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New approaches using biotinylated-
psoralen as a probe for investigat-

ing DNA structure have revealed new 
insights into the relationship between 
DNA supercoiling, transcription and 
chromatin compaction. We explore a 
hypothesis that divergent RNA tran-
scription generates negative supercoiling 
at promoters facilitating initiation com-
plex formation and subsequent promoter 
clearance.

Packaging DNA into chromatin creates a 
repressive environment. This is thought to 
reduce transcriptional noise and provide 
additional levels of gene regulation. Many 
processes have been described that alter 
chromatin architecture and facilitate or 
repress transcription. These include tran-
scription factor binding, recruitment of 
RNA polymerases, ATP-dependent chro-
matin remodeling and changes in histone 
modifications. The level of DNA super-
coiling is also known to be important for 
transcription but remains poorly under-
stood, as few techniques are available for 
directly investigating it. This is about to 
change: new approaches have recently 
been used for analyzing DNA topology in 
cells1-3 and show transcription dependent 
changes in DNA supercoiling that impact 
on higher levels of chromatin structure. 
Furthermore, new data indicates that 
DNA supercoiling and divergent RNA 
transcription are linked providing new 
ideas for understanding the role of DNA 
topology in regulating gene transcription.

The structure of DNA within mamma-
lian cells is not known, although it is often 
thought to be in a B-form configuration. 
However, this will depend on the base 
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composition, extent of supercoiling4 and 
DNA binding proteins, such as HMGs. 
As DNA moves through the RNA poly-
merase positive (over-wound) supercoils 
are generated ahead of the polymerase 
and negative (under-wound) supercoils 
behind, described as the twin supercoiled 
domain model.5 Therefore, transcription 
generates significant torsion in the DNA, 
so the observation that topoisomerase I, 
an enzyme that relaxes supercoils, is asso-
ciated with the transcription machinery6 
and localizes to actively transcribed chro-
matin7 led to the suggestion that it might 
relieve topological strain. However, early 
experiments show that genes are more 
efficiently transcribed if they are encoded 
on negatively supercoiled plasmids.8,9 In 
addition, superhelical tension is also a pre-
requisite for TFIID binding10 promoting 
the formation of a preinitiation complex,11 
transcription factor binding4 and promoter 
clearance.12 Consequently, cell based 
experiments using psoralen, as a probe for 
DNA supercoiling, show that promoter 
regions are under-wound1,13 and supercoil-
ing may prime specific genes for transcrip-
tion.14 Together this suggests that DNA 
supercoiling must be precisely controlled 
and is an additional level of transcrip-
tional regulation. However, how DNA 
supercoiling is introduced at TSS prior to 
transcription remains unanswered.

A major clue arose from an in vivo 
study demonstrating that local domains 
of supercoiling can affect transcription.15 
In this work, a promoter is activated due 
to transcription generated negative super-
coils from a nearby divergent promoter and 
inhibition of endogenous topoisomerase I 
further increases transcription. While this 
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(Fig. 2C). Our data suggests that the ini-
tiating form of RNA polymerase, func-
tioning both upstream through divergent 
transcription and downstream through 
abortive sense transcription, generates 
short transcripts and negatively supercoils 
TSSs creating a permissive environment 
for subsequent transcription. Furthermore, 
as DNA supercoiling impacts on higher 
levels of chromatin organization,1 there is 
a possible spreading of supercoiling from 
one locus to another, which could facili-
tate transcription of surrounding genes 
and might provide a rationale for gene 
clustering in the human genome.

This model harmonizes recent advances 
in our understanding of transcriptional 
regulation. Traditionally, RNAP II 
recruitment is thought to be the rate lim-
iting step and, thus, the key regulatory 
step in eukaryotic transcription; however, 
genome wide profiling of RNAP II indi-
cates that it is bound and initiated at both 
active and inactive genes.25 Indeed, for a 
large proportion of metazoan genes (20–
30%), RNAP II density is enriched down-
stream of many TSSs and this has been 
described as RNAP II promoter proximal 
pausing.26,27 Pausing is now thought to be 
a widespread regulatory mechanism with 
the Negative Elongation Factor (NELF) 
and DRB-Sensitivity Inducing Factor 
(DSIF) protein complexes binding to and 
arresting RNAP II 60 nts downstream 
of the TSS. Subsequent recruitment of 
Positive Transcription Elongation Factor b 
(P-TEFb) to this paused RNAP II complex 
and phosposphorylation of DSIF, NELF 
and Ser2 on the RNAP II C-terminal 
results in dissociation of NELF and pro-
ductive transcriptional elongation. Both 
sense and antisense RNAP II complexes 
are involved in RNAP II pausing and both 
depend on PTEF-b recruitment.19

The purpose of pausing is not known 
but it is frequently found at developmen-
tal control genes and stimulus-responsive 
pathways and is though to allow their rapid 
and synchronous induction in response 
to extracellular signals.27 Consequently, 
loss of pausing through knockdown of 
the pause-inducing factor NELF leads to 
broadly attenuated immune gene activa-
tion.28 One function of paused RNAP 
II is to establish a permissive chromatin 
environment29 and paused polymerase has 

its under-wound level. Treatment of cells 
with bleomycin (introducing DNA nicks) 
relaxes DNA supercoiling demonstrat-
ing that promoter regions are under topo-
logical tension, which is also regulated by 
topoisomerase I and II.1,2

As transcription clearly introduced 
negative DNA supercoils under-winding 
promoter regions, we investigated further 
the role of divergent initiation in this pro-
cess. In our experimental approach, the 
elongating form of RNA polymerase II 
(RNAP II) is very sensitive to α-amanitin 
and is rapidly degraded in a proteasome 
dependent manner (Fig. 1B). In contrast, 
the initiating form of the polymerase is 
more resistant to degradation suggest-
ing that changes in supercoiling upon 
α-amanitin washout are manifest by the 
initiating form of the polymerase. This 
was additionally confirmed as blocking 
transcription elongation specifically with 
flavopiridol rapidly reduced long RNA 
production, but there was a lag before 
a drop in the synthesis of short RNAs, 
consistent with initiating RNA poly-
merase producing short RNAs.1 Thus, 
we reasoned that elongating polymerase 
synthesizes long RNAs while the initiat-
ing form produces shorter RNA species.24 
To test this, we trace labeled cells with 
3H-Uridine and showed that the produc-
tion of long RNAs (> 200 nt) was sub-
stantially reduced after 5 h α-amanitin 
treatment and continued to decrease after 
α-amanitin washout (Fig.  1C). In con-
trast, short RNAs (<  200  nt) were pro-
duced in abundance by 1 h recovery and 
continued to increase at 2 h (Fig. 1C), 
concomitant with remodeling of DNA 
supercoiling (Fig. 1A). We hypothesized 
that these short RNAs are the products 
of divergent transcription.16-18 Using data 
from Core et al.,16 we investigated the 
expression of several short antisense or 
sense RNA transcripts around the pro-
moters of the expressed IGBP1 (Xq13.1) 
and LDHA (11p15.1) genes (Fig. 2A).

Long RNAs produced within the 
gene body were inhibited by α-amanitin 
and did not recover within 2 h (Fig. 2B). 
However, in agreement to what is seen 
globally (Fig.  1C), short antisense and 
sense RNAs are produced upstream and 
downstream of genes a short period of time 
after α-amanitin washout and recovery 

study exploited in vitro generated plasmid 
templates, divergent transcription, whereby 
transcription is initiated in both sense and 
anti-sense directions from a promoter, has 
been shown to be a feature of many active 
mammalian genes.16-18 The high resolution 
mapping of short RNA transcripts reveals 
extensive sense and anti-sense transcript 
peaks at approximately 50 bp and 250 bp 
respectively from the TSS. Antisense RNAs 
are capped19 but are present at a relatively 
low abundance as they are substrates for the 
exosome.18 Histone modifications reflec-
tive of transcription initiation (H3K4me3) 
are found both in the sense and antisense 
direction while histone marks indicative of 
transcriptional elongation (H3K79me2) 
are found in the sense direction.17,20 
Consequently divergent transcription is 
more appropriately described as divergent 
initiation as only productive elongation 
occurs in the direction of the gene.

Divergent initiation is very prevalent 
(approximately 80% of transcribed mam-
malian genes) but does it have a regulatory 
function or can it just represent “sloppy” 
transcription initiation events result-
ing from an open promoter architecture? 
Several functions have been proposed21 
but, in particular, Seila et al.22 suggest 
divergent initiation may under-wind pro-
moter regions facilitating productive tran-
scription initiation and elongation. To 
better investigate DNA supercoiling we 
have developed an approach for directly 
analyzing it in cells.1 This technique builds 
on previous studies that have exploited the 
cell permeable drug tri-methyl psoralen 
(TMP), which preferentially intercalates 
and can be cross-linked into negatively 
supercoiled (under-wound) DNA.23 The 
addition of a biotin group, attached via a 
linker, to the psoralen (bTMP) enables the 
selective enrichment of under-wound DNA 
fragments that can be mapped by hybrid-
ization to high-resolution genomic microar-
rays. In RPE1 cells, bTMP binding analysis 
demonstrates that TSSs are under topologi-
cal strain and negatively supercoiled in a 
region that extends ~20 kb into the body 
of the gene and 10 kb upstream (Fig. 1A). 
Transcription inhibition by α-amanitin 
or DRB2 causes significant remodeling of 
TSS DNA to a more positively supercoiled 
state and subsequent α-amanitin washout 
promotes a remodeling of the TSS back to 
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yet been assigned to the short sense and 
antisense RNAs further substantiates our 
idea that they are by products of a criti-
cal process necessary to create a transcrip-
tionally friendly chromatin environment. 
Future work combining targeted RNAi of 
RNAP  II pausing and elongation factors 
with DNA supercoiling analysis will eluci-
date the mechanism by which chromatin 
structure influences transcription.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were 
disclosed.

with developmentally regulated genes, 
while constitutively expressed genes are 
maintained with optimal levels of DNA 
supercoiling. However, anti-sense RNA 
transcription is significantly less prevalent 
in Drosophila,24,31 but there is pronounced 
promoter pausing. This may suggest that 
the purpose of pausing may be different 
in mammalian and Drosophila genomes, 
or that abortive sense transcription is 
sufficient to negatively supercoil the pro-
moter to facilitate transcription factor 
binding and subsequent processive tran-
scription. The fact that no function has as 

been shown to block nucleosome assem-
bly at promoters, thus maintaining an 
open chromatin architecture.20,30 In sup-
port of this, we propose that promoter 
proximal pausing permits time for diver-
gent transcription to produce short RNAs 
and, concomitantly, negatively supercoil 
promoter regions to facilitate transcrip-
tion. After transcriptional pause-release, 
polymerases in collaboration with topoi-
somerase and helicases can then maintain 
the supercoiling state of the locus in a 
regulated manner. This is consistent with 
pausing being more frequently associated 

Figure 1. Changes in transcription alter DNA supercoiling. (A) Diagram showing inhibition and recovery of transcription after α-amanitin treatment 
and meta-analysis showing DNA supercoiling around transcription start sites before, during and after transcription inhibition. For methods see refer-
ence 1. (B) Western blot showing levels of RNA polymerase after α-amanitin treatment in the presence and absence of MG132, a proteasome inhibitor. 
Cells were suspended in 2 x SDS lysis buffer, incubated at 100°C for 5 min and sonicated briefly. Protein samples were resolved on 8% bis-tris gels 
and transferred to PVDF membrane by wet-transfer. Membranes were probed with antibodies using standard techniques and detected by enhanced 
cheiluminscence. RNA polymerase II antibodies: initiating RNA polymerase H14, 1:500 (Covance, MMS-134R) and elongating RNA polymerase H5, 
1:500 (Covance, MMS-129R). GAPDH, 1:1000 (Cell Signaling, #2118). (C) Graph showing 30 min pulsed incorporation of 185 nM [5-3H] Uridine into short 
and long RNA species after transcription inhibition. Cold dA, dG, dC, dT and C (37 nM final) were added to cells, to suppress label incorporation into 
DNA. After 30 min incubation cells were rinsed with PBS and long and short RNAs was extracted by selective binding to a silica matrix (miRNeasy Kit, 
Qiagen). Residual DNA was removed by on-column DNaseI treatment. RNA was quantified using a Nanodrop and 3H incorporation was measured by 
scintillation counting.
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Figure 2. Short RNA synthesis at TSSs. (A) Diagram showing IGBP1 and LDHA gene loci with sense and anti-sense RNA transcripts. From Core et al.15 (B) 
Graph showing transcription elongation in the gene-body measured by RT-PCR. Long RNAs (> 200 nt) were reverse transcribed (Superscript II, Invitro-
gen) using random primers and quantified by qPCR (Fast start SYBR green, Roche). Primer sequences are: 
IGBP1 Exon1-Intron1: Fwd: ATCTTCAAAC CGTGGGAGTG
IGBP1 Exon1-Intron1: Rev: AAAACCCTAG GCGCTGTTTT
IGBP1 Intron2-Exon3: Few: TTCACTGCCT CCTTTTTGCT
IGBP1 Intron2-Exon3: Rev: GCTCAAACTC TGCCACATGA
LDHA Intron3-Exon4: Fwd: CAAGAAAGGT TTGTGGAGCA
LDHA Intron3-Exon4: Rev: CTTTCTCCCT CTTGCTGACG
LDHA Intron2-Exon3: Fwd: AATGGGGTGC CCTCTACTTT
LDHA Intron2-Exon3: Rev: AGGCTGCCAT GTTGGAGAT
(C) Graph showing short RNA transcription measured by miRT-PCR. ± values show distance from TSS. Short RNAs (< 200 nt) were detected by first poly 
adenylating and then reverse transcribed using tagged oligo-dT and random primers (miScript kit, Qiagen). They were then quantified using qPCR 
with a specific forward primer and universal reverse primer (miScript primer assay, Qiagen). Primer sequences are:
IGBP1 −277 TTGTCTCTCT ACCGCCTTCC
IGBP1 −17 GAAGATCCGG TCGCTTGAG
LDHA +193 CGATTCCGGA TCTCATTG
LDHA +279 AGGGATGGGC GGGTAGAG.
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