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Chromatin-Mediated Reversible Silencing of Sense-Antisense Gene
Pairs in Embryonic Stem Cells Is Consolidated upon Differentiation
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Department of Developmental Biology, Erasmus MC, University Medical Center, Rotterdam, The Netherlands

Genome-wide gene expression studies have indicated that the eukaryotic genome contains many gene pairs showing overlapping
sense and antisense transcription. Regulation of these coding and/or noncoding gene pairs involves intricate regulatory mecha-
nisms. In the present study, we utilized an enhanced green fluorescent protein (EGFP)-tagged reporter plasmid cis linked to a
doxycycline-inducible antisense promoter, generating antisense transcription that fully overlaps EGFP, to study the mechanism
and dynamics of gene silencing after induction of noncoding antisense transcription in undifferentiated and differentiating
mouse embryonic stem cells (ESCs). We found that EGEP silencing is reversible in ESCs but is locked into a stable state upon
ESC differentiation. Reversible silencing in ESCs is chromatin dependent and is associated with accumulation of trimethylated
lysine 36 on histone H3 (H3K36me3) at the EGFP promoter region. In differentiating ESCs, antisense transcription-induced ac-
cumulation of H3K36me3 was associated with an increase in CpG methylation at the EGFP promoter. Repression of the sense
promoter was affected by small-molecule inhibitors which interfere with DNA methylation and histone demethylation path-
ways. Our results indicate a general mechanism for silencing of fully overlapping sense-antisense gene pairs involving antisense
transcription-induced accumulation of H3K36me3 at the sense promoter, resulting in reversible silencing of the sense partner,
which is stabilized during ESC differentiation by CpG methylation.

Strand-speciﬁc RNA sequencing analysis of the mammalian
transcriptome has indicated that more than 20% of the se-
quenced transcripts belong to sense-antisense gene pairs (1).
Many of these gene pairs show full overlap of at least one template
or antisense transcription through the sense promoter and may
consist of coding genes, noncoding genes, or a combination of
coding and noncoding genes. Sense-antisense gene pairs are fre-
quently found in imprinted gene clusters involved in setting up
and maintaining parent-specific gene expression profiles. Im-
printed gene loci are regulated by differentially methylated im-
printing control regions (ICRs), which often direct parent-specific
transcription of noncoding RNA (ncRNA) transcripts. Studies in-
volving knockout alleles and alleles with introduced transcrip-
tional stop sequences have indicated that these antisense noncod-
ing genes play a crucial role in the regulation of the coding sense
partner. For instance, the imprinted noncoding antisense genes
Kcnglotl, Ube3a-ATS, Nespas, and Airn are the master regulators
of the Kengl, Prader-Willi/Angelman syndrome, Gnas, and Igf2r
clusters, respectively, and regulate these clusters by regulating the
sense protein-coding partner. Kcnglotl-mediated repression of
Kengl and silencing of Igf2r by Airn does not depend on double-
stranded RNA (dsRNA) molecules but has been attributed to the
act of transcription involving transcription through the promot-
ers of Kengl and Igf2r (2, 3). This repression may involve the
transcriptional interference mechanisms of the sense partner but
may also include recruitment of chromatin remodeling com-
plexes, leading to the local accumulation of histone modifications
and DNA methylation, as was found for Nespas and Airn, respec-
tively (4, 5). In addition, for Kcnglotl and Airn it has been shown
that recruitment of chromatin remodeling complexes is involved
in the cis spreading of silencing toward nonoverlapping genes,
leading to parent-specific inhibition of expression of flanking
genes over long distances in cis (6, 7).

The Xist/Tsix gene pair represents one of the best-studied
mammalian sense-antisense gene loci. In contrast to most im-
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printed gene loci, both Xist and Tsix are noncoding and the re-
spective transcriptional activities or the transcribed ncRNAs are
involved in mutually repressive mechanisms. Xist and Tsix, which
fully overlaps Xist, are the main players in the X-chromosome
inactivation (XCI) process. Random XCI occurs and can be stud-
ied in differentiating female mouse embryonic stem cells (ESCs)
with two X chromosomes. Xist is upregulated on the future inac-
tive X chromosome, and cis spreading and ncRNA-mediated re-
cruitment of chromatin remodeling complexes, including PRC2,
lead to inactivation of that one X chromosome. Tsix-mediated
repression of Xist on the active X chromosome does not involve
dsRNA or RNA interference mechanisms (8) but is dependent
on Tsix antisense transcription through the Xist promoter,
which leads to Xist promoter-associated changes in histone
modifications and CpG methylation (9, 10). Whether this local
recruitment of chromatin remodelers is n~cRNA mediated or is
dependent on transcription or transcriptional interference
mechanisms is unknown.

The loss or gain of expression of a noncoding antisense partner
of a sense gene has often been implicated in disease. For instance,
in fragile X syndrome (FXS), a repeat expansion of a CGG repeat
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in the 5" untranslated region of the human FMRI gene results in
induction of antisense transcription through the FMR1 promoter
(11), initiating at the expanded repeat and producing an unstable
noncoding transcript. This antisense transcription results in epi-
genetic silencing of FMR1, which involves CpG methylation of the
expanded repeat. This silencing of FMRI happens during a de-
fined window of neuronal development (12). One form of alpha-
thalassemia has been associated with the juxtaposition of LUC7L
to HBA2, resulting in antisense transcription through HBA2. This
aberrant antisense transcription leads to silencing of HBA2 and
DNA methylation of its associated CpG island (CGI) by an un-
known mechanism during a specific developmental time window
(13). These examples highlight the close relationship between
transcription, ncRNAs, and gene regulation with human disease
in a developmental context.

For all these examples, the exact mechanisms involved in si-
lencing of the sense partner by antisense transcription remain elu-
sive, as the effects of the act of transcription and the biological
activity of the respective ncRNA product cannot be separated.
Therefore, a general question is whether transcriptional interfer-
ence (e.g., collision of RNA polymerase II [Pol II] complexes,
torsional strain, or displacement/occlusion of transcription fac-
tors/regulatory elements) or chromatin-mediated mechanisms
are responsible for silencing of overlapping genes. Direct tran-
scriptional interference has mostly been studied in prokaryotes
and Saccharomyces cerevisiae, and it has been shown that collision
of Pol IT complexes and displacement/occlusion of transcription
factors/regulatory elements do influence the activity of overlap-
ping genes to some extent (reviewed in reference 14). In the case of
Airn, transcriptional overlap with the Igf2r promoter alone is nec-
essary and sufficient for silencing of Igf2r, thus precluding a role
for the RNA molecule itself (3). However, chromatin modulation
based on the process of transcription per se might still be involved.
This model is supported by the observed association of Pol I with
chromatin remodelers like Set2 (15), which catalyzes the deposi-
tion of trimethylated lysine 36 on histone H3 (H3K36me3) in
transcribed regions. H3K36me3 in turn has been implicated in the
recruitment of chromatin factors correlating with transcriptional
repression, like histone deacetylases, histone demethylases, and
DNA methyltransferases (16-18). In contrast, Airn, Kenqlotl,
Xist, and other ncRNAs have been shown to recruit histone-mod-
ifying complexes like G9A and PRC2 in cis (6, 7, 19), suggesting
the requirement of the RNA molecule itself. To be able to exclu-
sively study the effects of antisense transcription, we have utilized
an artificial sense-antisense gene pair consisting of an en-
hanced green fluorescent protein (EGFP) reporter and a fully
overlapping inducible antisense transcription unit. Our studies
indicate that antisense-mediated silencing of the EGFP gene is
reversible in ESCs and is dependent on modifications of the
chromatin environment. Interestingly, silencing is locked into
a stable state upon ESC differentiation concomitantly with the
accumulation of EGFP promoter-associated CpG methylation.
Antisense transcription-induced silencing is augmented by
blocking JARID1/JMJD2 family histone demethylases, suggesting
that the transcription-coupled histone modification H3K36me3
provides a repressive environment for sense transcription initia-
tion, which is locked into a stable state by CpG methylation upon
ESC differentiation.
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MATERIALS AND METHODS

Plasmids, reagents, and antibodies. The plasmids used for the generation
of transgenic lines and transient transfections were pTRE-Tight-BI-
DsRed2 (Clontech) and pCAG-EGFP-N1, which was generated by replac-
ing the cytomegalovirus promoter in pEGFP-N1 (Clontech) with the
CAG promoter from pCAG-Rnfl12-Flag (20). The reagents used were
doxycycline (DOX), 5-aza-dC, suberoylanilide hydroxamic acid (SAHA),
pyridine-2,4-dicarboxylic acid (2,4-PDCA), trans-2-phenylcyclopropyl-
amine (2-PCPA), curcumin (CUR), pargyline (PAR), and JQ1 (all from
Sigma).

Cell lines. The culture media and conditions for ESC culture and
differentiation have been described previously (21). The final concen-
tration of doxycycline was 2 pg/ml. The final concentrations of the
small-molecule inhibitors were 20 nM for 5-aza-dC, 400 nM for
SAHA, 5 mM for 2,4-PDCA, 200 M for 2-PCPA, 10 uM for CUR, 1.5
mM for PAR, and 150 nM for JQ1. Transgenic ESC lines were gener-
ated using a polymorphic male 129/Sv-Cast/Ei cell line harboring an
M2rtTA transcriptional activator in the ROSA26 locus (22), as follows.
A tetracycline-responsive ptet promoter excised from pTRE-Tight-BI-
DsRed2 was inserted downstream and in the antisense direction of the
EGFP in pCAG-EGFP-N1 (pCAG-EGFP-as-ptet). This construct was
transfected into the M2 ESC line by electroporation (Gene Pulser
Xcell; Bio-Rad), and stable clones with random integrations were ob-
tained by 1 week of selection in 350 pg/ml G-418 (Gibco). Clones were
screened for expression of EGFP and responsiveness to doxycycline.
For transient transfections, M2 ESCs were cotransfected with pCAG-
EGFP-as-ptet and pTRE-Tight-BI-DsRed2 using an Amaxa Nucleo-
fector device and a mouse ESC Nucleofector kit (Lonza). After 18 h,
EGFP-positive cells were sorted and used for experiments.

Fluorescence-activated cell sorter (FACS) analysis. Single-cell sus-
pensions were prepared by treatment with Tris-EDTA (TE) for 7 min at
37°C and 30 min of preplating to remove feeder cells, if necessary. Duplets
were excluded by appropriate gating, and dead/dying cells were detected
by staining with Hoechst 33258 (1 wg/ml; Molecular Probes). Relative
fluorescence intensities (FIs) for EGFP and mCherry were determined.
Cell analysis was performed on an LSRFortessa cell analyzer, and cell
sorting was performed on a FACSAria III cell sorter (BD Biosciences) with
FACSDiva software. Statistical analysis was performed with FlowJo soft-
ware.

Strand-specific expression analysis. RNA was isolated using the
TRIzol reagent (Invitrogen) according to the manufacturer’s instructions.
DNase I treatment was performed to remove genomic DNA, and cDNA
was prepared using SuperScript II reverse transcriptase (Invitrogen) with
strand-specific primers for the target and control in the same reaction
mixture. Quantitative reverse transcription-PCR (RT-PCR) was per-
formed on a CFX384 real-time PCR detection system (Bio-Rad) using
Fast SYBR green master mix (Applied Biosystems). The primers used are
listed in Table S2 in the supplemental material. Results were normalized
to those for actin using the change-in-threshold-cycle (AC;) method (23)
and are mostly presented as the fold change in expression versus the levels
of expression for the undifferentiated no-doxycycline-treated control.

Bisulfite sequencing. Phenol-chloroform-extracted DNA was con-
verted using an EpiTect bisulfite kit (Qiagen) following the manufactur-
er’s instructions. Part of the CAG promoter was amplified from bisulfite-
converted DNA with Platinum Taq polymerase (Invitrogen) using
primers 204 and 207. The PCR product was gel purified and subcloned
into the pPGEM-T Easy vector (Promega), and the vector was transformed
into bacteria. Single bacterial clones were isolated, and the fragment of the
CAG promoter was amplified by colony PCR using primers 208 and 209,
followed by Sanger sequencing using primer 302. Sequence reads were
analyzed using the quantification tool for methylation analysis (24).

ChIP. In short, for chromatin immunoprecipitation (ChIP), approx-
imately 5 X 10° cells were cross-linked in a dish for 10 min at room
temperature by adding 1/10 volume 11% buffered formaldehyde solution
(50 mM HEPES-KOH, pH 7.6, 100 mM NaCl, 1 mM EDTA, pH 8, 0.5
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FIG 1 Map of EGFP-antisense gene-ptet construct and transfection strategy. (A) Map (to scale) showing the construct used for generation of transgenic cell lines.
Promoters and the EGFP open reading frame are depicted as white and green boxes, respectively. The location of the primers used for first-strand synthesis for
strand-specific expression analysis is indicated on top, and the black boxes numbered 1 to 6 mark the locations of amplicons for expression analysis and ChIP
analysis. The area amplified from bisulfite-treated DNA for bisulfite sequencing is shown on the bottom. (B) Cartoon depicting the transfection and screening
strategy used to identify clones for further analysis. ESCs harboring an M2rtTA transcriptional activator in the ROSA26 locus were transfected, and stable random
integration was forced by G-418 selection. EGFP-positive clones were expanded and plated in duplicate, and the responsiveness to doxycycline was tested in
96-well plates (as an example, red circles denote clones with a decreased level of EGFP expression).

mM EGTA, pH 8, 11% [vol/vol] formaldehyde) and cross-linking was
quenched for 10 min at room temperature with 125 mM glycine. The cells
were washed twice in ice-cold phosphate-buffered saline with protease
inhibitors and resuspended in SDS lysis bufter (50 mM Tris-HCI, pH 8, 10
mM EDTA, pH 8, 1% SDS), followed by sonication until fragments of ca.
500 bp were obtained. Chromatin was diluted 1:10 in ChIP dilution buffer
(16.7 mM Tris-HCI, pH 8, 167 mM NaCl, 1.2 mM EDTA, pH 8, 1.1%
Triton X-100, 0.01% SDS) and incubated with antibodies overnight at
4°C. Chromatin was then incubated with preblocked protein G Dyna-
beads (Novex) for 1 h at 4°C. The beads were washed thrice in low-salt
buffer (20 mM Tris-HCL, pH 8, 150 mM NaCl, 2 mM EDTA, pH 8, 1%
Triton X-100, 0.1% SDS), once in high-salt buffer (20 mM Tris-HCI, pH
8,500 mM NaCl, 2 mM EDTA, pH 8, 1% Triton X-100, 0.1% SDS), once
in LiCl buffer (10 mM Tris-HCI, pH 8, 250 mM LiCl, 1 mM EDTA, 0.5%
deoxycholate, 0.5% NP-40), and once in TE buffer (10 mM Tris-HCI, pH
8, 50 mM NaCl, 1 mM EDTA, pH 8). Complexes were eluted in elution
buffer (10 mM Tris-HCI, pH 8, 150 mM NaCl, 1 mM EDTA, pH 8, 5 mM
dithiothreitol, 1% SDS) for 15 min at 65°C, and cross-links were reversed
by incubation overnight at 65°C. DNA fragments were recovered by pro-
teinase K treatment followed by phenol-chloroform extraction and ana-
lyzed by quantitative RT-PCR. Enrichment was estimated by determining

the original amount of template in the pulldown and input fractions as
2*CT(pulldown)/2*CT(input)

RESULTS

Inducible antisense transcription reversibly silences an EGFP
reporter. To be able to study the general effect of antisense tran-
scription on gene regulation during development, we generated
transgenic mouse ESC lines containing an EGFP reporter cassette
and a doxycycline-responsive promoter in the antisense direction
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downstream of the reporter. This antisense ptet promoter was
intended to initiate antisense transcription that fully overlaps the
sense EGFP reporter. To this end, the tetracycline-responsive ptet
promoter was inserted downstream and in the antisense direction
of a CAG promoter-driven (25) EGFP (Fig. 1A). This construct
was randomly integrated into previously established male ESCs
originally generated from a cross of a male Cast/Ei mouse and a
female 129/Sv mouse carrying an M2rtTA transcriptional activa-
tor in the ROSA26 locus (22), allowing induction of doxycycline
(DOX)-dependent antisense transcription through the EGFP-
coding sequence and its promoter. EGFP-positive clones were iso-
lated and expanded, and reactivity to DOX was tested. Most clones
showed a reduction in EGFP intensity upon DOX addition, and
six clones, denominated M2-3, M2-4, M2-5, M2-8, M2-20, and
M2-29, were used for further analysis (an example is shown in
Fig. 1B).

When undifferentiated M2-3 ESCs were grown for 2 days in
the presence of DOX and analyzed by FACS, the EGFP relative
fluorescence intensity (FI) level was reduced to 40% of that of
control cells. This demonstrates that antisense transcription can
reduce the transcriptional activity of a sense partner in this exper-
imental context, where sense and antisense partners are biologi-
cally unrelated (Fig. 2A and B; see Fig. S1 in the supplemental
material). This silencing appeared to be very dynamic, as DOX
removal within 1 day resulted in the almost complete recovery of
the EGFP FI to the levels measured without the induction of an-
tisense transcription (Fig. 2A and B; see Fig. S1 in the supplemen-
tal material). Comparable results were found with several other
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FIG 2 Antisense transcription and EGFP reporter expression in undifferentiated ESCs. (A) Histograms of the EGFP FI distribution in clone M2-3 determined
by FACS analysis. —Dox, uninduced cells; +Dox, cells treated with doxycycline. (Top left) Repression after 2 days of doxycycline treatment compared to that for
the untreated control; (bottom left) the situation 3 days later, after doxycycline has been washed out; (top and bottom right) results of another experiment with
the same experimental setup as that for the panels on the left, but with only 1 day of recovery from doxycycline induction. (B) The mean EGFP FI of induced and
noninduced cells is shown after 2 days of doxycycline treatment (+DOX) and after 2 days of doxycycline treatment followed by 1 day of recovery (recovered).
(C) Strand-specific expression analysis in noninduced (no DOX treatment [—DOX]), induced (+DOX), and recovered (recov.) cells, as outlined in the legend
to panel B and the text. (Top) for the ptet proximal amplicon (amplicon 3 in Fig. 1A); (bottom) results for the EGFP amplicon (amplicon 2). Quantification is
depicted as the fold change (relative expression) compared to the level of expression in noninduced cells. (D) Same as the top of panel C, but the results for the
ptet distal amplicon are shown (amplicon 1). The mean and SD from at least two independent experiments for each clone and for all clones pooled are shown in
panels B to D. *, P < 0.05 by a two-sample Student’s ¢ test (B) or single-factor analysis of variance (C, D); **, P < 0.1 by a two-sample Student’s ¢ test (B) or
single-factor analysis of variance (C, D).

M2 clones. Due to heterogeneity between independent experi- evaluate the time course of synthesis of both EGFP mRNA and the
ments, statistical significance for the difference between recovery transcript originating from the ptet promoter, RNA was isolated
and repression (with DOX treatment) was not reached for all from these pulse-chase experiments and strand-specific quantita-
clones. However, the trend was highly similar in all independent  tive RT-PCR was performed. Two different sets of primers, one
experiments. This is also reflected by the statistical significance for ~ for amplification of a ptet proximal product and one for a ptet
the difference when the data for all clones are pooled (Fig. 2B). To  distal product, were used (Fig. 1A). As expected, quantification of
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the proximal transcript demonstrated reversible induction of the
ptet promoter by doxycycline, which resulted in a concomitant
reduction of the EGFP mRNA level. After DOX washout, the
EGFP mRNA level recovered. As for fluorescence levels, heteroge-
neity between independent experiments was observed, but these
independent experiments always showed the same trend. There-
fore, not all clones showed statistically significant differences,
whereas pooled data for all clones did (Fig. 2C). The same pattern
was observed for the distal ptet amplicon, confirming that ptet-
induced transcription fully overlaps the EGFP reporter and runs
through the CAG promoter (Fig. 2D). These results show that, in
the present system using undifferentiated mouse ESCs, repression
of a coding gene by antisense transcription is completely revers-
ible, so that the repression is dependent on continuous antisense
transcription.

Antisense transcription changes the chromatin structure of
the CAG promoter. For several specific examples of sense-anti-
sense gene pairs, it has been described that silencing of the sense
partner is accompanied by changes in the promoter chromatin
structure. In some cases, transcriptional overlap was found to be
sufficient for silencing (3), but for other such gene pairs, a require-
ment for antisense ncRNA to recruit chromatin-modifying com-
plexes has been reported (6). Thus, mechanisms of regulation
appear to vary, and it is not fully understood how antisense tran-
scription is converted into a repressive chromatin environment.
Our ptet-EGFP system provides an experimental tool to study the
effect of antisense transcription on the chromatin structure for
specific genes and RNA sequences which are not taking part in a
biological context in a sense-antisense regulation system. Hence,
we anticipated that the present experiments would provide infor-
mation regarding the more general aspects of such regulatory
mechanisms.

Elongating Pol II itself interacts with a plethora of histone-
modifying proteins, and we hypothesized that transcriptional
read-through per se might be sufficient to create a specific repres-
sion-instructive chromatin signature in promoters. We were par-
ticularly interested in methylation of histone H3 at residues K4
and K36, which is catalyzed by two Pol II-associated proteins,
SET1 (26) and SET?2 (15), respectively. ChIP analysis of the CAG
promoter in undifferentiated, uninduced M2-3 cells showed a
strong enrichment of trimethylation of histone H3 at residue K4
(H3K4me3), while H3K36me3 levels were close to background
levels (Fig. 3A). The H3K36me3 signal between the EGFP cassette
and the ptet promoter (amplicon 5 in Fig. 1A) found in uninduced
cells is most likely caused by read-through transcription derived
from the EGFP cassette. Upon DOX addition, however, the
H3K36me3 signal at the CAG promoter increased approximately
3-fold, with a concomitant decrease in H3K4me3 being detected
(Fig. 3A; see Fig. 5C), thereby creating a specific chromatin envi-
ronment that corresponded to the repressed expression of the
EGFP reporter. The gain of H3K36me3 just downstream of the
ptet promoter also demonstrates effective transcriptional elonga-
tion, while enrichment at the ptet promoter itself most likely re-
flects a lack of resolution or initiation of transcription slightly
upstream of the amplicon tested by quantitative PCR (qPCR).
This might also explain the lack of induction of the H3K4me3
signal at the ptet promoter (amplicon 6 in Fig. 1A) itself. Analo-
gously to fluorescence and mRNA abundance measurements,
this effect was almost completely reversible after DOX washout
(Fig. 3A).
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CpG islands (CGlIs) are CG-rich genomic regions which fre-
quently initiate transcription and constitute more than 50% of all
annotated promoters in vertebrates (27). Most CGIs remain un-
methylated, but DNA methylation of CpG residues is correlated
with the stable repression of transcription. Several promoters of
developmentally regulated genes acquire DNA methylation dur-
ing development (28, 29). To test if DOX-induced repression of
the CAG promoter that drives EGFP expression and contains a
CGI involves DNA methylation, we performed bisulfite sequenc-
ing on undifferentiated ESCs grown in the absence and presence
of DOX. In most clones, the CAG promoter was found to be com-
pletely devoid of DNA methylation, regardless of the induction of
antisense transcription (Fig. 3B). Only clone M2-5 showed higher
levels of DNA methylation, but this was unresponsive to the in-
duction of antisense transcription, meaning that this higher level
most likely is related to a position effect. Thus, antisense transcrip-
tion generates a special chromatin state at an unrelated promoter
that is located nearby and transcribed in the sense direction. This
sense partner is reversibly repressed in cis. Importantly, this effect
is not dependent on any specific RNA sequences or locus require-
ments.

Antisense transcription-mediated repression requires an in-
tact chromatin template. ChIP analysis of the CAG promoter
suggested that antisense transcription induces a specific chroma-
tin signature over promoters. Next, we asked whether chromatin
modifications are important for silencing by antisense transcrip-
tion. We therefore exploited transient transfection as a system in
which the regular chromatin structure is perturbed (30, 31). The
same sense-EGFP-antisense-ptet construct that was used for the
generation of M2 cell clones was transiently transfected into
M2rtTA-ROSA26 male ESCs, and EGFP-positive cells were sorted
after 18 h into medium containing DOX or no DOX. As a control
for DOX induction, a ptet-DsRed construct was cotransfected.
After 2 days of either DOX or no DOX treatment, cells were ana-
lyzed by FACS. For another set of cells, DOX was removed after 48
h and cells were left to recover for an additional 24 h before FACS
analysis. Surprisingly, addition of DOX almost completely failed
to repress EGFP transcription from the transiently transfected
plasmid, even though DOX induction of ptet transcription per se
was functional, as demonstrated by the expression of DsRed (Fig.
3C). Thus, recovery from DOX treatment did not significantly
increase EGFP FI levels compared to those obtained under the
induced condition (Fig. 3C). To study if a perturbed chromatin
arrangement on a transiently transfected template carries chro-
matin modifications as they are laid down by the transcription
machinery and that are thus involved in the specific chromatin
state induced by antisense transcription, ChIP was performed on
transiently transfected cells. Intriguingly, neither H3K4me3 nor
H3K36me3 was found to reside on the transiently transfected
plasmid (Fig. 3D). Thus, even though EGFP expression and ptet
induction are not hampered on a transiently transfected template
devoid of the histone modifications H3K4me3 and H3K36me3,
repression of EGFP mediated by antisense transcription does not
occur in that situation.

Antisense transcription-mediated repression during ESC
differentiation. To investigate the effect of antisense transcription
on expression of the EGFP reporter during differentiation, we
performed pulse-chase-type time course experiments. Cells were
differentiated by removal of feeders and leukemia inhibitory fac-
tor (LIF) and kept in culture until day 3 of differentiation. We
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FIG 3 Chromatin structure in the CAG and ptet promoter regions in undifferentiated ESCs. (A) ChIP-qPCR analysis of the region encompassing CAG and ptet
promoters (the CAG promoter isamplicon 4 in Fig. 1A, GFP-ptet isamplicon 5, and the ptet promoter is amplicon 6) in the M2-3 clone for noninduced (—DOX),
induced (+DOX), and recovered (+DOX recovered) conditions, as outlined in the text. Antibodies against H3K36me and H3K4me3 and against whole IgG as
amock-treated control were used, as indicated. The loci analyzed, including H3K36me3- and H3K4me3-positive controls, are indicated. Values are plotted as the
ratio of the original amount of template DNA for pulldown and input fractions. The mean and SD from three independent experiments are shown. (B) Bisulfite
sequencing of the CAG promoter in several clones treated with doxycycline (+ DOX) or not treated with doxycycline (—DOX) for 2 days. For independent clones
represented in the separate panels, filled circles represent methylated CpGs and empty circles represent unmethylated CpGs. Average percentages for each
condition and clone are indicated. (C) (Top left) Timing of transient-transfection experiments. Arrows, time points of sorting, analysis, and doxycycline removal;
dashed lines, times that cells were grown in the absence of doxycycline; red lines, times that cells were grown in the presence of doxycycline. (Bottom) Histograms
of FACS analysis of the DsRed2 and EGFP FI distribution for conditions without and with doxycycline. (Top right) Mean EGFP FI of induced and noninduced
cells after 2 days of doxycycline treatment and after 2 days of doxycycline treatment followed by 1 day of recovery (recovered). Error bars represent SDs from three
independent experiments. (D) Exactly as described in the legend to panel A, but for transient transfections. pos., positive.

opted for this window of time because, even in the absence of
DOX, the EGFP reporter was increasingly silenced at later time
points in all clones analyzed. Moreover, in the present system,
50% of female ESCs initiated XCI during the first 3 days of differ-
entiation, demonstrating that during this developmental time
window, major epigenetic and gene regulatory changes occur. The
different conditions for days 1, 2, and 3 of differentiation were (i)
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no DOX treatment, (ii) 2 days of DOX treatment followed by
washout and 1 day of recovery, and (iii) addition of DOX for 2
days before analysis (Fig. 4A). FACS analysis showed that while
DOX treatment until the start of differentiation did not interfere
with the recovery of FI levels, the DOX treatment exerted a stron-
ger inhibitory effect on recovery if DOX was administered during
differentiation (Fig. 4B). Plotting of the difference in the EGFP FI
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analysis of variance (C to E). d0, d1, d2, and d3, days 0, 1, 2, and 3, respectively.

ratios between recovered and repressed cells for all clones revealed  antisense transcription-induced EGFP repression (Fig. 4D).In ad-
significant differences over the time of differentiation (Fig. 4D). dition, when ptet antisense transcription through the EGFP cas-
This difference trended toward zero, demonstrating that at later  sette was induced from days 1 to 3 of differentiation, repression of
time points of differentiation cells are not able to recover from  the EGFP was attenuated. This suggests either that antisense tran-
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scription at the onset of differentiation is important for proper
silencing of the antisense partner or that at later time points dur-
ing differentiation any kind of forced expression helps to maintain
the locus in an open conformation. To test whether the loss of
reversible silencing during differentiation is caused by general re-
pression of the EGFP reporter and to verify that induction of tran-
scription from the ptet promoter is working under differentiation
conditions, RNA was isolated from cells in the same time course
experiments and transcripts emanating from the ptet and CAG
promoters were quantified by strand-specific gPCR. The abun-
dance of ptet transcripts increased 1.5- to 3-fold upon DOX addi-
tion at all time points analyzed, and this expression reverted to
levels similar to those obtained under the noninduced condition
after DOX removal (Fig. 4C), demonstrating that the inducible
system functions normally in differentiating cells. Of note, the ptet
promoter appeared to become increasingly derepressed while dif-
ferentiation lasted. Upon addition or washout of DOX, EGFP
transcripts displayed the expected anticorrelation with ptet-de-
rived transcription, mirroring the data obtained by FACS analysis
(Fig. 4C). Plotting the differences in expression levels for all clones
pooled, we found that ptet levels do not differ significantly over
the time of differentiation. The difference between uninduced and
recovered cells clustered around zero, showing that ptet expres-
sion is effectively terminated upon DOX washout, whereas the
difference between recovered and repressed cells was negative,
showing that ptet expression can be induced at all time points
during differentiation (Fig. 4E, left). In contrast, the levels of
EGFP expression change significantly over the time of differenti-
ation. The difference between uninduced and recovered cells
increased, whereas the difference between recovered and re-
pressed cells decreased, demonstrating that EGFP expression lev-
els do not recover from DOX-induced repression at later time
points of differentiation (Fig. 4E, right). Importantly, the EGFP
mRNA abundance in the absence of DOX did not substantially
decrease during differentiation but stayed at levels comparable to
those in undifferentiated cells. Taken together, these data indicate
that antisense transcription during differentiation might lead to
stable repression of a gene on the opposite strand, in contrast to
the reversible silencing observed in undifferentiated cells.
Chromatin structure induced by antisense transcription
during differentiation. Since we observed that transcriptional an-
tisense read-through resulted in a specific chromatin signature at
the CAG promoter without altering DNA methylation levels in
undifferentiated ESCs, we next asked what effect antisense tran-
scription would have on chromatin structure during differentia-
tion. Therefore, differentiating cells were grown in the absence or
presence of DOX or were allowed to recover for 1 day after DOX
removal, and ChIP analysis of H3K4me3 and H3K36me3 was per-
formed at day 3 of differentiation (Fig. 5A to C). Similar to the
findings for undifferentiated cells without DOX induction in the
absence of ptet transcription, H3K4me3 was found to be strongly
enriched at the CAG promoter, while H3K36me3 levels were close
to the background levels. In DOX-induced cells, H3K36me3 be-
came enriched at the CAG promoter, while H3K4me3 levels de-
creased slightly, suggesting that antisense transcription through
the CAG promoter creates a specific chromatin environment also
during differentiation. However, at 1 day after DOX washout,
reversal of chromatin marks to the noninduced state was less com-
plete than it was in undifferentiated cells, even though the absolute
drop was equally prominent (Fig. 5C). This might be attributed
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either to the enhanced levels of DOX-induced ptet transcription
during later phases of differentiation (Fig. 4C) or to a more stable
silencing of EGFP. DNA methylation, which is believed to be im-
portant for stable repression of the inactivated X chromosome
(32) and several other genes (29), is highly dynamic during em-
bryonic development and is essential for embryonic development
(33,34). We therefore tested if DNA methylation is involved in the
repression of the EGFP reporter by bisulfite sequencing of cells
differentiated for 2 days. Strikingly, all clones analyzed displayed a
marked increase in DNA methylation in the CAG promoter which
was strictly dependent on antisense transcription (Fig. 5D). The
values ranged from 0% to 8% methylated CpGs without DOX
addition to up to 40% CpG methylation after 2 days of DOX
treatment. These findings indicate that antisense transcription
generates a particular chromatin signature and, contrary to the
situation in undifferentiated ESCs, is capable of inducing promot-
er-associated CGI DNA methylation only in the specific context of
differentiation. These events might lead, in turn, to stable gene
repression.

To follow up on the observations that properly assembled
chromatin and specific combinations of chromatin modifications
may have a role in the antisense transcription-mediated repres-
sion of the EGFP reporter, we used several small-molecule inhib-
itors (see Table S1 in the supplemental material) to interfere with
enzymes that catalyze DNA methylation or the addition or re-
moval of histone modifications. As described above, pulse-
chase-type experiments were performed on undifferentiated
and differentiating M2-3 cells, but this time the experiments
were performed in the presence of these inhibitors. Most inhibi-
tors had only minimal effects on repression and recovery in un-
differentiated and differentiating cells (see Fig. S2 in the supple-
mental material). However, in contrast to all other small-molecule
inhibitors used in this study, 2,4-PDCA, a histone demethylase
inhibitor with high specificity for JARID1 and JMJD2 family dem-
ethylases, which are responsible for H3K4me3 and H3K36me3
demethylation, respectively (35), strongly enhanced both the di-
rect repressive effect and stable silencing by antisense transcrip-
tion during differentiation (Fig. 5E). Taken together, these data
point to a general role for H3K4me3 and/or H3K36me3 in anti-
sense transcription-mediated repression and the establishment of
silent chromatin at the CAG promoter driving EGFP. In particu-
lar, maintenance of the silent state, which is put into place only
during differentiation, appears to be influenced by the H3K4me3
and H3K36me3 histone modifications.

DISCUSSION

Transcriptional interference mechanisms have been thoroughly
studied in prokaryotes and yeast (reviewed in reference 14). These
studies indicate transcriptional inhibition of the sense gene of a
sense-antisense gene pair, which might involve transcription-in-
voked torsional effects or transcriptional collision. In addition,
studies of the SRG1/SER3 system in yeast have implicated SRG1
transcription-dependent nucleosome occupancy in the SER3 pro-
moter in the repression of SER3 (36, 37). Torsional or topological
effects have also been implicated in transcriptional interference in
higher eukaryotes (38), and for the Xist/Tsix locus, chromatin
remodeling of the Xist promoter by overlapping Tsix transcription
has been shown to be involved in Xist silencing (9, 10). Our find-
ings indicate that antisense-mediated repression of a sense gene is
absent on transiently transfected templates, precluding an impor-
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days of doxycycline treatment and after 2 days of doxycycline treatment followed by 1 day of recovery (recovered). All cells were treated with 2,4-PDCA. Error
bars represent the SDs from three independent experiments.

tant role for direct transcriptional interference in silencing of the  histone modifications play a key role in antisense-mediated re-
reporter. Our ChIP experiments revealed the absence of chroma-  pression of fully overlapping sense-antisense gene pairs.

tin modifications that are normally found on templates randomly We found that silencing of a stably integrated reporter plasmid
integrated at different positions in the genome, suggesting that is reversible in ESCs and is accompanied by an increase in
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tion and is thus reversible upon doxycycline washout. (Right) In contrast, antisense transcription in differentiating ES cells leads to accumulation of DNA
methylation (filled circles) in the CAG promoter and stable silencing of EGFP, even if antisense transcription is stopped at later stages of differentiation. Only
histone modifications in the CAG promoter and downstream region are displayed.

H3K36me3 and a reduction of H3K4me3 in the CAG promoter
region driving EGFP transcription. Interestingly, during the ESC
differentiation process repression of EGFP is stabilized concomi-
tantly with partial maintenance of accumulated H3K36me3, the
loss of H3K4me3, and a significant increase in CpG methylation at
the EGFP promoter. Addition of inhibitors interfering with spe-
cific epigenetic pathways had little effect on green fluorescent
protein (GFP) expression during and after recovery of antisense
transcription for most compounds tested. However, addition of
2,4-PCDA had a pronounced effect on EGFP expression in differ-
entiating ESCs both during doxycycline-induced antisense tran-
scription and after recovery from this antisense transcription. The
compound 2,4-PCDA inhibits H3K4me3 and H3K36me3 dem-
ethylases, so the results suggest that accumulation of these modi-
fications leads to silencing of the CAG promoter, which might also
be the case for any other gene promoter with overlapping anti-
sense transcription. The observed effect of 2,4-PCDA was also
present, but less pronounced, in undifferentiated ESCs and was
possibly related to the reversibility of the silencing process. Inter-
estingly, treatment of differentiating ESCs with the DNA methyl-
ation inhibitor 5-aza-dC revealed the opposite effect, resulting in
an increase in EGFP expression, pointing to a specific role for
DNA methylation in silencing of antisense promoters in a devel-
opmental context.

Although we cannot formally exclude the possibility of a role
for the noncoding antisense RNA in this process, the synthetic
nature of our reporter construct favors a model where the act of
transcription and Pol II-associated chromatin remodelers play a
crucial role in the regulation of sense-antisense gene pairs where at
least one of the genes initiates transcription through the promoter
of the other gene. In yeast, the methyltransferase Set2 associates
with Pol II, and the resulting accumulation of H3K36me3 in the
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gene body is important for recruitment of the histone deacetylase
Rpd3 (15, 16, 39). In mammals, H3K36me3 is involved in recruit-
ment of the H3K4me3 demethylase KDM5B (17) and the DNA de
novo methyltransferase DNMT3A (18), implicating a role for
H3K36me3 in the repression of transcription from cryptic intra-
genic promoters. Our data are consistent with these findings and
suggest that promoter-associated H3K36me3 reversibly represses
transcription initiation in ESCs, which might be dependent on the
recruitment of KDM5B, whose function is associated with ESC
self-renewal. Upon ESC differentiation, H3K36me3-enriched
gene bodies, including our antisense-transcribed EGFP reporter,
might be targeted specifically by DNMT3A, which is upregulated
during this differentiation process. Whether silencing of the EGFP
promoter requires only H3K36me3 or is also dependent on
H3K4me3 needs further investigation. Similar observations have
been made for Xist and Tsix, two endogenous overlapping gene
loci. The loss of Tsix antisense transcription through the Xist pro-
moter has been shown to result in promoter-associated chromatin
changes, allowing aberrant initiation of Xist transcription (9, 10,
40). In addition, forced Tsix expression during development re-
sults in Xist promoter methylation (41). Xist promoter methyl-
ation is also required to stably repress Xist at later stages of devel-
opment in the absence of ongoing T'six transcription, which is shut
down in differentiated cells (42). Also for the imprinted Igf2r/Airn
locus, Airn antisense transcription through the Igf2r promoter is
required for silencing of Igf2r (5). Studies with an inducible Airn
promoter indicate that antisense Airn transcription leads to CpG
methylation of the Igf2r promoter, stabilizing the silent state,
which can then be maintained in the absence of Airn transcrip-
tional read-through (43). The present findings obtained for an
experimental sense-antisense gene pair in undifferentiated and
differentiating ESCs, taken together with the above-described
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findings on physiological gene pairs, clearly demarcate a develop-
mental time window where irreversible silencing is established.
Our experimental system provides a powerful tool to study the
respective regulatory mechanisms.

In prokaryotes and yeast, it has been found that genes with a
clear on-off switch show an enrichment for antisense expression
from a neighboring locus (44). This antisense transcription has
been implicated in providing thresholds that need to be overcome
for sense genes to be expressed (45). Also in higher eukaryotes, the
best-studied sense-antisense fully overlapping gene pairs, includ-
ing Xist/Tsix and Igf2r/Airn, show such a binary switch pattern in
gene expression during development, where the antisense partner
provides a threshold for initiation of transcription of the sense
gene. Our findings with an engineered reporter indicate that fully
overlapping sense-antisense and, possibly, sense-sense gene pairs
might be subject to a general silencing mechanism which does not
involve transcriptional interference but at least partially relies on
transcription-mediated accumulation of histone modifications in
promoters, leading to gene silencing (Fig. 6). Our model does not
exclude alternative models like nucleosome occupancy-mediated
repression of overlapping promoters, as was observed for the
SRG1/SER3 locus in yeast (36, 37), or ncRNA-mediated recruit-
ment of chromatin modifiers at specific loci, as proposed for Airn,
Kenglotl, and Xist (6, 7, 19). Rather, several complementary
mechanisms might act cooperatively to ensure the faithful reg-
ulation of overlapping gene pairs. Genome-wide strand-spe-
cific transcriptome sequencing and ChIP sequencing studies
will be required to determine whether such a general surveil-
lance mechanism is indeed active in mammalian systems.
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