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The underlying mechanisms linking antisense RNA, chro-

matin architecture and gene expression have not been

fully elucidated. Here we show that long transcripts en-

coded from the Kcnq1ot1 antisense promoter silence the

flanking genes more efficiently than short antisense tran-

scripts. Interestingly, the antisense RNA-mediated deposi-

tion of inactive chromatin-specific histone modifications

was higher with the longer antisense transcripts than with

the shorter antisense transcripts. The kinetic studies of

expression and chromatin remodeling of overlapping and

nonoverlapping genes in response to antisense transcrip-

tion revealed that the overlapping gene was rapidly

silenced due to decrease in the occupancy of basal trans-

cription machinery and simultaneous enrichment of its

promoter with inactive chromatin modifications. The non-

overlapping gene, initially enriched with histone modifi-

cations specific to active chromatin, was subsequently

silenced. Surprisingly, the flanking sequences were initi-

ally enriched with H3K9 monomethylation, as compared

to di- and trimethylation, with a subsequent shift to

trimethylated H3K9 enrichment. Our data provide a new

perspective into antisense RNA-mediated gene silencing,

and, more importantly, provide an explanation for why

the antisense transcripts encoded from imprinting control

regions are of significant length.
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Introduction

Several lines of evidence have been accumulated to suggest

that antisense RNA-mediated gene silencing can be a key

regulatory step in multi-step transcriptional regulatory

mechanisms (Lavorgna et al, 2004). Examples of this include

X-chromosome inactivation (Lee et al, 1999a), gene regula-

tion in imprinted clusters (Sleutels et al, 2002; Thakur et al,

2004) and, more recently, evidence of individual gene regula-

tion (Tufarelli et al, 2003). In silico studies based on mouse

and human EST databases have predicted the presence of

more than 2500 antisense transcripts (Yelin et al, 2003).

Recent investigations by the FANTOM3 consortium have pre-

dicted that antisense transcripts are 1.5–2-fold greater than

that estimated from previous studies in mouse and humans,

suggesting that antisense transcription-mediated gene regula-

tion is a widespread mechanism (Katayama et al, 2005).

Based on current literature, antisense transcripts can be

grouped into two classes: small antisense transcripts and long

antisense transcripts. The length of small antisense tran-

scripts, also termed micro-RNAs, range between 21 and 23

nucleotides, while the length of long antisense transcripts

varies significantly, that is, from 100 bp to several hundreds of

kilobases. While the functional significance of some of small

antisense transcripts during development has recently been

unraveled (Pasquinelli and Ruvkun, 2002), the functional role

of long antisense transcripts in development has not been

thoroughly investigated.

Chromatin, the result of the intimate association of histone

proteins and DNA into repeating nucleosomal units, is orga-

nized into euchromatin and heterochromatin. Emerging

evidence suggests a functional role for noncoding RNA in

influencing euchromatin and heterochromatin organization

(Bernstein and Allis, 2005). However, the underlying mecha-

nisms largely remain unknown. Euchromatin and hetero-

chromatin are distinguished by characterizing the relative

presence of various histone modifications. For example,

euchromatin is enriched with histone modifications such

as acetylated H3K9 (H3K9Ac) and dimethylated H3K4

(H3K9Me2), while heterochromatin is marked predominantly

by trimethylated H3K9 (H3K9Me3) and trimethylated H3K27

(H3K27Me3). Interestingly, the three methylated forms of

H3K9 (mono- (H3K9Me1), di- (H3K9Me2) and H3K9Me3)

are differentially distributed in the silent domains located

in euchromatic and pericentric heterochromatin regions.

The silent domains in euchromatic regions are enriched

with H3K9Me1 and -Me2, while the pericentric hetero-

chromatin is enriched with H3K9Me3 (Peters et al, 2003;

Rice et al, 2003).

Recent investigations have invoked antisense transcription

in establishment of both active and inactive chromatin states.

For example, in the a-globin locus of thalassemic patients, the

globin promoter is epigenetically inactivated by antisense

transcription from a widely expressed LUC7L promoter,

which is juxtaposed in antisense orientaion to the a-globin

promoter due to a translocation event (Tufarelli et al, 2003).

Interestingly, in a recent investigation, it has been shown that

in embryonic stem cells the Tsix antisense transcription

induces H3K4Me2 over the entire Xist locus, which overlaps

the Tsix antisense transcript, thereby making the Xist/Tsix

locus transcriptionally competent. It has been proposed that

the Tsix-induced transcriptionally competent chromatin may
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play a pivotal role in the transition from imprinted to random

X-chromosome inactivation during early mammalian embryo-

genesis (Navarro et al, 2005). Interestingly, however, the

antisense transcription from imprinting control regions

(ICRs), which are associated with gene clusters exhibiting

the parent of origin-specific expression patterns, leads to the

silencing of not only overlapping genes but also nonoverlap-

ping genes (Sleutels et al, 2002; Thakur et al, 2004). Although

several imprinted antisense transcripts have been identified

in imprinted clusters, only the antisense transcripts Air and

Kcnq1ot1 have been functionally implicated in regulating

imprinting thus far (Sleutels et al, 2002; Thakur et al,

2004). Another interesting feature associated with these

antisense transcripts is that they are generally of more than

50 kb in length (Mitsuya et al, 1999; Lyle et al, 2000; Landers

et al, 2004). The functional role of the antisense transcript

length in the maintenance of gene expression in imprinted

gene clusters remains, however, unclear.

The promoter of the Kcnq1ot1 antisense transcript is

mapped to an ICR located in intron 10 of the Kcnq1 gene on

mouse chromosome 7. The ICR is methylated on the maternal

chromosome (Lee et al, 1999b; Smilinich et al, 1999), while it

remains unmethylated on the paternal chromosome. The

paternal inheritance of a deletion of the Kcnq1 ICR, encom-

passing the Kcnq1ot1 promoter, resulted in the activation of

the normally silent genes Osbp15, Phld2a, Slc22a1l, Cdkn1c

(telomeric) and Kcnq1, Tssc4, Cd81, Ascl2 (centromeric),

indicating a crucial role for the ICR in maintaining the parent

of origin-specific expression of neighboring genes as far as

200 kb distant from the antisense promoter (Fitzpatrick et al,

2002). In a previous report, we have documented that the

Kcnq1 ICR executes a bidirectional silencing property in

controlling the expression of neighboring genes. By selec-

tively deleting sequences encompassing the antisense pro-

moter, or by truncating antisense transcription by inserting

polyadenylation sequences at different distances from the

antisense transcription start site, we have shown that the

bidirectional silencing property of the Kcnq1 ICR is controlled

by antisense RNA (Pandey et al, 2004; Thakur et al, 2004).

Although the 3.6 kb Kcnq1 ICR fragment (containing 1.7 kb

sequence 30 of the antisense promoter) independently

silences the flanking reporter genes in an episomal-based

system, we could not detect any significant silencing when

we inserted a polyadenylation sequence 1.7 kb downstream

of the antisense transcription start site, that is, at the end of

the ICR sequence (Thakur et al, 2004). This observation

indicates that antisense transcription beyond the ICR frag-

ment is required for achieving efficient bidirectional silen-

cing. Based on these observations, we have previously

proposed that an increase in the length of the antisense

transcript or in the duration of antisense transcription

would perhaps increase the recruitment of repressor com-

plexes by the antisense RNA. This in turn would create a

nucleation site for heterochromatin formation over the se-

quences that overlap the antisense transcription, followed by

the spreading of the heterochromatin to the other areas from

the nucleation site (Pandey et al, 2004; Thakur et al, 2004).

We were therefore keen to address the aforementioned

outstanding issues concerning the antisense transcription-

mediated bidirectional silencing using an episomal-based

system. First, by using RT–PCR we have shown that the

antisense transcript spans more than 10 kb in length in PS4

episome. By incorporating the SV40 polyadenylation (PolyA)

sequences at 4.9, 5.5, 6.2 and 9.2 kb from the antisense

transcription start site, we have shown that the degree of

silencing is directly proportional to the length of the tran-

script. In addition, we have shown that longer antisense

transcripts could more efficiently propagate the epigenetic

modifications specific to inactive chromatin than that shorter

transcripts could do.

By analyzing the kinetics of silencing of overlapping and

nonoverlapping genes in relation to antisense transcription,

we have demonstrated that the antisense RNA initially

silences the overlapping gene, and subsequently the nono-

verlapping adjacent gene, by spreading an inactive chromatin

conformation. The kinetic studies of histone modifications in

relation to antisense transcription, analyzed using chromatin

immunopurification (ChIP), revealed that all three methyl-

ated forms of H3K9 could be detected over the flanking

sequences. Surprisingly, however, the flanking sequences

were initially enriched with H3K9Me1 as compared to

H3K9Me2 or H3K9Me3, with a subsequent shift to

H3K9Me3 enrichment. Together, these observations provide

significant insights into the Kcnq1ot1 antisense RNA-medi-

ated bidirectional silencing, and, more importantly, the

present study provides a strong mechanistic link between

antisense RNA and heterochromatin.

Results

The length of the antisense RNA encoded from

the Kcnq1ot1 promoter determines the degree

of bidirectional silencing

To address the functional role of the antisense transcript

length encoded from the Kcnq1ot1 promoter of the Kcnq1

ICR, we initially mapped the antisense transcript in PS4

episome (see PS4 in Figure 1B for details) using the

RT–PCR approach. As shown in Figure 1A–C, by using primer

pairs covering various regions of PS4 episome (see Figure 1B

for the positions of RT–PCR primers, which are shown as

dashed lanes), we have shown that the antisense transcript

spans sequences of more than 10 kb. We truncated the anti-

sense RNA by inserting the polyA at 4.9 kb (see PS4polyA4.9

in Figure 1B), 5.5 kb (see PS4polyA5.5 in Figure 1B), or 9.2 kb

(see PS4polyA9.2 in Figure 1B) downstream of the antisense

transcription start site. We have transiently transfected these

episomal constructs along with a previously characterized

PS4polyA1.7 episome construct (the polyA sequence was

inserted 1.7 kb downstream of the antisense transcription

start site; see Thakur et al, 2004 for details) into the JEG-3

cell line (derived from human placenta) for 8 days. Initially,

we carried out RT–PCR assays on RNA extracted from these

transfections using primers that map pre- and post-polyA

sequence insertion to check whether the polyA sequence

truncated the antisense transcript. We used OripA and

OripB RT–PCR primers to check whether the antisense tran-

script was truncated due to insertion of the PolyA sequence at

9.2 or 5.5 kb downstream of the antisense transcription start

site, respectively. Similarly, RT–PCR primers, H19 Pro, were

used to check truncation of the antisense transcript due to

the PolyA sequence inserted 4.9 kb downstream of the anti-

sense transcription start site (Figure 1B and C). There was no

detectable antisense transcription beyond the PolyA sequence

insertion site (see the left panel for PS4polyA9.2, middle
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panel for PS4polyA5.5 and right panel for PS4polyA4.9 in

Figure 1C).

We next analyzed the activity of H19 reporter gene by

RNase protection assay (RPA) and the hygromycin gene

activity by counting the resistant colonies obtained after

selection with hygromycin. Together, these analyses enabled

us to assess the bidirectional silencing activity of the Kcnq1

ICR, as these reporter genes are located on both sides of

the ICR in PS4polyA5.5 and PS4polyA9.2. We observed

pronounced silencing of reporter genes in PS4polyA9.2 as

compared to PS4polyA5.5 and PS4polyA1.7, indicating that

an increase in the length of antisense RNA increases the

degree of silencing (see the left panel in Figure 2A). Insertion

of the PolyA sequence, however, did not interfere with the

antisense transcription (see the right panel in Figure 2A).

These results clearly suggest a critical role for the length of

transcript encoded from the Kcnq1ot1 antisense promoter.

We next investigated whether the antisense transcript

encoded from the sequence spanning the Kcnq1ot1 antisense

promoter alone is sufficient to induce bidirectional silencing.

To address this issue, we fine mapped the functional anti-

sense promoter in the 3.6 kb Kcnq1 ICR by PCR cloning

the several fragments spanning the various regions of the

antisense promoter into promoter-less luciferase vector

(PGL3-Basic) and assaying their promoter activity by analyz-

ing the luciferase activity. We used CycB2 promoter (B2-Luci)

as a positive control for this assay (Lange-zu Dohna et al,

2000). The 742 bp fragment showed maximum promoter

activity in contrast to the 570 bp fragment and CycB2 pro-

moter (Figure 2B). We then replaced the 3.6 kb Kcnq1 ICR

with the 742 bp fragment in PS4 polyA9.2 (see PH19ot1 742

in Figure 2C) and transfected this plasmid along with PH19

into the JEG-3 cell line. RT–PCR analysis of the RNA obtained

from these transfected cells revealed that the 742 bp fragment

Figure 1 Mapping of the antisense transcript in PS4 episomal plasmid. (A) The physical map of an imprinted cluster at the distal end of the
mouse chromosome 7. An extended map of the 6.8 kb region encompassing the Kcnq1 ICR is shown below. The curved arrows depict the
transcription start sites. (B) Physical maps of the various episome constructs PH19, PS4, PS4polyA9.2, PS4polyA5.5, PS4DH19polyA9.2 and
PS4 polyA4.9, depicting the position of the PolyA sequence (shown by the flag) relative to the antisense transcription start site. RT–PCR
primers, OriPA, OripB, H19pro and Kcnq1ot1, shown by the dashed lines, were used for both mapping of the antisense transcript and to check
truncation of the antisense transcript due to the PolyA sequence insertion. (C) Finemapping of the antisense transcript by RT–PCR showed that
the length of the antisense transcript is more than 10 kb. The analyses also showed truncation of the antisense transcript at the PolyA sequence.
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encodes the antisense transcript, suggesting that the

742 bp fragment contains a functional antisense promoter

(Figure 2D). We next analyzed its bidirectional silencing

properties by measuring the hygromycin gene activity, by

counting the hygromycin-resistant clones. As can be seen in

Figure 2C, insertion of the sequences spanning the antisense

promoter alone cannot spread the bidirectional silencing.

In both PS4polyA9.2 and PS4polyA5.5 constructs, the

antisense RNA overlaps the H19 reporter gene and therefore

there is potential for the formation of double-stranded RNA

(dsRNA) due to bidirectional transcription from the opposing

promoters. This in turn could trigger the dsRNA-mediated

RNA interference silencing pathway. In a previous study,

however, we ruled out such a possibility by selectively

deleting the H19 transcription unit in PS4 episome. Since

the antisense transcript overlaps with more than 10 kb

sequence in PS4 episome, there is a formal possibility for

pairing up with an episome-specific transcript such as EBNA

Figure 2 The length of the antisense transcript determines the degree of bidirectional silencing. (A) The left panel contains a bar graph
showing the activity of the H19 and hygromycin genes in various episomal constructs, as depicted beside the bar graph. For each construct,
the activity of H19 is represented by yellow bars and that of hygromycin by green bars. The activity of each reporter gene is represented as
percentage expression levels. The activity of the control vectors (PH19 for H19 and hygromycin genes) were, for convenience, assigned a value
of 100% and the values obtained with mutant episomal plasmids were related to this value. The activity of H19 reporter gene was quantified by
RPA using RNA obtained from JEG-3 cells harvested 8 days after transient transfection with episomes. Percentages of expression levels were
calculated after normalization against total input RNA, using GAPDH mRNA as an internal standard, and episomal copy numbers, quantified
by Southern hybridization of DNA obtained from transfected cells probed with both an episome-specific probe and an internal control probe,
PDGF gene. The number of hygromycin-resistant clones (green bars) was used to assess bidirectional silencing by the Kcnq1 ICR. The right
panel depicts a bar graph showing the expression levels of the antisense transcript in various PolyA constructs, in relation to the control
construct PS4. The percentage expression levels for the antisense transcript activity were calculated as described above. The data represent the
means7s.d. of three independent experiments. (B) Functional mapping of the Kcnq1ot1 antisense promoter within the Kcnq1 ICR. Cartoon
showing the fragments of the Kcnq1 ICR that were cloned into promoter-less luciferase vector (PGL3-Basic). The bar graph shows the relative
luciferase activity. The strength of the promoter activity of PGL3-Basic570 and PGL3-Basic742 is presented relative to PGL3-BasicCycB2. All of
the luciferase constructs were transfected into JEG-3 cell line. The data represent means7s.d. of three independent experiments performed in
duplicate. (C) The 742 bp fragment encompassing the Kcnq1ot1 antisense promoter does not show any bidirectional silencing activity. The
graph shows the hygromycin gene activity in PH19ot1 742 relative to the control PH19 plasmid. The data represent means7s.d. of three
independent experiments. (D) RT–PCR assay shows that the 742 bp fragment encodes the antisense transcript in PH19ot1 742 episome
construct. The RT–PCR was performed using the H19pro primers (see Figure 1B for primer details). (E) Strand-specific RT–PCR, performed
using the Kcnq1ot1 primers (see Figure 1B for primer details), shows the presence of the antisense transcript in the Kcnq1 ICR region, but not
the presence of any transcript encoded from the episomal sequences.
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(Thakur et al, 2004). To investigate this possibility, we have

deleted 3.0 kb of the H19 transcription unit, covering the

H19 promoter and coding regions, from PS4polyA9.2 con-

struct (see PS4DH19 polyA 9.2 in Figure 1B). Since we could

not analyze the H19 reporter gene activity in PS4DH19 polyA

9.2 construct, we assayed the activity of hygromycin gene

and found that significant silencing of hygromycin gene had

occurred (see the left panel in Figure 2A). More importantly,

in PS4DH19polyA9.2 construct, the antisense transcript

does not overlap with any known episomal-specific tran-

script. In addition, strand-specific RT–PCR analysis within

the Kcnq1 ICR in PS4DH19polyA9.2 construct did not reveal

any bidirectional transcription, which could be due to cryptic

promoter activity from the episomal sequences (Figure 2E).

Consistent with our earlier results, the present data obtained

with PS4DH19 polyA 9.2 rule out the potential involvement

of dsRNA, formed as a result of bidirectional transcription

from opposing promoters, in the Kcnq1 ICR-mediated bidirec-

tional silencing. Interestingly, the degree of hygromycin gene

silencing was relatively low in PS4DH19polyA9.2 as com-

pared to PS4polyA9.2. This is consistent with the fact that the

total length of the antisense transcript in PS4DH19polyA 9.2

is 6.2 kb.

The mouse H19 transcription unit has been shown to

contain conserved secondary structures (Tilghman et al,

1995). Though studies thus far have not attributed any

known function to the mouse H19 transcript, the antisense

transcription through these repeats could generate secondary

structures, which in turn could be responsible for silencing.

In other words, the observed bidirectional silencing could be

as a result of the antisense transcription through the H19 or

episome-specific sequences. To address this issue, we added

an extra 3.2 kb native sequence from the mouse Kcnq1 locus

to the already existing 1.7 kb sequence downstream of the

antisense promoter, making the total length of the native

Kcnq1ot1 gene sequence downstream of the antisense

promoter 4.9 kb. We then inserted the polyA sequence into

the unique Not1 site at the end of the 4.9 kb sequence (see

PS4polyA4.9 in Figure 1B). This antisense transcript does not

overlap with any known episome-specific sequence or tran-

script from episome. Analysis of reporter gene expression

in this construct showed a significant reduction in the activity

of both H19 and hygromycin genes, suggesting that the

observed bidirectional silencing is a result of 3.6 kb Kcnq1

ICR and that H19 or episome-specific sequences have no role

in the silencing (Figure 2A). More importantly, this obser-

vation emphasizes the fact that the 1.7 kb downstream

sequence harbors critical regions involved in spreading the

bidirectional silencing and that these critical regions could

effectively propagate silencing signals in longer antisense

transcripts by interacting with RNP complexes (Figure 5).

The degree of silencing of reporter genes by the antisense

RNA was relatively low in PS4polyA4.9 when compared to

the PS4 polyA9.2, consistent with the functional role of

antisense transcript length in the bidirectional silencing.

Spreading of epigenetic modifications over the

overlapping H19 reporter gene promoter was tightly

linked to the antisense transcript length

Since the above observations clearly documented that the

longer antisense transcripts could more efficiently silence

the flanking genes than the shorter antisense transcripts,

we wanted to investigate how the length of the antisense

transcript contributes to the silencing of flanking genes. First,

we wanted to know whether the Kcnq1ot1 antisense tran-

scription is linked to the establishment of inactive chromatin

over the flanking sequences. To this end, we performed

ChIP using the wild-type PS4 (PS4polyA9.2) and the mutant

PS4 episome carrying the Kcnq1 ICR with mutations at the

NF-Y binding sites of the antisense promoter (PS4CAT1–3; for

details, see Pandey et al, 2004), which supports only 30%

of the antisense transcription compared to that of wild-type

PS4. As shown in Figure 3A, B and E, the overlapping H19

promoter was enriched with H3K9Me3 in PS4polyA9.2 in

comparison to PS4CAT1–3, suggesting that antisense RNA is

involved in modification of the flanking active chromatin into

inactive chromatin. We next addressed whether an increase

in the length of the antisense transcript has any effect on

the establishment of inactive chromatin. As can be seen

from Figure 3C–E, the overlapping promoter was enriched

with H3K9Me3 in PS4polyA9.2 compared to PS4polyA1.7,

suggesting that the longer antisense transcripts encoded from

the Kcnq1ot1 promoter could efficiently modify the flanking

active chromatin into inactive chromatin.

The antisense RNA silences overlapping genes prior

to nonoverlapping genes

In mouse, the antisense transcript Kcnq1ot1 overlaps with

only the Kcnq1 gene, but nevertheless affects the regulation

of several nonoverlapping genes (see Figure 1A). Kinetic

experiments, where the overlapping and nonoverlapping

genes are silenced in vivo by means of antisense RNA, have

not been performed. This could be partly due to difficulty in

performing such kinetic experiments when the silencing is

regulated in a spatio-temporal manner during early mouse

development. In PS4polyA9.2, the antisense transcript over-

laps with H19, but not hygromycin gene, which is on

the other side of the Kcnq1 ICR (see PS4polyA9.2 in

Figure 1B). An episome-based system (PS4polyA9.2), there-

fore, provides an opportunity to address the temporal order of

the silencing of the overlapping and the nonoverlapping

genes in relation to the antisense transcription. To investigate

this issue in detail, we propagated PH19 and PS4 polyA 9.2

plasmids into the JEG-3 cell line for 2, 4 and 8 days after

transfection. The RNA extracted from these transient trans-

fections was subjected to RPA using the RNA probes specific

to H19 and hygromycin reporter genes. As shown in

Figure 4A, significant silencing of the overlapping gene

could be seen within 2 days after transfection. Whereas the

nonoverlapping gene was marginally silenced at around 2

days, marked silencing was detected only at 8 days.

Interestingly, we obtained similar results when we performed

the latter experiment on NS11 episome construct (where the

hygromycin gene is the overlapping gene to the antisense

promoter and the H19 gene is the nonoverlapping gene;

for details, see Thakur et al, 2004), which rules out the

possible involvement of promoter specificity (Figure 4B).

Collectively, these results suggest that the antisense RNA

silences the overlapping gene much earlier than the non-

overlapping gene.

The silencing of the overlapping gene, but not the non-

overlapping gene, by the antisense RNA 2 days after transfec-

tion was an intriguing finding, which prompted us to

investigate the kinetics of inactive chromatin formation

The length of an antisense transcript regulates silencing
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over the overlapping and nonoverlapping genes in relation

to antisense transcription. To this end, we assayed the

temporal order of histone modifications specific to active

and inactive chromatin over the overlapping and nonover-

lapping promoters by ChIP analysis using various antibodies

(H3K9Me1, H3K9Me2, H3K9Me3, H3K9Ac, H3K27Me3 and

H3K4Me2) on crosslinked chromatin obtained from the JEG-3

cells transfected with PH19 and PS4PolyA9.2 for 2 and 8

days. Quantitative analyses of the immunopurified material

show that, in the 2-day sample, the overlapping promoter

was enriched with H3K9Me1, H3K4Me2 and H3K9Ac, but

not with H3K9Me2, H3K9Me3 and H3K27Me3. The 8-day

sample, however, was relatively enriched with H3K9Me3 in

comparison to H3K4Me2, H3K9Ac, H3K9Me1 and H3K9Me2.

H3K27Me3 at the overlapping promoter was significantly

more enriched in the 8-day sample as compared to the

2-day sample (Figure 4C and D).

In contrast, the chromatin surrounding the nonoverlapping

promoter was more enriched with H3K9Ac and H3K4Me2

than with H3K9Me1, H3K9Me2 and H3K9Me3 in the 2-day

sample. In the 8-day sample, however, the chromatin was

relatively enriched in H3K9Me3 compared with other histone

modifications (Figure 4C and E). Since there is a significant

silencing of the overlapping promoter compared with the

nonoverlapping promoter, even though the overlapping pro-

moter was enriched with H3K9Me1, H3K4Me2 and H3K9Ac,

we presumed that the antisense transcription, in addition to

epigenetically modifying the flanking chromatin, might also

interfere with formation of RNAPolII preinitiation complex.

To test this possibility, we performed the kinetic analysis

of occupancy of RNAPolII and TFIIB, which are major consti-

tuents of RNAPolII preinitiation complex, on both the over-

lapping and nonoverlapping promoters in relation to the

antisense transcription. Interestingly, RNAPolII and TFIIB

occupancy is significantly disturbed in the overlapping pro-

moter in 2- and 8-day samples as compared to the nonover-

lapping promoter (Figure 4H and I).

We next analyzed whether the antisense RNA-mediated

heterochromatinization is restricted to the promoter regions

or whether it includes nonpromoter sequences as well. We have

addressed this issue by analyzing the levels of H3K9Me3 and

H3K9Ac in the EBNA (Ec) and H19 (H19c1 and H19c2) coding

regions of PS4polyA9.2 and PH19 constructs (Figure 4C). The

EBNA and H19 coding regions showed increased levels of

H3K9Me3 and low levels of H3K9Ac in PS4polyA9.2 compared

to PH19, suggesting that antisense RNA-mediated bidirectional

silencing involves linear spreading of epigenetic modifications

(Figure 4F and G). Collectively, these results indicate that

Figure 3 The longer antisense transcripts efficiently induce inactive chromatin over the overlapping promoter as compared to the shorter
transcripts. (A) Schematic representation of the PS4polyA9.2 episomal construct. (B) Semiquantitative PCR analysis of ChIP material obtained
from the JEG-3 cells, transfected with PS4polyA9.2 and PS4CAT1–3, revealed that the inactive chromatin is established over the overlapping
promoter in the antisense transcription-dependent manner. (C) Semiquantitative PCR analysis of ChIP material obtained from the JEG-3 cells
transfected with PS4polyA9.2 and PS4polyA1.7 episome constructs revealed that the longer, but not the shorter antisense transcript, modifies
the active flanking chromatin over the H19 reporter gene promoter (enriched in H3K9Ac) into inactive chromatin (enriched in H3K9Me3).
(D) b-Globin (used as a control to measure the histone modifications specific to inactive chromatin) and LDH (housekeeping gene, used as a
control to measure the histone modifications specific to active chromatin) promoters were used as internal controls to assess the quality of the
ChIPs. (E) Quantitative analysis of ChIP material used in (B–D). The graph shows percentage enrichment and the data were quantified as
described in Materials and methods. The data represent means7s.d. of three independent ChIP experiments.
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H3K9Ac and H3K9Me profiles are primarily affected by the

antisense transcription. More importantly, these findings indi-

cate that antisense RNA-mediated heterochromatinization

involves the processivity of H3K9Me1 and H3K9Me2 into

H3K9Me3.

Discussion

Antisense transcription-mediated bidirectional silencing is

a poorly explored area in biology. The antisense transcripts

encoded from ICRs are generally longer than 50 kb in length
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and, more importantly, are implicated in the bidirectional

silencing of flanking genes spread over several hundreds of

kilobases. However, studies aimed at unraveling the func-

tional significance of antisense transcript length have not

been carried out. In this report, we show, for the first time,

that antisense transcript length is intimately linked to the

degree of bidirectional silencing and chromatin remodeling.

By inserting the polyA sequence at different locations relative

to the antisense transcription start site in PS4 episome, we

have demonstrated that longer antisense transcripts silence

flanking reporter genes more efficiently than do shorter

antisense transcripts, suggesting that the length of the anti-

sense transcript plays a critical role in antisense RNA-

mediated bidirectional silencing. This observation raises an

important question, namely, how does an increase in the

length of antisense transcript determine the intensity of silen-

cing? We envisage two different scenarios to explain this

intriguing observation. (1) If the antisense RNA is longer,

the antisense transcriptional process requires more time to

synthesize RNAs, thus allowing the antisense RNA to remain

present for a longer time at the site of transcription. In turn,

this helps to increase the recruitment of heterochromatic

complexes by the crucial cis-acting sequences in the antisense

RNA to the regions that overlap antisense transcription, thus

forming a nucleation site for the spreading of the hetero-

chromatin in cis (see Figure 5). (2) Alternatively, the longer

antisense transcripts would bind more efficiently to chromatin

in cis than do the shorter antisense transcripts. The binding of

the antisense RNA to the chromatin must be mediated

through either the binding of RNP complexes to the crucial

sequences in the RNA or through direct interaction of certain

sequences in the RNA itself. We presume that the spreading

of heterochromatin in this situation could be analogous to

Xist-mediated X-inactivation in mammalian females.

Although recent investigations have shown the presence of

allele-specific chromatin modifications in the entire mouse

Kcnq1domain (Lewis et al, 2004; Umlauf et al, 2004), the

relevance of allele-specific histone modifications to antisense

transcription has not been established. By exploiting the wild-

type Kcnq1 ICR (PS4polyA9.2) and the Kcnq1 ICR harboring

mutant antisense promoter (PS4CAT1–3), the present data

implicate the antisense RNA in the remodeling of active

chromatin into inactive chromatin. More importantly, an

enrichment of histone modifications specific to inactive

chromatin by the longer antisense transcripts, but not by

the shorter antisense transcripts, further underscores the

functional role of the length of antisense RNA in recruitment

of heterochromatic machinery. The presence of inactive

chromatin not only at the promoter sequences but also at

the nonpromoter sequences suggests that antisense RNA-

mediated bidirectional silencing involves linear spreading of

inactive chromatin.

Our parallel kinetic studies of expression and chromatin

organization of overlapping and nonoverlapping genes in

relation to antisense transcription suggest that the over-

lapping promoter enriched with H3K9Me1, H3K9Ac and

H3K4Me2 is silenced initially, whereas the nonoverlapping

promoter initially enriched with H3K4Me2 and H3K9Ac is

silenced later. However, within 8 days, both the overlapping

and nonoverlapping promoters are substantially silenced

Figure 5 Model describing the functional role of the antisense transcript’s length in bidirectional silencing mediated by the Kcnq1ot1 antisense
RNA. As the antisense promoter requires shorter duration to synthesize 1.7 kb Kcnq1ot1 antisense transcript in the PS4polyA1.7, it detaches
from the chromatin soon after its formation, even though it has the sequences required for the bidirectional silencing. In contrast, the antisense
promoter takes a longer duration to synthesize 9.2 kb antisense transcript in the PS4polyA9.2, thus allowing the antisense RNA, complexed
with heterochromatic machinery, to remain present for a relatively longer time at the site of antisense transcription. This in turn provides an
opportunity for the antisense transcript to spread inactive chromatin structures in cis. The curved line denotes the antisense transcript.
H3K9Me3 is depicted with red circles, whereas H3K9Ac is depicted with green circles.

Figure 4 The antisense transcription silences the overlapping gene prior to the nonoverlapping gene. Bar graphs showing the activity of H19
and hygromycin genes in PS4polyA9.2 (A) and NS11 (B) plasmids, propagated for 2, 4 and 8 days post-transfection. The H19 and hygromycin
gene activity was assessed using RPA. The percentage activity of the H19 and hygromycin genes was calculated after normalization against
total input RNA and episomal copy number, as described in the legend of Figure 2. (C) Schematic representation of PS4polyA9.2 episomal
construct. The dashed lines indicate the position of the primers used for quantitative PCR reactions. (D, E) Quantitative analyses of ChIP
material (bar graphs showing percentage enrichment, the data represent means7s.d. of three independent ChIP experiments and quantifica-
tion was performed as described in Figure 3E) using antibodies such as H3K9Me1, H3K9Me2 and H3K9Me3, H3K27Me3, H3K4Me2 and
H3K9Ac on the crosslinked chromatin obtained from PH19- and PS4polyA9.2-transfected cells harvested at 2 and 8 days post-transfection. The
ChIP analyses revealed that the H19 overlapping promoter (D) is more enriched with inactive chromatin-specific histone modifications in the
2-day sample as compared to the nonoverlapping hygromycin promoter (E). The bar graphs showing the real-time quantification of enrichment
of H3K9Me3 and H3K9Ac in the EBNA (Ec, F) and H19 (H19c1 and H19c2, G) coding regions of PS4polyA9.2 and PH19 constructs. Real-time
quantification was performed as described in Figure 3E. The data represent means7s.d. of three independent ChIP experiments. (H, I)
Antisense transcription interferes with the occupancy of RNAPolII preinitiation complex. Quantitative PCR analysis of ChIP material obtained
using RNAPolII and TFIIB antibodies on crosslinked chromatin from JEG-3 cells transfected with PS4polyA9.2 and PH19 for 2 and 8 days over
the promoters of the overlapping H19 (H) and the nonoverlapping hygromycin gene (I). The graphs show percentage enrichment. Real-time
quantification was performed as described in Figure 3E. The data represent means7s.d. of three independent ChIP experiments.
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and are enriched with H3K9Me3, deacetylated H3K9 and

H3K27Me3, suggesting that methylation of H3K9 and

deacetylation of H3K9 are early events that take place in

response to the antisense transcription and seem to coincide

with the silencing process. Interestingly, significant silencing

of the overlapping promoter in the presence of high levels

of H3K9Me1, H3K4Me2 and H3K9Ac suggests that initial

silencing of the overlapping promoter could be the result

not only of antisense RNA-mediated heterochromatinization

but also of a mechanism that is related to the antisense

transcription. We presume that the basal transcription ma-

chinery at the antisense promoter could, by being stronger,

occlude the transcription machinery at the overlapping pro-

moter, thus contributing to the significant silencing of the

overlapping promoter. The significant loss in the occupancy

of RNApolII and TFIIB over the overlapping promoter, but

not over the nonoverlapping promoter in the 2-day sample,

renders support to the suggestion that antisense transcription

through the overlapping promoter directly interferes with

the occupancy of the RNAPolII preinitiation complex. Based

on these observations, we presume that the silencing of the

overlapping gene involves both the antisense transcription-

mediated epigenetic modification of chromatin and inter-

ference in formation of the RNAPolII preinitiation complex.

Silencing of the nonoverlapping gene, however, is primarily

due to the antisense RNA-mediated bidirectional spreading of

heterochromatin in cis. In a previous report, we have ruled

out the potential involvement of dsRNA, formed as result of

transcription between the overlapping H19 and the antisense

promoters, in bidirectional silencing (Thakur et al, 2004). The

presence of the bidirectional silencing in PS4DH19polyA9.2

further supports our previous data. However, we cannot

rule out the possibility that stemloop structures within the

Kcnq1ot1 antisense RNA could trigger repeat associated

small-interfering RNA-mediated heterochromatinization that

subsequently spreads to neighboring regions.

Previously, we have demonstrated that DNA methylation

of the overlapping promoter occurs much later than the

silencing process in response to antisense transcription

(Thakur et al, 2003). Together, these findings suggests that

changes in H3K9Me and H3K9Ac is the primary event in

response to antisense transcription and that DNA methyl-

ation occurs as a consequence of histone modifications.

Interestingly, changes in H3K9Me1 and H3K9Me2 and

deacetylation of H3K9 were detected in relation to antisense

transcription in the 2-day PS4polyA9.2 sample. The kinetic

data presented here do not allow us to determine whether

histone deacetylation occurs prior to histone methylation, as

both occurred at about the same time. Previously, the kinetic

data on integrated transgene silencing in in vitro cultured

cells have suggested that deacetylation of H3K9 occurs first,

followed by H3K9Me3 and DNA methylation (Mutskov and

Felsenfeld, 2004). Taken together, these observations indicate

that the temporal order of histone modifications in relation to

gene silencing occurs in multiple pathways.

The enrichment of H3K9Me1 and H3K9Me2 after 2 days

and H3K9Me3 after 8 days suggests the processivity of

H3K9Me1 and H3K9Me2 into H3K9Me3. Interestingly, a

recent report showed that the less stable silent domains in

the euchromatin are marked by H3K9Me1 and H3K9Me2,

while the more stable pericentric heterochromatin is predo-

minantly marked by H3K9Me3 (Lehnertz et al, 2003; Peters

et al, 2003; Rice et al, 2003). The gradual enrichment of

H3K9Me3 from H3K9Me1 and H3K9Me2 in this investigation

suggests that the silent chromatin structure that is formed

initially as a result of the antisense transcription is of a less

stable character and is gradually transformed into a more

stable silent chromatin structure, resembling pericentric

heterochromatin. More importantly, it is speculated that the

trimethylated state, rather than mono- and dimethylated

states of a selective lysine position in the histone N-terminus,

represents a stable epigenetic mark (Lehnertz et al, 2003;

Peters et al, 2003). Based on these observations, we speculate

that the degree of silencing generated by the antisense RNA

may be linked to the degree of methylation at the H3K9.

It has been shown that G9a histone methyltransferase

catalyzes the formation of the majority of global H3K9Me1

and H3K9Me2, whereas H3K9Me3 is catalyzed specifically by

Suv39h1 and Suv39h2 (Peters et al, 2003; Rice et al, 2003).

The presence of all three methylated forms of H3K9 in res-

ponse to the antisense transcription indicates that G9a and

Suv39h histone methyltransferases are part of the hetero-

chromatic machinery that is recruited through the antisense

RNA. Interestingly, ES cells lacking Suv39h1 and Suv39h2

methyltransferases showed a marked decrease in the levels

of H3K9Me3 with a simultaneous increase in the levels of

H3K9Me1 in the pericentric heterochromatin, indicating that

H3K9Me1 could act as an in vivo substrate for Suv39h1 and

Suv39h2 (Lehnertz et al, 2003; Peters et al, 2003; Rice et al,

2003). The present observation, that there is a gradual shift

from H3K9Me1 and H3K9Me2 into H3K9Me3 in antisense

RNA-mediated silencing, provides a strong support for the

suggestion that H3K9Me1 and H3K9Me2 can act as in vivo

substrates for Suv39h1 and Suv39h2.

Materials and methods

Plasmid constructs
PS4polyA9.2 and PS4polyA5.5 episomes were constructed by
inserting the SV40 polyadenylation sequence into Hpa1 and Pml1
sites of PS4 episome, respectively. The SV40 polyadenylation
sequence was amplified using primers as described earlier (Thakur
et al, 2004). PS4DH19polyA9.2 was made by selectively deleting
the 3.0 kb H19 transcript unit by cutting the PS4polyA9.2 with
Bstz17I and re-ligating the plasmid. PS4polyA4.9 epsiomal plasmid
was made by amplifying 3.2 kb of native Kcnq1 sequence (see
Supplementary data for primer details) and cloning the amplified
fragment at the 30end of the antisense transcription unit of the
3.6 kb Kcnq1 ICR in PS4 episome, making the total antisense
transcript unit 4.9 kb long. The polyA sequence, amplified with
primers flanked with Not1 site, was cloned into the unique Not1 site
at the end of the 4.9 kb antisense transcription unit.

The episome silencer/insulator assay
The pREP4-based episomal vectors were transfected into JEG-3
cells, according to the methods described previously (Kanduri et al,
2000). In order to assess the role of length of antisense transcription
in silencing, total RNA was extracted 8 days after transfection,
whereas for analysis of overlapping and nonoverlapping gene
silencing, episomal plasmids were transfected for 2, 4 and 8 days.
RPA was performed as described previously (Kanduri et al, 2000)
using 365 bp H19 antisense probe, 320 bp hygromycin antisense
probe, 150 bp glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
antisense probe as control and a 270 bp Kcnq1ot1 probe. Quanti-
fication of individual protected fragments was done using a Fuji
FLA 3000 Phosphorimager. The H19 and Kcnq1ot1 expression were
corrected with respect to both internal control (GAPDH) and
episome copy number as determined by Southern blot analysis of
BglII restricted DNA, hybridized with H19 and PDGFB probes
(Kanduri et al, 2000).
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To assess the effect of Kcnq1 ICR-mediated bidirectional silen-
cing on hygromycin resistance gene, equimolar concentrations
of episomal-based plasmids were transfected into JEG-3 cells.
Following transfection, the cells were selected with 150 mg/ml of
hygromycin until all the cells died in the control plate, which
contained the cells incubated with transfection reagent without any
episomal plasmid DNA. Following selection, the drug-resistant
colonies were stained with hematoxylin and counted.

RT–PCR
Random primed cDNA (using random primer, Promega) and strand-
specific cDNA templates (using specific primer) were synthesized
using Omniscript reverse transcriptase (Quiagen), using 2 mg of
DNase I (RQ1, Promega)-treated RNA as a template. The cDNAs
were PCR amplified for 25 cycles (941C for 45 s, 571C for 30 s and
721C for 1 min) using primers listed in Supplementary data. The
conditions for stand-specific cDNA synthesis were followed as per
the protocol published previously (Newall et al, 2001).

Luciferase assays
JEG-3 cells were transiently transfected with the PGL3-Basic, PGL3-
Basic-containing fragments spanning the antisense promoter and
PGL3-BasicCycB2 vectors. After 36 h, cells were lysed and luciferase
activities in duplicate samples were determined as described by
the manufacturer (Promega). The pCH110 vector carrying the
b-galactosidase gene under the control of the SV40 promoter was
used as an internal control for transfection efficiency. Luciferase
values were calculated by dividing the luciferase activity by the
b-galactosidase activity.

Chromatin immunoprecipitation
Chromatin immunoprecipitation assays were performed using the
protocol described earlier (Kuo and Allis, 1999) and the following
antibodies: H3K9Ac and H3K4Me2 (Upstate), H3K9Me1, H3K9Me2
and H3K9Me3 and H3K27Me3 (Abcam), RNApolII (Euromedex)
and TFIIB (Santa Cruz). We performed quantitative real-time PCR
measurements for input and immunopurified material using
Quantitect SYBR green PCR mix in an iCycler real-time PCR
machine (Biorad). Each PCR reaction was run in triplicate to control
for PCR variation. We calculated the percentage of immunoprecipi-
tation (IP) by dividing the average value of the IP by the average
value of the corresponding input. The primers used in the
semiquantitative and quantitative PCRs are listed in Supplementary
data. The primers for LDHA and b-globin promoters used as
controls have been described previously (Diaz-Meyer et al, 2005).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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