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ABSTRACT

Nuclear architecture as well as gene nuclear pos-
itioning can modulate gene expression. In this
work, we have analyzed the nuclear position of the
interferon-b (IFN-b) locus, responsible for the estab-
lishment of the innate antiviral response, with
respect to pericentromeric heterochromatin (PCH)
in correlation with virus-induced IFN-b gene expres-
sion. Experiments were carried out in two different
cell types either non-infected (NI) or during the time
course of three different viral infections. In NI cells,
we showed a monoallelic IFN-b promoter associ-
ation with PCH that strongly decreased after viral
infection. Dissociation of the IFN-b locus away
from these repressive regions preceded strong
promoter transcriptional activation and was revers-
ible within 12 h after infection. No dissociation was
observed after infection with a virus that abnormally
maintained the IFN-b gene in a repressed state.
Dissociation induced after virus infection specific-
ally targeted the IFN-b locus without affecting the
general structure and nuclear distribution of PCH
clusters. Using cell lines stably transfected with
wild-type or mutated IFN-b promoters, we identified
the proximal region of the IFN-b promoter contain-
ing YY1 DNA-binding sites as the region regulating
IFN-b promoter association with PCH before as well
as during virus infection.

INTRODUCTION

Positioning of a gene at the vicinity of pericentromeric
heterochromatin (PCH) clusters has been described as a
means to induce heritable gene silencing. On the contrary,
re-positioning of gene loci away from PCH has been
correlated with its transcriptional activation (1–3).
In mammals, such a phenomenon has been mainly
observed until now during cell differentiation as in the
case of the b-globin locus during erythroid differentiation
(4), lymphoid-associated genes in cycling versus non-
cycling primary B lymphocytes (5) and cytokine genes
IL-4 and IFN-g during activation of naive T cells (6).
Nevertheless, there are some examples of gene silencing
through PCH association that have been observed in
differentiated cells (7,8).

In this work, we have investigated the nuclear position-
ing of the IFN-b gene with respect to PCH in correlation
with the expression of the interferon-b (IFN-b) gene.
Beyond the essential role of IFN-b on the establishment
of the innate antiviral response (9,10), IFN-b has
profound effects on many other aspects of cell physiology
for most of them linked to immune and inflammatory
responses (9,11,12). Small fold changes in IFN-b produc-
tion can lead to the activation of important signaling
cascades, and an abnormal accumulation of IFN-b is dele-
terious for the organism. Therefore, the repressive state of
the IFN-b gene needs to be tightly regulated in order to
avoid an inappropriate production of IFN-b in the
absence of stimulus.

Contrary to the molecular mechanisms leading to activa-
tion of the IFN-b promoter that have been thoroughly
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documented and require promoter transcription factor
recruitment coupled to chromatin remodeling events
(13–19), little information is available concerning themech-
anisms responsible for maintaining the promoter in its her-
itable silent state. The presence of deacetylated histones and
repressor complex containing SAP30/Sin3A/NCoR/
HDAC3 on the silent promoter (20–22) suggested that a
dense non-permissive chromatin structure could play an
important role duringmaintenance of IFN-b gene silencing.

Using two-color DNA fluorescent in situ hybridization
(FISH), we measured the degree of association of the
IFN-b promoter with PCH in non-stimulated cells as well
as during the time course of different viral infections.
Nuclear positioning of the endogenous IFN-beta locus
was analyzed in two different IFN-beta producing cell
types (fibroblasts and macrophages) and three viruses
were used in this work: Newcastle Disease Virus (NDV)
and Clone 13 of Rift Valley fever virus (RVFV) that are
non-pathogenic for mice and induce interferon-b gene
expression and the ZH 548 strain of RVFV, which
is highly pathogenic for mice through mechanisms that
suppress IFN-b induction and action (13, 23). Experiments
were performed on the endogenous wild-type IFN-b
promoter as well as on stably transfected IFN-b promoters
either wild-type or mutated on their binding sites for tran-
scription factor YY1. In the case of the endogenous pro-
moter, a predominant monoallelic association of the silent
promoter with PCH was observed in fibroblasts as well as
macrophages, a situation that is reminiscent of what has
been observed in the case of immunoglobulin genes (8).
Infection with NDV and Clone 13 induced re-positioning
of the endogenous and wild-type-integrated IFN-b pro-
moters away from PCH clusters in correlation with the
activation of the promoter transcriptional capacity.
Dissociation occurred at the onset of strong promoter tran-
scriptional activation and was reversible independently of
cell cycle progression. On the contrary, no dissociation was
observed after infection with a pathogenic virus that abnor-
mally maintained the promoter under a repressed state.
Using cells lines containing IFN-b promoters mutated on
one or the other or the twoYY1DNA-binding sites present
on the IFN-bpromoter, we have demonstrated that binding
of transcription factor YY1 to the IFN-b promoter was
necessary for promoter pericentromeric recruitment in
non-infected (NI) cells as well as for virus-induced
re-positioning of the IFN-b promoter away from PCH.

MATERIALS AND METHODS

Viruses and cells

Experiments on murine macrophages were carried out
using the ATCC cell line RAW264.7 (ref: TIB-71).
Murine fibroblastic L929 cells and L929wt330, mut90,
mut122, mut122/90 cell lines and NDV infections were
described previously (24,18). RVFV ZH548 and Clone
13 infections were carried out as previously described (22).

Antibodies

Antibodies used for chromatin immunoprecipitations
were: anti-CBP A-22 (sc-369), anti-YY1 H-10 (sc-7341),

anti-IRF3 FL-425 (sc-9082) and anti-C23 H-250
(sc-13057) from Santa Cruz; anti-acetyl-Histone H4
(Lys8) (06–760), anti-acetyl-Histone H3 (Lys14)
(06–911), anti-acetyl-Histone H3 (Lys9) (07–442) and
anti-trimethyl-Histone H3 (Lys9) (06-942) from Upstate
(Millipore). Primary antibody used for immunofluores-
cence was anti-YY1 H-10 (sc-7341) from Santa Cruz.
Secondary antibody used for YY1 immunofluorescence
was Alexa fluor-conjugated chicken anti-mouse from
Invitrogen (A21200).

Immunofluorescence

For immunofluorescence, cells grown in 24-well plates on
coverslips were fixed with 4% formaldehyde in PBS for
15min and permeabilized with 0.5% Triton X-100 in PBS
for 30min. Then cells were incubated for 1 h at 37�C with
mouse anti-YY1 monoclonal antibody diluted in PBS/
BSA 1%. Cells were then washed with PBS and incubated
for 45min at room temperature with corresponding
secondary antibodies.

FISH

FISH was carried as previously described (25). Plasmid
pBluescript-g-satellite (a generous gift of Dr Niall
Dillon) which contains eight mouse g-satellite repeats
cloned into the EcoRI site of a low copy version of
pBluescript (26) was used as pericentromeric g-satellite
probe. The murine IFN-b locus regions from �1153 to
+1660 (27) cloned into plasmid pBR322 were used as a
probe for the endogenous IFN-b promoter. Plasmid
pBLCAT3-muIFN-b-wt330 which contains the wild-type
murine IFN-b promoter fragment from �330 to +20
cloned in front of the CAT reporter gene of plasmid
pBLCAT3 (24) was used as a probe for the integrated
IFN-b promoters. Probes were labeled by nick translation
(Amersham) with either rhodamine-5-dUTP (Enzo Life
Sciences) or with biotin-11-dUTP (Enzo Life Sciences)
as indicated in figure legends. For visualization of
biotin, rabbit anti-biotin concentrate (43861) from Enzo
was used as primary antibody and Alexa fluor conjugated
donkey anti-rabbit from Invitrogen (A31572) was used as
secondary antibody.

Chromatin immunoprecipitation

Chromatin immunoprecipitation experiments were carried
out as previously described (22). PCR analysis of inputs or
immunoprecipitated DNAs was performed using oligo-
nucleotides F-40 (50-GTT TTC CCA GTC ACG AC-30)
and CAT (50-CCA TTT TAG CTT CCT TAG-30) to
reveal the integrated wt330 IFN-b promoter. Sense oligo-
nucleotide 50-TAT GGC GAG AAC CTG AAA-30 and
anti-sense oligonucleotide 50-TTC ACG TCC TAA AGT
GTG TAT-30 were used as 50 and 30 primers, respectively,
to reveal the g-satellite sequence. For the F-40, CAT set of
primers, PCR conditions were as follows: 1 cycle at 94�C
for 5min; 20 cycles at 94�C for 30 s, 53�C for 30 s and
72�C for 30 s; 1 cycle at 72�C for 10min. For the g-satellite
set of primers, PCR conditions were as follows: 1 cycle at
94�C for 5min; 9 cycles at 94�C for 30 s, 54�C for 30 s and
72�C for 30 s; 1 cycle at 72�C for 10min. A first ‘cold’ PCR
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was carried out in the presence of 25 pmol of each primer;
1.5ml of the product of the first PCR was subjected to a
second ‘hot’ PCR carried out in the presence of 0.1 ml
a-32PdATP (6000Ci/mmol) and 25 pmol of each primer.

Image acquisition and manipulation

Samples were analyzed at room temperature by confocal
laser scanning microscopy using an Axiovert 200 M (Zeiss
LSM510 confocal system) at the Service Commun de
Microscopie (SCM) of Université Paris Descartes. This
system is equipped with a 63�, 1.4 O.N oil immersion
lens (Plan Neofluor). For oil immersion microscopy, we
used oil with refractive index of 1.518 (Zeiss). Images were
collected in the direction of the z-axis corresponding to the
optical axis of the microscope at 0.37mm intervals with the
z-axis going through the image planes. LSM 510 imaging
software was used for image capture (512� 512 pixels,
8 bit data). The images were analyzed by the LSM5
Image browser or Image J software. Double-labeled
pixels were displayed in yellow on the merge images.

RT-qPCR

Total RNA was extracted using TriPure Isolation Reagent
(Roche) according to the manufacturer’s protocol. Of
total RNA, 1 mg was digested with RQ1 RNase-Free
DNase (Promega) to remove contaminated DNA.
Reverse transcription was carried out with Random
Primers (Promega) and M-MLV Reverse Transcriptase
(Invitrogen) according to the manufacturers’ recommen-
dations. RT-qPCR was performed using SYBR Green
(Thermo scientific) reagents: 1 cycle at 95�C for 15min,
and then 40 cycles at 95�C for 15 s and 60�C for 1min,
followed by a dissociation step. GAPDH (forward: 50-GA
ACATCATCCCTGCATCCA and reverse: 50-CCAGTG
AGCTTCCCGTTC) levels were used for normalization
and relative IFN-b (forward: 50-ATGAACAACAGGTG
GATCCTCC and reverse: 50-AGGAGCTCCTGACATT
TCCGAA) mRNA levels were calculated using the ��Ct

method. Each experiment was carried out twice in tripli-
cate, and the results are expressed as mean (SD).

RNA interference experiments (RNAi)

L929wt330 cells were transfected using Lipofectamine
2000 (Invitrogen Life Technologies) with a pool of
siRNA oligos specific for yy1 (Thermo Scientific
Dharmacon� L-050273-00-0005) or with a pool of
control siRNA sequences (Thermo Scientific Dharmacon�

D-001810-10-05) at a final concentration of 50 nM each.
Cells were fixed for immunofluorescence or harvested for
RNA isolation 48 h after transfection.

Statistical analyses

Statistical analysis was done applying the chi-square test.
After determining the homogeneity of the corresponding
cell populations from the various independent experi-
ments, data were considered as statistically significant at
P< 0.05, as very significant at P< 0.01 and highly statis-
tically significant at P< 0.001.

RESULTS

Transcriptional activation of the interferon-b gene is
correlated with a strong decrease of the association of the
IFN-b locus with pericentromeric heterochromatin clusters

In murine cells, PCH is constituted of clusters of g-satellite
sequences (28,29). In order to analyze the degree of asso-
ciation of the endogenous IFN-b locus with clusters of
g-satellite sequences with respect to IFN-b expression,
we carried out two-color DNA FISH experiments using
a rhodamine-labeled g-satellite probe (red) and a
biotin-labeled IFN-b probe (green) containing the IFN-b
locus region from �1153 to +1660 cloned into pBR322
plasmid. Experiments were carried out in murine
fibroblastic L929 cells either NI or infected with the
non-pathogenic Clone13 strain (C13) of the bunyavirus
RVFV, which has been described as a good inducer of
IFN-b expression (23). As a control, we used the
virulent ZH548 strain (ZH) of RVFV known to be
lethal for mice and to abnormally maintain the IFN-b
promoter in a transcriptionally silent state (23). For each
condition, the percentage of IFN-b signals colocalizing
with g-satellite FISH signals was quantified and correlated
to the induction of IFN-b mRNA synthesis that was
assessed by qRT-PCR.

The images corresponding to single confocal sections of
nuclei of L929 cells either NI (a–c) or 8 h after infection
with the C13 (d–f) or the ZH (g–i) strain of RVFV are
shown in Figure 1A. The number of IFN-b signals present
per cell was counted in a total of at least 137 cells from
two independent experiments under NI, C13 and ZH con-
ditions. As expected for an endogenous locus in asyn-
chronously growing cells, the majority of the cells
displayed two IFN-b FISH signals per cell (Figure 1B)
with only a small amount of cells displaying three or
four IFN-b FISH signals corresponding to those cells
that have duplicated their genome and where the corres-
ponding sister chromatides could be individually
visualized. However, in �30% of the cells, only one
IFN-b FISH signal was visible per cell. This is a situation
that could result from allelic pairing, similarly to what has
been observed in the case of immunoglobulin loci Igh and
Igk (30) or correspond to two alleles separated by a
distance inferior to the resolution of the objective used
for image acquisition (200 nm). The FISH signals
obtained with the IFN-b probe were specific since no
signals were obtained with the empty pBR322 plasmid
under the same conditions (Supplementary Figure S1A).

In NI cells, the endogenous IFN-b FISH signals
appeared colocalizing with clusters of g-satellite DNA
(Figure 1A, a–c). Measurement of the overlapping
distance of the respective fluorescence intensities through
the region of colocalization translated a true
colocalization event (Supplementary Figure S1B). From
a total of 256 FISH signals counted from 153 cells from
two independent experiments, 49.6±1.5% of the
endogenous IFN-b signals colocalized with g-satellite
clusters (Figure 1C). As expected, no IFN-b mRNA was
detected under NI conditions (Figure 1D) confirming the
silent state of the promoter in the absence of virus
infection.
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After infection with C13 strain (Figure 1A, d–f), that
activated the transcriptional capacity of the IFN-b
promoter (Figure 1D), we observed dissociation of the
IFN-b promoter from clusters of g-satellite sequences.
From 276 FISH signals counted (from a total of 167
cells from two independent infections), only
32.97±2.6% of the endogenous IFN-b signals still
colocalized with g-satellite clusters at 8 h after infection
by C13 (Figure 1C). Contrary to the results obtained
after infection with C13, no dissociation was observed
after infection with pathogenic ZH strain (Figure 1A,
g–i) that maintained the IFN-b promoter in a transcrip-
tionally silent state (Figure 1D). From 242 FISH signals
counted in 137 cells from two independent experiments,
54.95±3% of IFN-b signals (Figure 1C) remained
colocalizing with clusters of g-satellite sequences after in-
fection with the pathogenic ZH548 strain of RVFV.

Overall, these results showed a correlation between as-
sociation with PCH clusters and the absence of transcrip-
tional activation as well as vice versa a correlation between
statistically significant virus-induced dissociation from
PCH and virus-induced IFN-b transcriptional activation.

In NI cells, a maximum of �50% of the silent endogen-
ous IFN-b loci appeared colocalizing with g-satellite
clusters suggesting the possibility of a monallelic perice-
ntromeric recruitment. In order to determine if the asso-
ciation of IFN-b locus with g-satellite clusters was indeed
monoallelic, we counted, among the population of cells
displaying two IFN-b signals per cell, the percentage of
cells displaying 2, 1 or 0 FISH signals colocalizing with
g-satellite clusters. As shown in Figure 1E, under NI con-
ditions, 52.3% of these cells displayed a monoallelic
pericentromeric recruitment with only one out of the
two FISH signal colocalizing with g-satellite clusters,
whereas under the same conditions, only 25.5% of the
cells displayed biallelic pericentromeric recruitment.
In order to further confirm and by doing so enhance the

relevance of monoallelic PCH recruitment as a mechanism
to regulate IFN-b expression before and after virus infec-
tion, FISH experiments as those described in Figure 1
were carried out on macrophages that constitute a major
IFN-b producing cell type. Compared to fibroblasts,
macrophages displayed a much faster kinetics of
virus-induced IFN-b mRNA expression (Figure 2A)

Figure 1. In murine fibroblasts, the silent endogenous IFN-b promoter is associated with clusters of g-satellite sequences. Murine fibroblastic L929
cells either NI or virus-infected by non-pathogenic C13 (C13) or pathogenic ZH548 (ZH) RVFV strain were collected 8 h p.i. (A) Single confocal
section displaying rhodamine-labeled g-satellite FISH (g-sat) in red (a, d, g) combined with biotin-labeled endogenous IFN-b FISH (IFN-b) in green
(b, e, h) and the corresponding merge images (c, f, i) with enlargement of selected regions in the far right column. In middle and right panels, the
white arrows indicate the IFN-b FISH signals visible in the shown confocal sections and gray arrows indicate the position of IFN-b signals present
on other confocal sections of the same nuclei, weakly visible on the confocal sections shown here. (B) Percentage of cells displaying 1, 2, 3 or 4 IFN-b
FISH spots per cell, and (C) the number of IFN-b FISH signals colocalizing with g-satellite clusters was determined for each condition. (D) The
corresponding IFN-b mRNA induction fold was measured by RT-qPCR, and (E) percent of cells displaying 0, 1 or 2 IFN-b spots colocalizing with
clusters of g-satellite sequences was determined among cells displaying two IFN-b spots per cell. ***P< 0.001, NS, non-significantly different. Scale
Bars=10 mm.
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displaying 5 h p.i. a degree of IFN-b expression analogous
to the one displayed, under the same conditions, by fibro-
blasts 8 h p.i. Therefore, in the case of macrophages, the
percentage of association was measured 5 h p.i. instead of
8 h p.i. as in the case of fibroblasts. As it can be observed
in Figure 2, results obtained on macrophages 5 h p.i. were
very similar to those obtained on fibroblasts 8 h p.i.
indicating that monoallelic PCH recruitment of the
IFN-b locus was not specific of a single cell type.

The proximal upstream region of the IFN-b
promoter-induced association of the silent IFN-b
promoter with pericentromeric heterochromatin

In order to determine if the proximal region of the IFN-b
promoter was sufficient to induce the association of the
promoter with PCH, FISH experiments were carried out
with the murine fibroblastic L929wt330 cell line. This cell
line corresponds to a pool of 10 independent L929 clones
each one containing the murine IFN-b wt330 promoter
region, from �330 to +20 cloned into plasmid
pBLCAT3 in front of the CAT reporter gene, randomly
integrated into their genome (24). Until now, this pool of
murine IFN-b wt330 promoters has been shown to display
the same properties than the endogenous murine IFN-b
promoter (24,19,22). For FISH experiments, we used here
a biotin-labeled g-satellite probe (green) and a
rhodamine-labeled pBLCAT3IFN-bwt330 probe (red)
specific of the integrated IFN-bwt330 promoter. During
the establishment of the stably transfected L929wt330
clones, the entire plasmid was integrated into the
genome of L929 cells so that during FISH experiments
the entire probe hybridized with the integrated locus.

Experiments were carried out in NI cells, when the
promoter is maintained in a transcriptionally silent state
as well as in cells infected with two different viruses cor-
responding to the avian paramyxovirus NDV and the pre-
viously described Clone13 strain (C13) of RVFV, both
being good inducers of IFN-b promoter activity (13,23).
As before, we used as a control the virulent ZH548 strain
(ZH) of RVFV that maintained the promoter in a tran-
scriptionally silent state. For each condition, the percent-
age of colocalizing FISH signals was quantified and
correlated to the transcriptional capacity of the
promoter that was determined by measuring the corres-
ponding CAT activities.
The images corresponding to single confocal sections of

nuclei of L929wt330 cells either NI (a–c) or collected at 8 h
after infection with NDV (d–f), C13 (g–i) or ZH (j–l) are
shown in Figure 3A. The FISH signal obtained with the
5300-bp long pBLCAT3IFN-bwt330 probe was specific of
the integrated promoter since no signal corresponding to
the endogenous IFN-b promoter was detected with this
probe in L929 cells (Supplementary Figure S2A). As a
matter of fact, the only region that the
pBLCAT3IFN-bwt330 probe shares with the endogenous
IFN-b locus corresponds to the �330 to +20 IFN-b
promoter region. This region of 350 bp is much too
short to give rise to a visible fluorescent signal compared
to the 5300 bp pBLCAT3IFNbwt330 probe that hybrid-
izes with the integrated locus. Also, no signal was obtained

in L929wt330 cells with plasmid pENTR/U6 used
here as a rhodamine-labeled irrelevant non-specific
probe (Supplementary Figure S2B) further confirming
the specificity of the hybridization signal obtained
with the pBLCAT3IFN-bwt330 probe on L929wt330
cells.

In NI cells, the transcriptionally silent integrated
IFN-bwt330 promoter appeared in its great majority
colocalizing with clusters of g-satellite DNA (Figure 3A,
a–c). As expected for an integrated locus, the large
majority of the cells (90.4±3.85%) displayed only one
FISH signal per cell (data not shown). From a total of
247 FISH signals counted from 220 cells from six inde-
pendent experiments, 80.97±8.78% of IFN-bwt330
FISH signals appeared colocalizing with clusters of
g-satellite DNA (Figure 3B). As expected, no
CAT activity was detected in NI cells (Figure 3C) confirm-
ing that in the absence of virus infection the integrated
IFN-bwt330 promoter was, as the endogenous promoter,
maintained in a constitutive silent state. As in the
case of the endogenous promoter, measurement of
the overlapping distance of the respective fluores-
cence intensities through the region of colocalization
translated a true colocalization event (Supplementary
Figure S2C).

Overall, these results suggested that the proximal
upstream region from �330 to +20 of the IFN-b
promoter could be sufficient to drive association of the
silent IFN-b with PCH clusters in NI cells. The �330 to
+20 region of the promoter appeared all the more suffi-
cient by itself to drive association with clusters of
g-satellite sequences that association occurred independ-
ently of the genomic environment of the integration site.
Indeed, in the great majority of NI L929wt330 cells, the
IFN-bwt330 FISH signals appeared colocalizing with
PCH even though the pool of L929wt330 cells derives
from 10 independent clones that have, each one,
randomly integrated IFN-b promoter in the genome of
L929 cells. Contrary to the endogenous promoter that dis-
played a monoallelic PCH association (with a maximum
of �50% of IFN-b loci associated with PCH), 80% of the
integrated IFN-b loci were observed associated with PCH.
This observation suggests that the presence of two alleles
could be necessary to regulate monoallelic distribution
with respect to PCH as described in the case of immuno-
globulin loci (31).

As previously observed in the case of the endogenous
promoter, dissociation of the integrated IFN-bwt330
promoter from clusters of g-satellite sequences was
observed after infection with non-pathogenic viruses
NDV and C13 (Figure 3A, d–i) that induced the activation
of the transcriptional capacity of the IFN-b promoter
(Figure 3C). From 91 (NDV) and 140 (C13) FISH
signals counted (from a total of two NDV and three
C13 independent infections), only 38.4±2% and
42.85±2.64% of the IFN-b signals still colocalized with
g-satellite clusters at 8 h after infection by NDV and C13,
respectively (Figure 3B), as opposed to 80.97±8.78% of
colocalization observed in NI cells. Contrary to results
obtained after infection with NDV and C13, no dissoci-
ation was observed after infection with pathogenic
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ZH strain (Figure 3A, j–l) that maintained the IFN-b
promoter in a transcriptionally silent state (Figure 3C).
From 216 FISH signals counted from 195 cells from
four independent experiments, 85.18±6.45% of IFN-b
signals (Figure 3B) remained colocalizing with clusters
of g-satellite sequences after infection with pathogenic
ZH548 strain of RVFV.

Given the stronger homogeneity of the population
IFN-bwt330 FISH signals compared to endogenous
IFN-b FISH signals, the subsequent experiments aiming
at characterizing the mechanism regulating IFN-b
promoter association with g-satellite clusters before and
after virus infection were carried out on the integrated
IFN-b promoters.

Figure 2. In murine macrophages, the silent endogenous IFN-b promoter is associated with clusters g-satellite sequences. (A) Kinetics of induction
(in log10) of IFN-b expression in murine L929 fibroblasts and RAW264.7 macrophages after infection with the C13 strain of RVFV. Relative
expression of IFN-b mRNA was measured by RT-qPCR at indicated times. (B–F) Murine macrophages RAW264.7 either NI or virus-infected by
non-pathogenic C13 (C13) or pathogenic ZH548 (ZH) RVFV strain were collected 5 h p.i. FISH experiments were carried out as in Figure 1 using a
rhodamine-labeled g-satellite probe and combined with biotin-labeled endogenous IFN-b probe. (B) Single confocal section displaying
rhodamine-labeled g-satellite FISH (g-sat) in red (a, d and g) combined with biotin-labeled endogenous IFN-b FISH (IFN-b) in green (b, e and
h) and the corresponding merge images (c, f, i) with enlargement of selected regions in the far right column. In middle and right panels, the white
arrows indicate the IFN-b FISH signals visible in the shown confocal sections and gray arrows indicate the position of IFN-b signals present on
other confocal sections of the same nuclei, weakly visible on the confocal sections shown here. (C) Percent of cells displaying 1, 2, 3 or 4 IFN-b FISH
spots per cell, (D) the number of IFN-b FISH signals colocalizing with g-satellite clusters was determined for each condition. (E) The corresponding
IFN-b mRNA induction fold was measured by RT-qPCR. (F) Percent of cells displaying 0, 1 or 2 IFN-b spots colocalizing with clusters of g-satellite
sequences was determined among cells displaying two IFN-b spots per cell. ***P< 0.001, NS=non-significantly different.
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Virus infection affected the IFN-b promoter region
without affecting the structure or organization of
c-satellite sequences

Some viruses, such as HERPES simplex virus type
1, severely damage the structure of cellular centromeres
(32). In order to determine if the viruses used in this
work affected the general structure of PCH, we analyzed
here the effect of virus infection on the presence of the
trimethylated form of lysine 9 of histone H3 (H3K9me3)
on g-satellite sequences as compared to IFN-b promoter
as well as on the number and the radial distribution of
g-satellite clusters. Indeed, H3K9me3 is an epigenetic
mark concentrated within clusters of g-satellite sequences
that plays an essential role in the general organization of
PCH and that it is also commonly found associated with
transcriptionally silent regions of the genome in relation
with heterochromatization (33–35).
As shown in Figure 4A, H3K9me3 was found present

over the IFN-bwt330 promoter under NI conditions,
whereas, epigenetic marks predominantly associated with
transcriptionally active regions such as the acetylated
forms of lysine 8 of histone H4 (H4K8Ac) and of lysine
14 of histone H3 (H3K14Ac), as well as co-activator CBP

and transcription factor IRF3, were absent from the silent
promoter under NI conditions. The presence of H3K9me3
on the promoter region strongly diminished after
NDV-induced promoter activation, contrary to the
presence of H4K8Ac, H3K14Ac, CBP and IRF3 that
was enhanced. The specificity of the interaction was
assessed: no signal was obtained from immunoprecipitates
carried out with antibody anti-C23 directed against
nucleoline that was used here as an irrelevant antibody.

The effect of virus infection upon the presence of
H3K9me3 on g-satellite sequences as compared to the
integrated IFN-bwt330 promoter was analyzed in NI
and C13- with respect to ZH-infected cells. As shown in
Figure 4B, the transcriptionally silent promoter from
either NI or ZH-infected cells appeared associated with
H3K9me3, whereas the presence of H3K9me3 on the tran-
scriptionally active promoter strongly diminished in
C13-infected cells as previously observed after NDV infec-
tion. This diminution was specific of the integrated
IFN-bwt330 promoter with respect to g-satellite sequences
since no change was observed when the same immunopre-
cipitates were amplified with primers specific for g-satellite
sequences (Figure 4B). In order to further confirm the lack

Figure 3. The �330 to +20 region of the IFN-b promoter induces association of the silent promoter with clusters of g-satellite sequences. Murine
fibroblastic L929wt330 cells either NI or virus-infected by non-pathogenic NDV or RVFV C13 (C13) strain or by pathogenic RVFV ZH548 (ZH)
strain were collected 8 h p.i. (A) Single confocal section displaying biotin-labeled g-satellite FISH (g-sat) in green (a, d, g and j) combined with
rhodamine-labeled IFN-b wt330 promoter FISH (IFN-b) in red (b, e, h and k) and the corresponding merge images (c, f, i, l) with enlargement of
selected regions in the far right column. (B) The number of IFN-b wt330 promoter FISH signals colocalizing with g-satellite clusters was quantified
with n> 90 for each condition and (C) the corresponding CAT activities were measured. Arrows indicate rhodamine-labeled IFN-b wt330 promoter
FISH signals. ***P< 0.001, NS, non-significantly different. Scale Bars=10 mm.
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of effect of virus infection upon PCH structures, g-satellite
cluster formation and distribution were analyzed before
and after virus infection. The total number of g-satellite
clusters present per nuclei as well as the radial distribution
of these clusters with respect to the edge or the center of
the nucleus remained unchanged during virus infection
(data not shown). Overall, these results strongly suggested
that virus infection affected the degree of association of
the IFN-b promoter with clusters of g-satellite sequences
without affecting the organization and structure of PCH
itself.

Interestingly, ChIP experiments carried out with
antibodies directed against H3K9me3 as well as against
the acetylated form of lysine 9 of histone H3 (H3K9Ac)
demonstrated that in NI cells both these epigenetic marks
were present on the integrated IFN-bwt330 promoter
associated with g-satellite clusters, whereas as expected
only the H3K9me3 mark was present over g-satellite
sequences (Figure 4C). Therefore, even though the
integrated IFN-bwt330 promoter colocalized with PCH
clusters, it displayed a characteristic combination of

epigenetic marks different from that of its proximal sur-

rounding environment.

Virus-induced dissociation of the IFN-b promoter region
from c-satellite clusters preceded strong promoter
transcriptional activation

In order to further analyze the correlation between dis-
sociation and transcriptional activation, the percentage
of association of the integrated IFN-bwt330 promoter
with g-satellite clusters was analyzed during the time
course of infection with either Clone 13 or ZH 548
strains of the RVFV virus. As shown in Figure 5A, the
degree of association of the integrated IFN-bwt330
promoter with g-satellite clusters observed in NI cells, cor-
responding to around 80% of the FISH signals, remained
constant up to 5 h after C13 infection. In contrast, 6 h p.i.,
at the onset of strong transcriptional activity, the percent-
age of FISH signals showing association with g-satellite
clusters was strongly reduced to �40%. Dissociation and
transcriptional activation were not linearly correlated
since the highest percentage of dissociation that was

Figure 4. Virus infection regulates the rate of H3K9me3 present over the IFN-b promoter region without affecting g-satellite sequences. (A and B)
DNA immunoprecipitated (IP) with the indicated antibodies and inputs corresponding to non-immunoprecipitated genomic DNA, collected from
L929wt330 cells either NI or 8 h p.i. by NDV or by non-pathogenic C13 (C13) or pathogenic ZH548 (ZH) RVFV strain was amplified with primers
specific for either the IFN-b wt330 promoter or g-satellite DNA sequences. (C) DNA immunoprecipitated (IP) with anti-H3K9me3 (H3K9me3) and
anti-H3K9Ac (H3K9Ac) antibodies and inputs corresponding to non-immunoprecipitated genomic DNA, collected from NI L929 wt330, was
amplified with primers specific for either IFN-b promoters or g-satellite sequences. In panels (A, B and C), the triangles indicate increasing
amounts of IPs or inputs.
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reached 6 h p.i. remained constant between 6 and 8 h p.i.
in spite of the strong increase of the promoter transcrip-
tional capacity measured between 6 and 8 h p.i. (Figure
5B). Dissociation therefore appeared as a phenomenon
occurring between 5 and 6 h p.i. preceding the onset of
strong transcriptional activity. Results shown in
Figure 5A correspond to the average obtained after
counting cells from at least three independent experi-
ments. Statistical analysis using the chi-square test
showed that the respective population of cells counted
was homogenous for all the time points except for 6 h
p.i. The stronger variability observed at this time sug-
gested that 6 h p.i. was probably the time of transition
from the state of association to the state of dissociation
induced after virus infection.
Contrary to the results obtained during infection with

Clone 13, the transcriptionally silent IFN-b promoter
remained associated with PCH during the complete time
course of ZH infection (Figure 5A and B).

Virus-induced dissociation of the IFN-b promoter from
clusters of c-satellite sequences is a reversible phenomenon

Virus-induced IFN-b transcriptional activation is known
as a transient, reversible phenomenon. Reversibility is
regulated by a post-infection transcriptional turn-off
mechanism that is set up 10–12 h after infection that is
necessary to bring the IFN-b gene back to its pre-infection
silent state (13,36). Therefore, if association with PCH was
required for the establishment of IFN-b promoter
silencing, the IFN-b promoter virus-induced dissociation
from PCH was expected to be a reversible phenomenon.
In order to analyze the reversibility of the dissociation of
the integrated IFN-bwt330 promoter from g-satellite
clusters, we measured the percentage of IFN-bwt330
FISH signals colocalizing with g-satellite sequences at 8,
12 and 20 h p.i. with C13 or ZH strains of RVFV with
respect to NI cells. As shown in Figure 5C, between 8 and
12 h p.i., the percentage of IFN-bwt330 FISH signals

Figure 5. Dissociation of the IFN-b promoter from g-satellite clusters preceded strong virus-induced promoter transcriptional activation and was
reversible. (A–C) L929 wt330 cells infected with either non-pathogenic RVFV C13 (C13) strain or pathogenic RVFV ZH548 (ZH) strain were
hybridized at different times after infection with g-satellite and IFN-b wt330 promoter DNA probes as in Figure 2. (A and C) The number of IFN-b
wt330 promoter FISH signals colocalizing with g-satellite sequences was quantified with n> 120 for each condition. (B) CAT activities of cells
counted in (A) were measured. (A and B) Time course of the first and second phase of IFN-b transcriptional activation (4,25) are indicated.
***P< 0.001, NS, non-significantly different.
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colocalizing with g-satellite clusters increased from 40%
to 70% reaching at 12 h p.i., a percentage of association
almost identical to the one observed for the silent
integrated IFN-bwt330 promoter in NI cells. All infec-
tions were carried out on a population of asynchronously
growing L929wt330 cells whose cycling time is of �20 h.
As observed in Figure 5C, the percentage of association
observed 12 h after infection remained constant from 12 to
20 h p.i. indicating that reversibility occurred independ-
ently of cell division. Results shown here correspond to
the average obtained after counting cells from at least
three independent experiments. The strongest variability
was observed at 12 h p.i., suggesting that this time was
probably the time of transition from the state of
virus-induced dissociation to the state of post-infection
reassociation.

YY1 binding to the IFN-b promoter regulated the
promoter’s association with c-satellite clusters

The IFN-b promoter contains two functional YY1 DNA
binding sites present at positions �90 and �122 (18,37)
that regulate the promoter transcriptional capacity with a
dual repressor/activator role (18). In NI cells, YY1 is pre-
dominantly bound to its �90 site. The binding of YY1 to
its �122 site is enhanced after NDV or C13 infection but
not after ZH infection (19,22). After virus infection, sim-
ultaneous binding of YY1 to both its �90 and �122 sites
was shown to be essential for the recruitment of an acti-
vator complex containing histone acetyltransferase CBP.

In order to analyze the eventual role of YY1 binding to
the IFN-b promoter upon the regulation of the associ-
ation/dissociation rate of the promoter with/from
g-satellite clusters, we carried out double FISH experi-
ments on previously constructed L929mut90 and
L929mut122 cell lines. These cell lines were constructed
as the L929wt330 cell line except that the corresponding
IFN-b promoters (from �330 to+20) carry a single point
mutation either on the YY1 �90 (L929mut90) or �122
(L929mut122) sites (18).

The percentage of the corresponding IFN-b FISH
signals associated with g-satellite clusters was measured
before and at 8 h after NDV and C13 infection. Results
shown in Figure 6A and B indicated that virus-induced
promoter dissociation from g-satellite clusters was
strongly impaired by the introduction of either mutation
mut90 or mut122. Contrary to the results obtained with
the wild-type wt330 IFN-b promoter, both the mut90 and
the mut122 promoter remained predominantly associated
with clusters of g-satellite sequences after NDV as well as
C13 infection (Figure 6A and B). The inability of
promoter mut90 and mut122 to reposition away from
g-satellite clusters was correlated with the particularly
weak transcriptional capacity characteristic of both these
promoters (Figure 6C) and (18,19). Interestingly, the
mut122 promoter that displayed a slightly, but statistically
significant, higher degree of dissociation after infection
than the mut90 promoter (Figure 6A and B) also corres-
ponded, as previously shown (18,19), to the promoter dis-
playing a slightly higher virus-induced transcriptional
capacity (Figure 6C), indicating once more a correlation

between repositioning away from PCH and activation of
the promoter transcriptional capacity.
In NI cells, both the mut90 and mut122 IFN-b pro-

moters displayed a percentage of association with
clusters of g-satellite sequences identical to that deter-
mined for the wild-type wt330 promoter (Figure 6A and
B). This indicated that contrary to the dissociation
process, either one of the two YY1 binding sites was dis-
pensable for the establishment of IFN-b association with
g-satellite clusters. This could be the result of two different
situations, either association was totally independent of
YY1 binding to the IFN-b promoter or the presence of
only one site was sufficient to allow association.
In order to answer this question, we carried out double

FISH experiments on the L929mut122/90 cell line that
was generated as previous cell lines except that the corres-
ponding IFN-b promoter (from �330 to+20) was simul-
taneously mutated on both the �90 and �122 YY1
binding sites (18). As shown in Figure 6A and B, only
20% of mut122/90 promoter FISH signals (247 FISH
signals counted from 200 cells from three independent ex-
periments) were found associated with g-satellite clusters
in NI cells. As opposed to �80% of association observed
under the same conditions for the wild-type wt330 or the
mut90 and mut122 promoters, indicating that binding of
YY1 to the promoter was also necessary for the promoter
to associate with g-satellite clusters in NI cells.
The mut122/90 IFN-b promoter is only weakly

activated after virus infection (Figure 6D) and (18).
Nevertheless, in NI cells the mut122/90 promoter
remained silent and did not reach the transcriptional
activity displayed by this promoter after virus infection
even though 80% of mut122/90 IFN-b promoter were
dissociated from g-satellite clusters (Figure 6D).
Therefore, dissociation from g-satellite clusters was not
by itself sufficient to allow transcriptional activation.
In order to further analyze the role of YY1 in the es-

tablishment of the association of the IFN-b locus to PCH,
we used RNA interference (RNAi) to suppress YY1 in NI
L929wt330 cells (Figure 7A). Diminution of YY1 expres-
sion was correlated with a clear diminution of the associ-
ation of the IFN-b promoter with PCH (Figure 7B and C).
From a minimum of 120 cells counted from two independ-
ent experiments, the percentage of association dropped
from 84.7% in NI and non-treated cells to 42.7% in NI
cells treated with siRNA directed against YY1 (siYY1). A
slight diminution of YY1 expression was also observed
under the same conditions after treatment of the cells
with random control siRNAs (Figure 7A). Interestingly,
this slight diminution of YY1 expression was also
correlated with a slight diminution of the percentage of
association of the IFN-b promoter with PCH (Figure 7C)
but as expected, the diminution observed after transfec-
tion with control siRNAs was significantly less
pronounced than the one observed after treatment with
siYY1. Overall, these results confirmed the role of YY1
regulating the association of the IFN-b promoter to PCH.
As previously shown in Figure 4D, a particular combin-

ation of opposite epigenetic marks, H3K9me3 and
H3K9Ac, was detected over the integrated IFN-bwt330
promoter in NI cells. Since simultaneous binding of
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YY1 to both its sites present on the IFN-b promoter has
been shown to regulate CBP promoter recruitment as well
as the acetylation of histones positioned over the promoter
region (19), we analyzed the effect of YY1 binding upon
the presence over the promoter region of H3K9me3 and
H3K9Ac (Figure 8). The presence of both these epigenetic
marks appeared diminished on YY1-mutated promoters
with mutation mut90 predominantly affecting the
presence of H3K9me3 and mutation mut122 predomin-
antly affecting the presence of H3K9Ac. Nevertheless,
the ratio H3K9me3:H3K9Ac remained >1 in the case of
promoters wt330, mut90 and mut122 under NI conditions
when these promoters were observed associated with
g-satellite clusters, whereas the H3K9me3:H3K9Ac ratio
became <1 in the case of promoters that were dissociated
from g-satellites clusters such as promoter mut122/90
or the wild-type wt330 promoter 8 h after infection
with C13. It is therefore tempting to hypothesize
that YY1-dependent regulation of the ratio of
H3K9me3:H3K9Ac over the IFN-b promoter region
could influence the degree of association of this
promoter with clusters of PCH.

DISCUSSION

Monoallelic pericentromeric recruitment of the
silent IFN-b locus

In this work, we have demonstrated that the silent IFN-b
promoter displayed PCH recruitment under non-
stimulated conditions adding an additional epigenetic
level to the transcriptional regulation of this inducible
gene whose silent state needs to be tightly regulated.
Reversible dissociation from PCH was observed after
virus infection at the onset of strong promoter transcrip-
tional activation in two different IFN-b producing cell
lines (fibroblasts and macrophages) during the time
course of infections carried out with two different
viruses, a bunyavirus and a paramyxovirus.

With respect to previously published data that described
considerable cell-to-cell variability of virus-induced IFN-b
expression occurring independently of fluctuations in viral
load (38), it is interesting to note that our results also show
considerable cell-to-cell variability concerning the number
of IFN-b spots per cell associated with PCH. Among cells
displaying two IFN-b spots, we observed cells displaying

Figure 6. Binding of transcription factor YY1 to the IFN-b promoter regulated the rate of association and dissociation of the promoter with and
from g-satellite sequences. (A) Confocal sections of murine fibroblastic cells containing the IFN-b promoter carrying a single point mutation in either
the YY1 �90 site (mut90) (a–i) or YY1 –122 site (mut122) (j–r) or simultaneous –90 and �122 mutations (mut122/90) (s–u) either NI (a–c, j–l and
s–u) or infected by NDV (d–f and m–o) or non-pathogenic RVFV C13 (C13) (g–i and p–r) strain displaying biotin-labeled g-satellite FISH in green
(a, d, g, j, m, p, s) combined with rhodamine-labeled IFN-b promoter (IFN-b) in red (b, e, h, k, n, q and t) with the corresponding merge images in
(c, f, i, l, o, r and u). (B) The number of IFN-b promoter FISH signals colocalizing with g-satellite cluster as displayed in (A) was quantified with
n> 60 for each condition. (C and D) the corresponding CAT activities were measured. ***P< 0.001, NS=non-significantly different. Scale
Bars=10 mm.
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either 0/2, 1/2 or 2/2 IFN-b spots associated with PCH
(Figures 1E and 2F). The strong promoter transcriptional
activation (observed 8 h p.i. in the case of fibroblasts or 5 h
p.i. in the case of macrophages) could be the result of
transcriptional activation taking place on only a certain
population of these cells. Such as cells displaying 0/2 spots
colocalizing with PCH for which the percentage was
enhanced from 22.1% under NI conditions to 53% 8h
p.i. with C13 in the case of fibroblasts and from 18% to
45.7% 5h p.i. with C13 in the case of macrophages. This
phenomenon was correlated with a strong diminution of
cells displaying 2/2 spots colocalizing with PCH that after
infection dropped from 25.6% to 7.4% in fibroblasts and
from 27.7% to 9.2% in macrophages, whereas a less
strong diminution was observed in the case of cells dis-
playing 1/2 IFN-b spots associated with PCH whose per-
centage only dropped after infection from 52.3% to 39.6%
in the case of fibroblasts and from 54.3% to 45% in the
case of macrophages.

The association of the endogenous IFN-b locus
with PCH appeared as predominantly monoallelic.
An observation that is in agreement with previously
published results describing allelic IFN-b expression het-
erogeneity in human as well as in murine cells (38,39).

Apostolou and Thanos (39) have described a monoallelic
expression of the human IFN-b gene taking place during
the first phase of weak transcriptional activation occurring
at early times (0–5 h) after infection with monoallelic ex-
pression occurring on the allele present within euchroma-
tin associated with Alu sequences rich on NF-kB binding
sites. Biallelic IFN-b promoter activation was observed
during the second phase of strong expression starting
6 h after infection that coincides with the moment when
we observe promoter dissociation from clusters of
PCH. Therefore, according to previously published data
(38,39) and data obtained in this work, we propose that, in
NI cells, one allele would be placed within euchromatin
associated with human Alu or murine Alu-like (40,41)
sequences rich in NF-kB sites whereas the other allele
would be associated with PCH. The allele placed
within euchromatin would be transcribed during the first
phase of weak transcription that takes place at early
times after infection, whereas the allele associated with
PCH would dissociate from these repressive regions at
later times after infection allowing the onset of the
second phase of strong biallelic transcription starting 6 h
after infection.

Figure 7. Transcription factor YY1 regulated the association of IFN-b promoter to clusters of g-satellite sequences in NI cells. (A) RT-qPCR
analysis of the expression of the yy1 gene after transfection of NI L929wt330 cells with 50 nM final concentration of siRNA directed against YY1
(siYY1) or scrambled control siRNAs (siCtrl) respect to non-transfected cells (NT). (B) Confocal sections of NI L929wt330 cells either not trans-
fected (NT) (a to c) or transfected as in A with siRNA directed against yy1 (siYY1) (d–f) or with scrambled control siRNAs (siCtrl) (g–i) displaying
biotin-labeled g-satellite FISH in green (a, d and g) combined with rhodamine-labeled IFN-bwt330 promoter (IFN-bwt330) in red (b, e, h) with the
corresponding merge images in (c, f and i). (C) The number of IFN-bwt330 promoter FISH signals colocalizing with g-satellite cluster as displayed in
(B) was quantified from two independent experiments with n> 120 for each condition. ***P< 0.001. Scale bars=10 mm.
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Monoallelic pericentromeric recruitment is a situation
that has been previously observed in the case of other
genes, as in the case of immunoglobulin loci Igh and Igk
(8,30). Even though the mechanism regulating monoallelic
PCH recruitment of Igh and Igk genes has not been de-
ciphered yet, it has been described to require allelic pairing
(31) similarly to what has been observed during female X
chromosome inactivation (42,43). Interestingly, in the case
of the endogenous IFN-b gene, 30% of NI cells displayed
only one IFN-b spot per cell, a situation that could be
translating IFN-b allelic pairing. A requirement for
allelic pairing to induce monoallelic PCH recruitment
would explain why, contrary to the endogenous IFN-b
locus, 80% of the integrated IFN-b loci displayed PCH
recruitment.

In olfactory sensory neurons, olfactory receptor (OR)
gene expression is also monoallelic and OR allelic repres-
sion is also associated with the deposition of an epigenetic
signature corresponding to the molecular hallmarks of
constitutive heterochromatin that sets up the conditions
to allow stochastic selection of the OR gene and allele to
be transcribed (44). In the case of immunoglobulin alleles
as well as in the case of OR genes, silencing of one allele
serves a qualitative function necessary to ensure, respect-
ively, a unique recombination product and the expression
of a unique OR per cell, whereas, in the case of the IFN-b
gene, monoallelic PCH recruitment would have a quanti-
tative function, necessary to control gene dosage as in
the case of imprinted genes or X-linked genes in female
cells.

Figure 8. YY1 binding and virus infection regulates the rate of H3K9me3/H3K9Ac present over the integrated IFN-b promoters. (A and C) DNA
immunoprecipitated (IP) with the indicated antibodies and inputs corresponding to non-immunoprecipitated genomic DNA, collected from (A) NI
L929wt330, mut90, mut122, and mut122/90 cells or from (C) L929wt330 cells either NI or 8 h p.i. by non-pathogenic RVFV C13 (C13) strain, was
amplified with primers specific for either the integrated IFN-b promoters or g-satellite DNA sequences. (B) The corresponding rates of H3K9me3/
H3K9Ac were calculated after PhosphoImager quantification of PCR products from three independent ChIP experiments equivalent to those shown
in (A) and of the ChIP experiment shown in (C).
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Binding of transcription factor YY1 to the IFN-b
promoter regulated promoter PCH recruitment before
and after virus infection

Transcription factor YY1 is a highly conserved, ubiqui-
tously expressed transcription factor that regulates the
expression of many cellular genes (45); the IFN-b gene is
one among them (18,19,37). We show here that YY1
binding to the IFN-b promoter regulated the associ-
ation/dissociation rate of the IFN-b locus to and from
PCH before as well as after virus infection. On the one
hand, our results showed that IFN-b virus-induced dis-
sociation from PCH was strongly diminished in the case
of IFN-b promoters mutated in one or the other of the
two YY1 binding sites. The virus-induced simultaneous
occupancy of both YY1 binding sites present over the
IFN-b promoter was demonstrated as necessary for the
promoter to recruit CBP (19). Creation of a potentially
active chromatin environment through YY1-dependent
recruitment of CBP could be a prerequisite for reposition-
ing of the IFN-b promoter away from PCH. Similarly to
what has been described by Huang et al. (46) in the case of
the chicken b-globin locus.

On the other hand, our results showed that under NI
conditions, promoters mutated on both YY1 binding sites
were unable to associate with g-satellite clusters in NI
cells, indicating that YY1 binding to the IFN-b
promoter also played a role establishing promoter associ-
ation with PCH. Treatment of NI cells with siRNAs
directed against YY1 induced significant dissociation of
the IFN-b promoter from PCH clusters further confirming
a role for YY1 on the establishment of IFN-b promoter
association with PCH. Even though transcription factor
YY1 has been shown to bind g-satellite sequences that are
rich in YY1 DNA-binding sites (47), recruitment of the
IFN-b promoter to g-satellite clusters could not occur
only through YY1 since YY1 does not self-associate.
Several members of the repressor SAP30/Sin3A/NCoR/
HDAC3 complex that is recruited over the silent IFN-b
promoter through YY1 (22) have also been shown to
interact with PCH either directly or indirectly (48–50)
and could therefore also intervene in anchoring the
IFN-b promoter within the environment of g-satellite
clusters.

Results obtained in this work showed that virus-induced
dissociation of the IFN-b promoter from PCH was revers-
ible with reversibility occurring between 8 and 12 h p.i.
that corresponds to the time period during which IFN-b
promoter transcriptional turnoff is established. Even
though not much is known concerning the molecular
mechanisms governing IFN-b transcriptional turnoff,
some previously published data suggest that association
with PCH could play a role in this process. Indeed,
Gyory et al. (51) have shown that methylation of lysine
9 of histone H3 could be induced on the IFN-b promoter
region by histone methyltransferase (HMT) G9a through
PRDI-BF1, which is a factor that was shown to partici-
pate on the regulation of IFN-b transcriptional turnoff
(52). Also, we have shown that YY1 binding to the
IFN-b promoter was necessary for the IFN-b transcrip-
tional turnoff to be correctly established (18), a result that

has been recently confirmed by Siednienko et al. (53) and
in this work we have demonstrated that YY1 regulates the
association of the IFN-b promoter to PCH. Nevertheless,
even though these results suggest that association with
PCH could play a role in establishing IFN-b transcrip-
tional turnoff, more experiments are required to
decipher this issue.
Alongside with regulating IFN-b promoter recruitment

to PCH, YY1 also appeared regulating the presence of
H3K9me3 over the promoter region under NI conditions.
Therefore, the role of YY1 establishing PCH recruitment
could be related to its capacity to regulate trimethylation
of H3K9. Transcription factor YY1 belongs to the
polycomb group of proteins that contain HMTs such as
Enhancer of zeste 2 (Ezh2) and Suppressor of zeste 12
(Suz12) and even though these HMTs are mainly respon-
sible of inducing trimethylation of H3K27, Suz12 has also
been characterized as capable of inducing trimethylation
of H3K9 (54).
Altogether, we propose that under NI conditions, YY1

(predominantly bound to its �90 site) and a corepressor
complex containing SAP30/NCoR/HDAC3/Sin3a would
participate in establishing IFN-b promoter PCH recruit-
ment through their capacity to induce H3K9me3 over the
promoter region and interact with PCH, whereas, after
virus infection, release of the corepressor complex
occurring concomitantly with enhanced YY1 binding to
its �122 as well as virus-induced IFN-b enhanceosome
formation, CBP recruitment and enhanced acetylation of
K9H3 would induce dissociation of the IFN-b promoter
from PCH.
As mentioned before, immunoglobulin Igh and Igk

genes as well as OR genes are other examples of genes
displaying monoallelic expression regulation in somatic
differentiated cells. In both these examples, monoallelic
repression was linked with the establishment of PCH epi-
genetic hallmarks over the repressed gene. Interestingly,
OR genes have an unusual cluster of YY1 binding sites
(55) and YY1 binding as well as YY1-dependent locus
rearrangement regulation has been described in the case
of the IgH locus (56). We could therefore speculate on a
more general role for YY1 in monoallelic gene expression
regulation linked with PCH recruitment.
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