV-YY1 transfected cells. (C) Murine 1.929 wt110 cells, carrying
the stably integrated mulFN-f promoter (from position —110 to +20)
fused upstream of a CAT reporter gene, were transiently transfected
and virus infected as described for panel A with 1 pg/well, final con-
centration, of YY1 expressing plasmid (pCMV-YY1) or the corre-
sponding empty vector (pCMV).

a manner very similar to that observed with the integrated
CAT reporter construct.

In order to analyze whether the repressive effect of YY1
upon the IFN-B promoter was linked to an HDAC activity, we
used TSA, which is a specific inhibitor of HDACs. As shown in
Fig. 4A, the repression induced by YY1 was fully relieved by
TSA, suggesting that histone deacetylation is a key determi-
nant in YY1-induced repression of the IFN-B promoter. As in
the case of the integrated construct, YY1-induced repression

J. VIROL.

TABLE 2. Titration of IFN activity before and after
YY1 overexpression

IFN activity (U/ml/mg)*

Cell treatment

—TSA +TSA
Mock transfected 3,753 + 766 4,218 = 1,500
pCMV-YY1 transfected 635 = 62 4,483 = 1,217
pCMV transfected 5,097 + 2,334 3,782 = 1,307

“ IFN activity was titrated in the supernatants collected 10 h after infection. +,
with; —, without.

of the endogenous promoter was also completely neutralized
in the presence of TSA (Table 2).

We also analyzed the effect of YY1 overexpression on cells
from the 1.929 wt110 cell line which carry a stably integrated
short mulFN-B promoter (from position —110 to +20) only
containing the virus responsive element (VRE) of the pro-
moter fused to a CAT reporter gene. The VRE region contains
the four positive regulatory domains of the IFN-B promoter
and corresponds to the minimal region necessary for the virus-
induced activation of the promoter (22). The overexpression of
YY1 had no effect on the short wt110 IFN-B8 promoter con-
taining only the VRE region (Fig. 4C), demonstrating that the
repressive effect of YY1 upon the IFN-B promoter is not an
indirect consequence of YY1 affecting the expression of a
regulatory VRE binding factor. It also indicates that YY1-
induced repression of the IFN-B promoter requires the pres-
ence of the promoter region 5’ of the VRE. This region has
been described as a negative regulatory domain (NRDII)
which intervenes during the establishment of the promoter
constitutive silent state (41). It constitutes a region of nucleo-
some positioning (1) and of preferential interaction with linker
histone H1 (3). Promoters lacking this region are constitutively
derepressed (41) and are only weakly affected by TSA (30).

YY1-binding site present at position —90 mediates YY1 re-
pressive effect. In order to investigate the role of the main
YY1-binding sites present in the mulFN-B promoter during
the YY1-mediated repression of the promoter, we constructed
pBLCAT3-derived plasmids containing the mulFN-B promot-
ers (from position —330 to +20) mutated at either one of the
two main Y Y1-binding sites (—90 and —122) fused to the CAT
reporter gene. In the case of the —90 as well as that of the
—122 site, a single-base substitution was introduced in the YY1
core motif corresponding to the mut90 and mut122 mutations
used during the gel retardation experiments listed in Table 1.
The corresponding mutated promoter CAT reporter con-
structs were stably transfected into 1.929 cells. Positive inde-
pendent clones were pooled and analyzed for their capacity to
be repressed by YY1 (Fig. 5A). During these experiments only
250 ng of plasmid pCMV or pCMV-YY1 was used for trans-
fection in order to reduce a nonspecific repression induced by
the vector alone in strain mut122. The introduction of a mu-
tation on the site present at position —90 almost completely
abolished the capacity of YY1 to repress the transcriptional
capacity of the IFN-B promoter. On the contrary, YY1 con-
tinued to repress, at least partly, promoter mut122.

Treatment of wt330 cells with TSA has been previously de-
scribed to activate the noninduced, constitutive activity of the
promoter (30). In order to analyze the eventual role of YY1
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FIG. 5. An intact YY1 —90 site is required for YYl-induced repression and TSA-dependent activation of the IFN-B promoter activity.
(A) Murine 1.929 wt330, mut122, and mut90 strains carrying, respectively, integrated wild-type or mutated mulFN-3 promoters fused to a CAT
reporter gene were transiently transfected with 250 ng/well, final concentration, of pCMV or pCMV-YY1 plasmid. Cells were virus induced 48 h
after transfection and collected 18 h after infection. NDV, Newcastle disease virus. (B) Noninfected murine 1.929 wt330, mut122, and mut90 cells
were treated or not with 100 ng of TSA/ml (final concentration) for 48 h before being collected. (C) Equivalent amounts of genomic DNA isolated
from L.929 wt330, mut122, and mut90 strains were immunoprecipitated (I.P.) with anti-YY1 antibodies. Immunoprecipitated DNA (1, 2, and 3 pl)
was amplified with primers specific for the integrated IFN-B region. (D) Gel retardation assay of labeled wt330, mut122, and mut90 mulFN-3
promoters (from —330 to +20) incubated with 75 ng of recombinant protein HMGI in the presence of 250 ng of sonicated, unlabeled salmon sperm

DNA as a random, nonspecific competitor DNA.

during the TSA-induced activation of the IFN-B promoter,
mut122 and mut90 cells were treated with TSA at the same
time as the wt330 strain. As shown in Fig. 5B, disruption of
YY1 binding to the —90 site completely abolished the capacity
of TSA to activate the noninduced constitutive activity of the
IFN-B promoter. Disruption of the —122 site also inhibited the
capacity of TSA to activate the IFN-B promoter but did not
completely abolish it. Nevertheless, even though TSA-induced
activation was abolished in mut90 cells, the constitutive non-
induced activity of promoter mut90 remained very low.
Chromatin immunoprecipitation assays were carried out in
order to compare the in vivo binding capacity of the YY1
protein to the mutl22 and mut90 promoters. Equivalent
amounts of genomic DNA isolated from noninduced wt330,
mut122, and mut90 strains were immunoprecipitated with anti-
YY1 antibodies and amplified with primers specific for the
integrated IFN-B promoter. The amount of IFN-B promoter
immunoprecipitated with anti-YY1 antibodies in the case of
the mut90 strain was very low compared to that immunopre-

cipitated from the wild-type or mut122 strain (Fig. 5C), indi-
cating that introduction of a mutation at site —90 strongly
reduced the amount of YY1 bound in vivo to the IFN-B pro-
moter in noninfected cells. Whereas the mutation in the
mut122 strain apparently did not affect much the in vivo ca-
pacity of YY1 to bind to the promoter in noninfected cells, the
almost complete lack of YY1 binding to the mut90 promoter
compared to the mut122 promoter in noninfected cells sug-
gests that at this time YY1 is bound to the IFN-B promoter
predominantly at the —90 site.

A strong HMGI binding site is present in the mulFN-f
promoter next to the YY1-binding site present at position
—122, and disruption of this site has been determined to lead
to a reduced promoter activity (3). In order to test the eventual
effect of the mutation in strain mut122 on the DNA-binding
capacity of protein HMGI to the IFN-B promoter, gel retar-
dation experiments were carried out with wt330, mut90, and
mutl22 promoters (from position —330 to +20) and recombi-
nant HMGI protein. As seen in Fig. 5D, the overall binding
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FIG. 6. Mutated promoters mutl22 and mut90 display reduced
virus-induced activities. Cells from the 1.929 wt330 strain (top), mut122
strain (middle), and mut90 strain (bottom) were virus infected and
collected at 0, 2, 4, 6, 8, 10, and 18 h after infection. The corresponding
absolute CAT activities (i — mi) were measured.

capacity of HMGI protein to the IFN-B promoter was not
significantly affected by the introduction of the mutations in
strains mut122 and mut90. Gel retardation experiments carried
out with recombinant HMGI protein and short oligonucleo-
tides 122 and mutl122 confirmed that the mutation in strain
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FIG. 7. Promoter mut90 displays a retarded postinfection tran-
scriptional turn off. Cells from the 1929 wt330 (O), mut122 (m), and
mut90 (A) strains were virus infected and collected at 0, 2, 4, 6, 8, 10,
24, 32, and 54 h after infection. Percentages of the corresponding
absolute CAT activities (i — mi) were measured. We have considered
the activity reached by each strain 10 h after infection to be 100%.

mut122 did not affect the binding of HMGI to this particular
region (data not shown).

YY1 regulates virus-induced activation and transcriptional
turn off of the IFN-3 promoter. Protein YY1 has been shown
to have bifunctional activator/repressor transcriptional proper-
ties (19). As shown in Fig. 5A, the mutl22 strain promoter
displayed reduced virus-induced activity 18 h after infection. In
order to investigate the effect of protein YY1 on the virus-
induced transcriptional capacity of the IFN-B promoter, cells
from the wild-type wt330 and mutated mut122 and mut90
strains were virus infected and collected 0, 2, 4, 6, 8, 10, and
18 h after infection. The corresponding CAT activities are
shown in Fig. 6. In this figure, the virus-induced activities of the
wt330, mut122, and mut90 IFN-B promoters were analyzed
independently of the corresponding constitutive noninduced
activities. For this purpose, we subtracted the corresponding
mock-induced CAT activities (mi) from the final CAT activi-
ties obtained after virus infection (i). In Fig. 6, we have called
this value the absolute (i — mi) CAT activity. In agreement
with previously described results (3, 14), activation of the
IFN-B promoter started 6 h after virus infection and this was
observed with the wild-type wt330 strain as well as with the
mutated mutl22 and mut90 strains (Fig. 6). Nevertheless,
strains mutated at either one of the two YY1-binding sites
displayed reduced virus-induced activities compared to the
wild-type strain, and this started as early as 6 h after infection.
Ten hours after infection, strains mut122 and mut90 displayed
virus-induced activities corresponding to a maximum of 40% of
the activity reached by the wild-type strain at this time.

The maximum transcriptional capacity of the IFN-B pro-
moter is reached between 10 and 12 h after infection (14).
After this time, transcription stops as a consequence of the
postinduction transcriptional turn off of the IFN- promoter
(37). Since the half-life of CAT mRNA is quite long, the value
reached 10 h after infection remained constant until 18 h after
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FIG. 8. Mutation of both YY1-binding sites (mut122/90) strongly reduces the virus-induced transcriptional capacity of the IFN- promoter.
(A) Cells from the wild-type 1.929 wt330 strain or the double mutant L.929 mut122/90 strain were mock transfected or transiently transfected with
250 ng/well, final concentration, of pCMV or pCMV-YY1 plasmid. Cells were virus induced 48 h after transfection and collected 18 h after
infection. NDV, Newcastle disease virus. (B) Noninfected wild-type murine L929 wt330 cells and double mutant L929 mut122/90 cells were treated
or not with 100 ng of TSA/ml (final concentration) for 48 h before being collected. TSA was removed from the medium after virus infection and
thereafter until collection of the cells. (C) Cells from the double mutant L929 mut122/90 strain were virus infected and collected at 0, 2, 4, 6, 8,
10, and 18 h after infection. The corresponding absolute CAT activities (i — mi) were measured.

infection (Fig. 6). This was observed in the case of the wild-
type wt330 strain as well as with the strain carrying a promoter
mutated at the YY1-binding site present at position —122. On
the contrary, the activity of the strain carrying a promoter
mutated at the YY1-binding site present at position —90 con-
tinued to progress beyond 10 h after infection. In order to
study the kinetics of induction of each promoter, the percent-
age of activity of the promoters of the wt330, mut122, and
mut90 strains were measured at 2, 4, 6, 8, 10, 24, 32, and 54 h
after infection. We have considered the absolute CAT activity
reached by each promoter 10 h after infection to be 100%. As
it is shown in Fig. 7, between 2 and 10 h after infection, the
kinetics of induction of the three promoters were identical.
Both the wt330 and the mut122 promoters reached their max-
imum activity near 10 h after infection. Because of the stability
of the CAT mRNA, the corresponding activities slowly de-

creased thereafter and reached levels around 70% of their
10-h-postinfection value at 54 h after infection. In the case of
the mut90 promoter, its activity continued to strongly increase
between 10 and 24 h after infection and the mut90 promoter
displayed a value still superior to 100% of its 10-h-postinfec-
tion value at 54 h after infection.

In Fig. 8 are shown the results obtained with cells from the
mut122/90 strain which contains a mulFN-B promoter (from
position —330 to +20) mutated in both —122 and —90 YY1-
binding sites fused to the CAT reporter gene and stably inte-
grated into the genome of 1.929 cells. The mut122/90 promoter
mutated in both sites displayed an extremely weak virus-in-
duced activity, corresponding 18 h after infection to no more
than 10% of the activity of the wild-type promoter at this time.
Also, similar to the results obtained with the mut90 promoter,
the mut122/90 promoter was not affected by YY1 overexpres-



2912 WEILL ET AL. J. VIROL.

non-infected cells:

DeAc
HDAC
NRDII -122 -90 VRE

virus-infected cells:

post-infection transcriptional turn off: Ac
DeAc
HDAC @
NRDII -122 -90 VRE

FIG. 9. The dual activator/repressor role of YY1 could be related to its capacity to interact with HATs and HDACs. We propose here a model
that attempts to explain the bifunctional role of YY1 during the regulation of the transcriptional capacity of the IFN-B promoter. Several points
remain to be demonstrated, setting up directions for future work. Besides the data obtained during this work, the model we propose here relies
on (i) previous results indicating that before virus infection HDAC participates in the establishment of the promoter constitutive repression state
(30); (ii) the work of Agalioti et al. (1) which indicates that GenS is recruited by the promoter 3 h after infection, peaks 6 h after infection, and
is released from the promoter 9 h after infection, whereas CBP peaks between 9 and 12 h after infection, does not participate during promoter
histone acetylation, and remains bound to the promoter 24 h after infection; and (iii) the work of Munshi et al. (25) that describes CBP as essential
for the transcriptional turn off of the IFN-B promoter. We suppose that in noninfected cells YY1 is predominantly bound to its —90 site and
participates in promoter repression through an HDAC activity that deacetylates (DeAc) histones positioned in the NRDII region (top panel).
Shortly after infection, YY1, alongside virus-activated factors bound to the VRE, participates in the recruitment of Gen5. GenS induces histone
acetylation (Ac) necessary for nucleosome sliding and promoter transcriptional activation (1, 21) as well as YY1 acetylation (Ac) that disrupts
YY1-DNA interactions (39) and could therefore induce YY1 promoter unbinding (middle panel). After release of GenS5 from the promoter,
nonacetylated forms of YY1 bind the promoter at its strongest —90 site and participate in the promoter transcriptional turn off in association with
CBP and HDAC. Acetylation (Ac) of YY1 by CBP stabilizes YY1-HDAC interactions (39) (bottom panel).

sion (Fig. 8A) or by TSA treatment (Fig. 8B) and displayed a
retarded postinduction transcriptional turn off (Fig. 8C). The
results obtained with the doubly mutated promoter mut122/90
confirmed those obtained with the singly mutated promoters
mut122 and mut90. They also very clearly indicated that in the
context of a promoter spanning from position —330 to +20,
containing the VRE and the NRDII region, YY1 binding is
essential for the virus-induced promoter activation.

DISCUSSION

YY1 binds to the mulFN-3 promoter at positions —90 and

—122. Four potential YY1-binding sites are present in the
mulFN-B promoter region at positions —22, —90, —122, and
—161. Using gel retardation assays and YY1 antibodies we
demonstrate here that the sites present at positions —122 and
—90 are specific YY1-binding sites. The site present at position
—32 appeared as a very weak site, and no binding at all was
observed with the —161 site. The presence of two thymidines 3’
of the core motif (C/t/aCATNTT) has been shown to be im-
portant for binding affinity and specificity during YY1-DNA
complex formation (15). Sequence —90 (GTCATTTT) and
—122 (TTCATTTT) carry two T’s at this position, whereas they
are absent from sequences —32 (ACCATCCC) and —161
(TACATAGC). Sequence —161 is the only sequence with an A
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as the first nucleotide of the core motif. The absence of a T in
the 3’ position and the presence of an A as the first nucleotide
of the core motif, could be responsible for the complete lack of
affinity of YY1 for sequence —161. YY1 displayed a stronger
affinity towards the —90 site than to the —122 site. Such a
difference could be related to the presence of a G immediately
5" of the core motif in the case of site =90 (GTCATTTT). In
fact, a G at this position has also been described as intervening
during the establishment of strong interactions in YY1-DNA
complex formation (15).

Chromatin immunoprecipitation experiments carried out
with noninfected cells indicated that, before virus infection
occurs, YY1 binds in vivo to the wild-type IFN-B promoter
predominantly at its —90 site, which appeared to be the stron-
gest YY1-binding site during in vitro experiments.

It is interesting that potential YY1-binding sites are also
present in the human; bovine 1, 2, and 3; and horse IFN-
promoters (35). Binding of YY1 to IFN-B promoters is there-
fore expected to be a feature highly conserved among different
species.

YY1 represses the mulFN-f3 promoter. During YY1 overex-
pression experiments, the A/T-rich region of the promoter
positioned 5’ of the VRE corresponding to NRDII and the
YY1 —90 site appeared to be necessary to mediate YY1-
induced repression. The NRDII sequence is a region of nu-
cleosome positioning (1) that regulates the establishment of
the promoter constitutive silent state (41) and partly mediates
the TSA-induced constitutive derepression of the IFN-f pro-
moter (30). The role played by this region during YY1-induced
repression of the IFN-B promoter was a dominant one since
promoter wt110 lacking NRDII was not affected by YY1 over-
expression despite the presence of an intact —90 site on this
promoter. The NRDII region could be the targeted region
undergoing YY1-dependent modifications such as histone
deacetylation during YY1-induced repression of the transcrip-
tional activity of the IFN-B promoter (Fig. 9).

Promoters mutated at the —90 site displayed a retarded
postinfection transcriptional turn off, indicating that binding of
YY1 to its —90 site is required for the postinfection repression
of the mulFN-B promoter. YY1 is able to interact with cofac-
tor CBP (39) that intervenes during the transcriptional turn off
of the IFN-B promoter (25). As illustrated in Fig. 9, the postin-
fection capacity of YY1 to repress the IFN-B promoter activity
could depend on the establishment of a YY1-CBP interaction
starting around 9 h after infection and occurring predomi-
nantly through the YY1 —90 site. CBP-induced acetylation of
YY1 residues 170 to 200 activates the interaction of YY1 with
HDAC:s without affecting its capacity to bind to DNA (39).
This could enhance YY1 repressor function during postinfec-
tion turn off.

YY1 is an activator of the mulFN-B promoter. Mutated
promoters, mutl22 and mut90, displayed reduced virus-in-
duced activities, and this started shortly after infection. The
HAT GenS5, which belongs to the same family as PCAF, itself
a YYl-interacting protein, is essential for the virus-induced
transcriptional activation of the IFN-B promoter. It is recruited
by the IFN-B promoter starting 3 h after infection, it peaks 6 h
after infection, and it is released from the promoter 9 h after
infection (1). The factor(s) responsible(s) for the recruitment
of Gen5 on the IFN-B promoter have not been identified. We
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suggest that the protein YY1 could intervene during the re-
cruitment of Gen5 and by doing so act as a transcriptional
activator shortly after infection (Fig. 9).

Dual activator/repressor role of YY1. The protein YY1 has
the dual capacity to interact with corepressors such as HDACs
as well as coactivators such as HATSs. Besides acetylating or
deacetylating histones, these cofactors can acetylate or
deacetylate YY1 itself. Acetylation of YY1 residues 170 to 200
stabilizes YY1-HDAC interactions and therefore activates
YY1 transcriptional repression activity. Acetylation of the
YY1 C terminus by PCAF leads to the disruption of the inter-
action of YY1 with DNA (39). Therefore, changes concerning
the local concentrations of these cofactors and of YY1 itself as
well as variations on the DNA-binding affinities of YY1 for
different promoter sites could influence whether YY1 acts as a
repressor or an activator.

Investigation of the precise patterns of acetylation of his-
tones H3 and H4 in mut90 and mut122 promoters before and
after virus infection as well as comparative analysis of the
effects linked to overexpression of Gen$ in wt330 versus mut90
and mutl122 promoters should help us to clarify the bifunc-
tional role of YY1 during IFN-B gene expression in relation to
histone acetylation/deacetylation.
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