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The mechanisms used by antisense transcripts to regulate their
corresponding sense mRNAs are not fully understood. Herein, we
have addressed this issue for the vimentin (VIM) gene, a member
of the intermediate filament family involved in cell and tissue in-
tegrity that is deregulated in different types of cancer. VIM mRNA
levels are positively correlated with the expression of a previously
uncharacterized head-to-head antisense transcript, both transcripts
being silenced in colon primary tumors concomitant with promoter
hypermethylation. Furthermore, antisense transcription promotes
formation of an R-loop structure that can be disfavored in vitro and
in vivo by ribonuclease H1 overexpression, resulting in VIM down-
regulation. Antisense knockdown and R-loop destabilization both
result in chromatin compaction around the VIM promoter and a
reduction in the binding of transcriptional activators of the NF-κB
pathway. These results are the first examples to our knowledge of
R-loop–mediated enhancement of gene expression involving
head-to-head antisense transcription at a cancer-related locus.

vimentin | antisense transcription | DNA methylation | R loop |
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Many well-documented instances of functional long non-
coding RNAs (ncRNAs) attest to their multiple roles in

regulating transcriptional programs (for a recent review, see ref.
1). The most abundant class of long ncRNAs contains natural
antisense transcripts, which partially or totally overlap transcripts
originating from the opposite strand. Antisense transcripts may
have regulatory effects at different levels, including transcriptional
regulation, epigenetic control, imprinting, alternative splicing,
translation, and RNA editing (reviewed in refs. 2 and 3). Also,
recent studies have addressed the role of ncRNAs as spatial
regulators of 3D chromatin folding (4). However, we have a far
from thorough understanding of the mechanisms underlying
antisense-mediated regulation of gene expression.
VIM is a member of the group of type III intermediate fila-

ment genes whose expression increases during the epithelial-to-
mesenchymal transition and that are generally associated with an
enhanced ability for cell migration and invasion (5). Although
the existence of antisense transcription at the VIM locus has
been reported in rat and is known to influence the epigenetic
status of the locus (6), it was not known whether a similar
mechanism is present in humans. We present data supporting the
positive regulation exerted by VIM head-to-head antisense
transcript on VIM mRNA, through the formation of an RNA:
DNA hybrid known as the R loop.

Results
Head-to-Head Antisense Transcription at the VIM Locus. The region
encompassing the human VIM promoter region and transcription
start site (TSS) contains an additional, as yet functionally unchar-
acterized, transcriptional unit corresponding to the antisense strand
(Fig. 1A), deposited as VIM-AS1 transcript in the University of
California, Santa Cruz (UCSC) data bank (also known as BC078172
transcript). VIM-AS1 is a 1.8-kb noncoding RNA transcribed 5′

head-to-head with VIM, starting 709 bp downstream from the ca-
nonical VIM TSS. A minor (expressed at a ∼50-fold lower level)
alternative VIM TSS has been described 993 bp upstream of the
canonical TSS (7) (not depicted in Fig. 1A). VIM is generally scarce
in epithelial cells, but it can also be expressed in epithelial cell lines
as part of the adaptation to in vitro culture conditions (8, 9). VIM is
expressed in normal colon mucosa, mainly in stromal cells and
lymphocytes (10). We readily detected both sense and antisense
transcripts in end-point PCR by using total RNA from human colon
(Fig. 1 A and B) as the template. To confirm strand specificity, we
carried out primer-specific reverse transcription and PCR (Fig. 1A).
In addition, oligo-dT–primed and random-primed reverse tran-
scription indicated that the VIM-AS1 antisense transcript is a poly-
adenylated RNA (Fig. 1B, Upper). PolyA+/− partition of total
RNA and quantitative RT-PCR (RT-qPCR) confirmed that
sense and antisense transcripts are both polyadenylated (Fig. 1B,
Lower). However, analysis of the nuclear and the cytoplasmic
fractions showed a clear enrichment of VIM-AS1 transcript in the
nucleus (Fig. 1C), suggesting a possible nuclear function. RT-qPCR
experiments carried out in this study indicated that the VIMmRNA
is 2–3 orders of magnitude more abundant than its antisense
transcript, consistent with general estimates of the abundance
of noncoding antisense transcript relative to its sense partners
(ref. 11; see below).

Significance

The molecular mechanisms used by noncoding RNAs to regulate
gene expression are largely unknown. We have discovered a
previously unidentified regulatory phenomenon underlying the
transcriptional activation of the intermediate filament protein
vimentin. This regulation involves the participation of a pre-
viously uncharacterized head-to-head antisense transcript that
forms part of a hybrid DNA:RNA structure known as the R loop.
R loops have been the focus of recent research regarding their
unexpected involvement in gene expression regulation. Anti-
sense-mediated formation of the R loop supports a local chro-
matin environment that ensures the optimal binding of vimentin
transcriptional activators. In addition, we describe how hyper-
methylation of the locus in a large panel of colon cancer patients
is correlated with antisense silencing and, thereby, compromises
its regulatory activity.
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Hypermethylation in Colon Cancer Is Associated with Sense and
Antisense Transcript Silencing. VIM promoter has been thoroughly
characterized (12–18). In addition, hypermethylation of VIM
promoter-associated CpG-rich island (CGI) has been reported
in colon cancer (10, 19). To investigate the impact of CGI methyl-
ation on antisense transcription, we examined DNA samples from
120 normal colon and 120 primary tumors with Illumina’s
HumanMethylation450 BeadChip. VIM promoter region re-
mains largely unmethylated in normal samples, whereas primary
tumors display a clearly hypermethylated CpG island (Fig. 2 A
and B). Hypermethylation in primary tumors was confirmed by
bisulfite sequencing in an independent subset of matched pairs
of normal and tumor samples (n = 33 per type). In this in-
dependent subset, we also observed hypermethylation of tumor
samples, allowing us to define a differentially methylated region
(DMR, thick red line in Fig. 2B) embedded within the CpG
island, indicating that hypermethylation of the VIM promoter is a
hallmark of colon cancer. At the expression level, the two tran-
scripts are positively correlated, both in normal and primary
tumors (Fig. 2 C and D). Interestingly, the primary tumors with
highest methylation levels display the lowest transcript abun-
dance (Fig. 2D). Additionally, 10 of 12 colon adenocarcinoma
cell lines analyzed exhibited CpG island hypermethylation (Fig.
2E). VIM and VIM-AS1 transcript levels were also positively
correlated in methylated and unmethylated lines (Fig. 2F), with
100- to 100,000-fold greater levels of expression in unmethylated
compared with methylated lines. Similar correlations were also
observed in breast carcinomas and tumor cell lines (Fig. S1 A–C).
Methylation levels inversely correlated with the quantities of
VIM protein, as shown for HCT116 and HCT116-DKO (hypo-
morphic for the DNA methyltransferases DNMT1 and DNMT3b)
cell lines (Fig. S1D). To further estimate the abundance of
VIM-AS1 transcript in comparison with VIM mRNA, we per-
formed absolute quantitation of both RNAs in methylated
(HCT116) and unmethlyated (DKO, SW480, MCF10A) cell
lines (Fig. S2). The results obtained indicate a difference in 2–3
orders of magnitude between VIM and VIM-AS1 levels, and an
impact of methylation resulting in a reduction in expression of 2
orders of magnitude for VIM mRNA and 1 order of magnitude
for VIM-AS1 transcript (Fig. S2C).

Antisense Knockdown Results in VIM Silencing. Many antisense
transcripts correlate positively and are known to act in cis to
regulate their sense partners (3, 20, 21). To investigate this, we
used RNAi to deplete VIM-AS1 RNA in SW480 cells, which
have an unmethylated VIM promoter and display high basal

levels of VIM and VIM-AS1 transcripts. The shRNAs used target
the last exon in VIM-AS1, in the region that does not overlap
with VIM (SI Materials and Methods). Two distinct shRNAs were
capable of efficiently down-regulating VIM-AS1 levels, concom-
itant with a two- to threefold decrease in VIM mRNA levels (Fig.
3A). This reduction was also detected at the protein level
by Western blot and immunofluorescence (Fig. 3B and 3C;
ZsGreen is an indicator of transduced cells). To confirm the
specificity of the down-regulation, we used two locked nucleic
acid (LNA)-based antisense oligonucleotide (ASO) gapmers that
target, in a strand-specific manner, the 5′ region of VIM-AS1
transcript (Fig. 3D). Remarkably, both ASOs induced a marked
decrease in VIM-AS1 and VIM transcripts, confirming the results
obtained with the shRNAs. It is of note that ASO1 was directed
against the first intron of VIM-AS, suggesting an active functional
involvement for this intronic region. We next investigated
whether VIM-AS1 RNA knockdown causes promoter hyper-
methylation that could account for VIM silencing. As seen in Fig.
3E, we observed a moderate increase in DNA methylation levels
across regions 1 and 2 of the VIM promoter, which are the most
highly methylated regions in colon tumors and cell lines, there-
fore indicating that antisense reduction results in a degree of
CGI hypermethylation. The same analysis with shRNAs also
shows a slight increase in methylation across region 2 of the CpG
island (Fig. S3).
Given the suggested involvement of VIM-AS1 first intron in

the regulation, we next designed specific probes to detect by
RNA FISH either intron 1 of VIM or intron 1 of VIM-AS1 (Fig.
4A). As expected for intronic regions, both probes colocalize at
the site of nascent transcription (Fig. 4B), with an enrichment of
the VIM-AS1 probes in G2 phase. Remarkably, blocking tran-
scription by treatment with actinomycin D resulted in the loss of
VIM intron 1 signal, whereas the antisense intron remained lo-
calized near the genomic locus (Fig. 4 C and D and Fig. S4 A–C,
where wider microscope fields with more cells are shown). This
FISH signal could be indicative of a special stabilization of the
region, possibly due to inefficient splicing. To further analyze the
interaction of this intronic RNA region with the local chromatin
we used the RNA antisense purification (RAP) method (22), in

Fig. 1. VIM-AS1 is a nuclear, polyadenylated transcript running head-to-
head with VIM transcript. (A, Upper) Intronic/exonic organization of
vimentin (VIM) and its antisense VIM-AS1 transcripts. Coordinates are given
relative to the canonical VIM TSS and the UCSC Gene data bank (uc001iot.2)
for VIM-AS1 (release hg19). (A, Lower) End-point RT-PCR from normal colon
mucosa total RNA with strand-specific primers. Reverse transcription was
carried out either with specific reverse primers (“R,” lanes 1–3) or with for-
ward primers (“F,” lanes 4–6). (B, Upper) VIM-AS1 RNA transcript is poly-
adenylated. (B, Lower) polyA+/polyA- partition of total RNA from SW480
cells analyzed by RT-qPCR. (C) Nuclear/cytoplasmic fractionation of SW480
cells, analyzed by RT-qPCR and Western blot to assess fraction purity.

Fig. 2. Sense/antisense transcripts are coordinately expressed in normal and
tumor colon samples and inversely correlated with DNA methylation.
(A) Heatmap representation of a DNA methylation microarray analysis of
120 human normal colon mucosae and 120 tumor samples. (B) Percentage
methylation levels of individual CpG sites contained in the 450k array, aver-
aged by class (normal/tumor). The position of the CGI is indicated (green line),
and the differentially methylated region defined in C. (C and D) Positive
Pearson’s correlation coefficients between VIM (y axis) and VIM-AS1 (x axis)
expression for normal and tumor colon samples. For primary tumors, the color
code indicates methylation levels assessed by bisulfite sequencing. (E) Heat-
map representation of a DNA methylation microarray analysis of 12 human
colorectal adenocarcinoma cell lines. (F) Pearson’s correlation coefficients be-
tween VIM and VIM-AS1 expression for all colon cell lines shown in E.
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which a pool of 124-nt-long antisense probes designed against
the first intron of VIM-AS1 was able to specifically retrieve the
endogenous transcript (Fig. S4D) together with the homologous
DNA region (Fig. 4E), suggesting that there is a stable RNA:
DNA association in this region. Furthermore, RAP signal was
maintained even when transcription was arrested, in accordance
with RNA-FISH experiments.

Antisense Transcript Forms Part of an R-Loop Structure and Its
Disruption Represses VIM Transcription. Further exploration of
the genomic region between the two transcription start sites
revealed an asymmetric distribution of C and G nucleotides
(known as a GC skew) on the plus strand of the DNA along the
first half of the CGI and coinciding with the first intron of VIM-
AS1. As seen in Fig. 5A, a fragment of approximately 1 kb be-
tween VIM and VIM-AS1 TSS was particularly enriched in C
nucleotides in the plus strand (C skew), whereas no enrichment
was observed for A or T nucleotides (Fig. S5A). This observation
points to the potential formation of R loops throughout this
region. R loops are special three-stranded nucleic acid structures
that form in vivo as G-rich RNA transcripts invade the DNA
duplex and anneal to the template strand to generate an RNA-
DNA hybrid (23), leaving the nontemplate, G-rich DNA strand
in a largely single-stranded conformation. To explore this pos-
sibility, we cloned the DNA region comprising the C skew be-
tween two opposing promoters and tested R-loop formation in
vitro. Transcription from T7 promoter gives rise to an RNA
molecule in the direction of VIM mRNA, whereas transcription
from SP6 promoter originates the antisense VIM-AS1 RNA (Fig.
5B). The formation of extended RNA:DNA hybrid structures

results in topological change in the plasmid DNA that can be
detected as a lower electrophoretic mobility. Transcription of the
region containing the C skew led to a strong shift in DNA mi-
gration only when the template strand was the C-rich DNA
strand (that is, the RNA produced is VIM-AS1). Transcription in
the other direction (VIM physiological orientation) did not result
in such a migration pattern (Fig. 5B, Left). To confirm the in-
volvement of RNA, the reaction was carried out in the presence
of radiolabeled [α-32P]-rUTP (Fig. 5B, Right). The DNA migra-
tion shift and radioactive signal are both abolished upon in-
cubation with recombinant RNaseH, which digests RNA:DNA
hybrids. Taken together, these properties (slower migration,
orientation dependence, and sensitivity to RNaseH) indicate the
presence of an R-loop structure with involvement of VIM-AS1
RNA in the vicinity of VIM TSS.
To confirm the formation of the R loop in vivo, we used a

native bisulfite treatment of SW480 genomic DNA (which con-
verts only accessible cytosines in any DNA template), followed
by PCR with primers specific to the first half of the predicted R
loop-forming region, ligation, and sequencing of the resulting
clones (24) (Fig. 5C). This method reveals single-strandedness

Fig. 3. VIM-AS1 transcript knockdown results in VIM silencing with an
effect on promoter CGI methylation. SW480 cells were transduced with
lentiviral plasmids overexpressing control shRNA (scr) or shRNAs against
VIM-AS1 RNA (sh2, sh3). (A) RT-qPCR analysis of VIM and VIM-AS1 RNAs.
(B) Western blot to measure vimentin protein levels in the same transduced
cells. (C) Immunofluorescence detection of endogenous vimentin. (D) LNA-
based antisense oligonucleotides gapmers (ASOs) targeting intron 1 (ASO1)
or exon 1 (ASO2) of VIM-AS1 transcript were transfected into SW480 cells
and expression levels measured by RT-qPCR. (E) Bisulfite sequencing of re-
gions 1 and 2 within VIM promoter CGI.

Fig. 4. RNA FISH detection shows enrichment of antisense transcription
during G2 phase and intronic stability following actinomycin D treatment.
(A) RNA FISH probe design. (B) MCF10A cells were synchronized and re-
leased, fixed at the indicated times and stained for RNA FISH (VIM intron 1 is
in green and VIM-AS1 intron 1 is in red) or analyzed for DNA content by
fluorescence-activated cell sorting (FACS) (Upper and Lower). (C) RNA FISH in
control (DMSO-treated) or actinomycin D-treated MCF10A cells. (D) RNA
FISH signal was counted in 100 randomly selected cells. (E) Quantitative PCR
(qPCR) of the DNA captured in crosslinked MCF10A cells treated as in C,
using streptavidin beads alone (beads), with antisense probes to VIM-AS1
intron 1 (antisense probes) or against the LINC00085 RNA (unrelated RNA).
Enrichments represent means from two replicate experiments and are rel-
ative to the input amount used per pulldown. RNU6B is used as negative
control to assess binding specificity.
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either of the G-rich or C-rich strand, depending on the type of
conversion: C-to-T changes in the sequence of the plus strand
are indicative of single-strandedness in the C-rich strand (plus
strand), whereas G-to-A changes in the plus strand indicate
single-strandedness in the G-rich strand (minus strand). In
control-transfected cells, all clones sequenced featured long
stretches (>100 bp) of uninterrupted G-to-A conversions (Fig. 5C,
Upper). These changes are qualitative indications of the existence
of an unprotected, single-stranded minus strand, suggesting that
R-loop formation occurs endogenously at the VIM promoter with
the participation of the antisense transcript. Interestingly, ASO

gapmers designed against VIM-AS1 made G-to-A changes less
frequent, suggesting the involvement of the antisense VIM-AS1
transcript in R-loop formation in vivo (Fig. 5C, Lower).
As further proof of the existence of an R-loop structure near

VIM TSS in vivo, we performed DNA:RNA immunoprecipita-
tion (DRIP) experiments with the S9.6 antibody (25). Consistent
with the previous data, we were able to detect specific R-loop
formation by DRIP in an RNaseH-sensitive manner along the C
skew region (Fig. 5D, Left). For comparison and pulldown effi-
ciency estimations, a known amount of in vitro generated R loop
was subject to parallel DRIP experiments (Fig. 5D, Right). Im-
portantly, DRIP signal was decreased in ASO-treated cells (Fig.
5E, Left), and in cells transduced with a lentiviral vector encoding
human ribonuclease H1 (RNASEH1) (Fig. 5E, Right), indicating
that knockdown of VIM-AS1 transcripts and overexpression of
RNASEH1 both result in R-loop resolution. In addition, im-
munofluorescence analysis indicate that overexpression of the
protein reduced vimentin protein levels in cells expressing the
transfected protein (Fig. 5F). This result was confirmed by
Western blotting after sorting of RNASEH1-overexpressing cells
by FACS (Fig. 5G, Left). Accordingly, both VIM-AS1 and VIM
mRNA levels were down-regulated under conditions of RNA-
SEH1 overexpression, as detected by RT-qPCR (Fig. 5G, Right).
A further reduction in VIM levels was observed in Caco2 cells
at the mRNA and protein levels (Fig. S5B). Similarly, in the two
breast cell lines, MCF7 and MCF10A, VIM levels were also
sensitive to RNASEH1 overexpression (Fig. S5C), indicating
that R-loop formation has a generally positive effect on its ex-
pression. It is worth noting that VIM-AS1 RNA levels were also
significantly diminished in all cell lines in which RNASEH1 was
overexpressed, possibly implying that most of its transcripts are
R loop-associated and direct targets of RNASEH1 digestion.
Because R-loop formation has been associated with DNA
methylation protection (25), we performed bisulfite sequencing
to assess changes in methylation in VIM CGI under conditions
where R-loop formation is disfavored. A slight increase was
observed in Caco2 cell line when we overexpressed RNaseH1
(Fig. S5D), whereas no change was seen in SW480 cells (Fig.
S5E). This difference is probably due to the fact that antisense
levels in Caco2 cells are much lower than in SW480 and it might
be easier to achieve a more complete resolution of R loops.
Finally, the effect of RNASEH1 overexpression on VIM levels
does not result from general changes in expression (Fig. S5F).

Antisense Transcription and R-Loop Structure Support Local Chromatin
Decondensation. We next attempted to establish whether R-loop
formation had any effect at some other level of chromatin con-
formation. Nucleosome occupancy is known to be lower in the
vicinity of the TSSs of actively transcribed genes (26). In accor-
dance with this premise, histone H3 becomes less prevalent in
regions immediately upstream of VIM TSS, as revealed by chro-
matin immunoprecipitation (ChIP) experiments (Fig. 6 A and B).
These results might indicate an open conformation coincident
with the presence of C skew and R-loop formation. To test the
effect of antisense transcription and R-loop formation on the
level of chromatin compaction, we isolated native chromatin
from control, VIM-AS1–depleted and RNASEH1-overexpressing
SW480 cells. The graphs in Fig. 6 C and D illustrate the differ-
ences in DNA recovery during the first 10 min of micrococcal
nuclease digestion, whereby higher values indicate a more thor-
oughly digested DNA fragment and, thus, greater accessibility to
the nuclease, which is associated with more open chromatin and
lower nucleosome density. Remarkably, VIM-AS1 RNA depletion
resulted in a three- to fivefold less accessible chromatin confor-
mation in regions 2–6 within the C skew, whereas locations further
upstream or downstream did not change significantly (Fig. 6C). A
similar effect was seen upon overexpression of RNASEH1 (Fig.
6D). Accordingly, the quantity of histone H3 increased under

Fig. 5. VIM-AS1 RNA forms an R-loop structure whose disruption represses
VIM transcription in SW480 cells. (A) Percentage of C and G nucleotides in
the VIM promoter reveals the presence of a C skew region (thick blue line).
For each position on the DNA plus strand, the percentage abundance of
each nucleotide within the surrounding 100 nt is counted, with a sliding
window of 1 nt. (B) In vitro R loop formation assay indicates participation of
the VIM-AS1 transcript. (C) In vivo detection of R loop formation within the
C skew region. (Upper) The diagram depicts the RNA:DNA hybrid and the
displaced, single-stranded, minus DNA strand. (Lower) PCR amplification and
sequencing of 30 clones corresponding to the first half of the C skew-con-
taining region under different ASO treatment. The upper reference line de-
picts every G position (vertical lines), and every G-to-A change on the plus
strand of the sequenced clones is indicated in light gray by a vertical line. Of
the 30 clones represented, 23, 29, and 26 (for ASO control, ASO1 and ASO2,
respectively) correspond to unique patterns. (D) DRIP with the S9.6 antibody.
Signal intensity is presented relative to the input DNA. Three different
amplicons (R3, R4, R5, shown in C) were measured. GAPDH and APOE pro-
moters were analyzed as negative and positive controls, respectively. *P < 0.05;
**P < 0.01; ***P < 0.001. (E) DRIP experiments under ASO treatment (Left), or
overexpression of RNASEH1 (Right). The same genomic regions as in D were
analyzed. (F) Immunofluorescence detection of endogenous vimentin (red) in
cells overexpressing RNASEH1 (green). (G, Left) Western blot of total protein
extracts from RNASEH1-positive cells (enriched by FACS). (Right) RT-qPCR of
total RNA extracted from the pool of transfected cells.
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conditions of antisense knockdown or RNASEH1 overexpression
(Fig. S6). These results indicate that R-loop formation is necessary
for maintaining an open chromatin and suggest that transcription
of the minus strand relaxes local chromatin and possibly keeps the
VIM template strand more accessible to the transcriptional
machinery.

Antisense Transcription and R Loop Enhance NF-κB Binding to the VIM
Promoter. Enhancer binding sites and negative elements have been
characterized for the VIM promoter (12, 13, 27). Specifically,
binding sites for p65/RelA in the NF-κB pathway are present in
regions 4 and 5 of the central region of the C skew (Fig. 6A). To
determine whether R-loop formation can affect their binding, we
performed ChIP experiments on cellular factors of the NF-κB
pathway. In accordance with previous studies, binding of p65 fol-
lowing TNF-α stimulation was specifically enriched in regions 4 and
5 in SW480 cells (Fig. 6E). The same two regions displayed di-
minished binding following knockdown of the antisense VIM-AS1
RNA (Fig. 6F) or overexpression of RNASEH1 (Fig. 6G). Taken
together, our results indicate that transcriptional activation of
VIM is supported through the cotranscriptional formation of a
stable R-loop structure by a head-to-head antisense transcript.
This regulatory mechanism could be a general characteristic of
GC-rich promoters with divergent sense/antisense transcription
and asymmetrically distributed G and C nucleotides. Interestingly,
the high-mobility group protein HMGA2 gene (plus strand) is
transcribed head-to-head with the ribosomal protein SA pseudo-
gene RPSAP52 from a C skew-containing locus (Fig. S7A). Similar
to VIM-AS1, RPSAP52 transcription forms R-loop structures in
vitro (Fig. S7B) and its depletion down-regulates the sense
HMGA2 transcript (Fig. S7C) concomitantly with an increase in
chromatin compaction, as measured by micrococcal nuclease
accessibility assays (Fig. S7D).

Discussion
Our results imply a positive role for R-loop formation by a head-to-
head antisense transcript in the regulation of sense transcript

expression. Originally considered to be rare transcriptional
byproducts, R loops may have a more general role as a mechanism
of gene regulation (28–31). This regulatory mechanism is com-
patible with generally low levels of antisense RNA, because only
two target molecules of DNA are present per cell. We have esti-
mated the absolute abundance of VIM-AS1 transcripts in different
cell lines (Fig. S2) to correspond to a few copies per cell. Impor-
tantly, this amount represents the spliced transcript and may not
reflect the actual abundance of the functional, intron-containing
species. Related to this point, our RNA-FISH data suggests that
the antisense region involved in R-loop formation is present as
stable RNA in approximately one-third of cells in G2 phase, and in
much lower levels in other phases of the cell cycle (Fig. 4).
According to our DRIP experiments and taking into account the
efficiency of the technique in our hands, we can estimate that, in
nonsynchronous cultures, at most 20% of VIM promoters form an
R loop. Remarkably, R-loop abundance has been associated to cell
cycle progression (32, 33). In this context, it is of note that VIM
expression has long been known to be cell cycle dependent (34, 35).
Further studies are needed to explore the detailed link between
cell cycle and R-loop–mediated regulation of gene expression in
the VIM locus.
Our data indicate that conditions that favor an R loop lead to

decreased nucleosome occupancy and increased binding of tran-
scription factors of the NF-κB pathway, which are known to
activate VIM expression upon mitogenic stimuli (36). Binding
activity [by unknown protein factor(s)] specific to single-stranded
DNA present on the minus strand immediately downstream of
NF-κB binding elements has also been reported (37), although its
regulatory potential is not known. Formation of the R loop would
enhance such binding. Alternatively, we cannot rule out the pos-
sibility that this binding indicates the presence of some unknown
factor that stabilizes R loop formation, as has been shown in
Arabidopsis (38). Either way, the presence of a stable R-loop
structure allows the maintenance of an open local chromatin
conformation and enhances transcription factor binding to the
displaced, single-stranded minus DNA strand. In summary, our

Fig. 6. Disruption of antisense transcription and R-loop
formation results in chromatin compaction and loss of NF-κB
binding in the VIM gene promoter. (A) Fragments analyzed
by qPCR in the VIM promoter. (B) Chromatin immunopre-
cipitation experiments with histone H3 antibody (H3) and
control antibody (IgG) in SW480 cells. (C) Micrococcal nu-
clease accessibility assay on nuclei isolated from ASO-treated
SW480 cells. (D) As in C, but comparing overexpression of
RNASEH1 with empty vector. (E) Chromatin immunopre-
cipitation experiments with p65/RelA antibody or control
(IgG) antibody in SW480 cells. (F) As in E, in ASO-treated
cells. Levels were calculated relative to control samples.
(G) As in F, but comparing overexpression of RNASEH1 with
control-transfected cells. Throughout the figure, *P < 0.05;
**P < 0.01; ***P < 0.005 from Student’s t test.
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results are consistent with a model (Fig. S8) in which an intact R
loop with participation of VIM-AS1 transcript is essential for the
optimal recognition of VIM promoter by transcriptional regula-
tors, and specifically indicate activation by the NF-κB pathway,
implicating R-loop structures in a previously unidentified positive
role in gene transcription at the loci of bidirectional sense/antisense
transcription.

Materials and Methods
Additional methods are described in the SI Materials and Methods.

In Vitro R-Loop Formation Assay. R-loop formation was tested in vitro es-
sentially as described in ref. 39. Genomic regions of the VIM or HMGA2
promoter were PCR-amplified (with oligos VIMRloop1for and VIMRloop1rev,
and HMGA2Rloop1for and HMGA2Rloop1rev, respectively) and cloned into
pSPARK TA vector with the antisense strand under SP6 promoter. In vitro
transcription reactions were carried out in both directions for 45 min at 37 °C
with either SP6 or T7 RNA polymerases in the presence of 0.15 μCi/μL of
α-[32P]-UTP, and further digested with RNaseA and RNaseH as indicated,
for 30 min at 37 °C. Nucleic acids were phenol-extracted, loaded onto a 1%
agarose gel and run in 1× Tris/borate/EDTA. After electrophoresis, the gel
was stained with SYBR Safe DNA Gel Stain (Life Technologies) and UV-vi-
sualized. Following picture acquisition, the gel was dried and exposed to an
autoradiography film for radiolabel detection.

DRIP. DRIP was performed as described in ref. 39. Genomic DNA was extracted
from SW480 cells by SDS/Proteinase K treatment, phenol-chloroform extrac-
tion and ethanol precipitation. DNA was then digested with HindIII, EcoRI,
XbaI, and BamHI restriction enzymes. Samples were then either mock-
treated or digested with RNaseH for a further 2 h. After phenol/chloroform
extraction and precipitation, samples were resuspended in IP buffer (0.05%
Triton X-100 in PBS) and immunoprecipitated with the anti-DNA-RNA
hybrid (S9.6) antibody. Retrieved fragments were analyzed by qPCR and
compared with appropriate dilution of input DNA. An amplicon from
GAPDH promoter (lacking target sites for the restriction enzymes above)
was used as a negative control.

Chromatin Immunoprecipitation. NF-κB (p65) ChIP experiments were done as
described (40). See the SI Materials and Methods for further details.
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