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Abstract

DNA supercoiling is an inherent consequence of twisting DNA and is critical for regulating gene
expression and DNA replication. However, DNA supercoiling at a genomic scale in human cells is
uncharacterized. To map supercoiling we used biotinylated-trimethylpsoralen as a DNA structure
probe to show the genome is organized into supercoiling domains. Domains are formed and
remodeled by RNA polymerase and topoisomerase activities and are flanked by GC-AT
boundaries and CTCF binding sites. Under-wound domains are transcriptionally active, enriched
in topoisomerase I, “open” chromatin fibers and DNasel sites, but are depleted of topoisomerase
I1. Furthermore DNA supercoiling impacts on additional levels of chromatin compaction as under-
wound domains are cytologically decondensed, topologically constrained, and decompacted by
transcription of short RNAs. We suggest that supercoiling domains create a topological
environment that facilitates gene activation providing an evolutionary purpose for clustering genes
along chromosomes.

DNA has a helical structure that is influenced by the localized sequence context and
remodeling by cellular machines, but at the level of DNA the net state of the genome is
torsionally relaxed!. However, negative DNA supercoils are detected in localized regions?: 3
where they can alter the topology of the chromatin fibre*. This altered structure is
maintained by transcription that generates both positive (over-wound) and negative (under-
wound) supercoils ahead of and behind the RNA polymerase® 8, respectively, and in its
absence the chromatin returns to a ground state’. In general, genes that are supercoiled are
more efficiently transcribed® © and as tension may be a prerequisite for transcription
initiation19-13 supercoiling domains might influence the gene expression of surrounding
genes. However, as excessive supercoiling inhibits elongationl# 1° topoisomerases are
preferentially associated with transcribed rather than non-transcribed regions where they can
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relieve tension1® 17 It is unclear how negative supercoils are introduced into loci prior to
transcriptional activation but certain inducible genes are probably organized into a poised
chromatin environment’- 18, At other genes, the transcription initiation complex transcribes
short stretches of RNA and previous studies showed that the polymerase synthesizes both
sense and antisense RNAs19-21, Furthermore, it is suggested that transcription of short
upstream RNAs might be important for DNA supercoiling®®.

The human genome is organized into GC-AT-rich sequence regions termed isochores?2,
originally defined by cesium chloride ultracentrifugation. Genes are preferentially found in
GC rich isochores and it has been suggested that gene clustering reflects an impact of some
higher-order level of chromatin organization, influencing gene expression?3-2%, In support of
this genome-wide chromatin fiber analysis demonstrated that gene rich domains of the
human genome are enriched in disrupted (“open”) chromatin fibers and these regions have a
decompacted large-scale chromatin structure25, that is remodeled by transcription?’.
Furthermore, within gene clusters open chromatin can spread to surrounding regions2’: 28,
implying an ability to propagate chromatin states. In mammalian cells nucleosome arrays2®
fold to form chromatin fibers that are subsequently organized into large-scale chromatin
structures in an unknown manner. In metaphase chromosomes, after gentle lysis, chromatin
loops can be seen to emanate from a proteinaceous scaffold-like structure30 that might
persist in interphase31-33, Consistent with this, in interphase, chromosome loops tens to
hundreds of kilobases in length have been seen to form thick “chromonema” fibres34 and
nuclease digestion of cells indicates the chromatin is organized into 50 kb loops, forming
higher order 300 kb structures3®. In contrast the random walk or giant loop model of
chromatin organization predicts a flexible backbone to which giant loops, each comprising
several Mb of DNA are attached6. To date much of our understanding of genome
organization has been dependent on cytological approaches but recently molecular
techniques such as Hi-C have been used to show that the interphase genome is organized
into self-interacting topological domains31-33 and these may correspond to cytologically
visible large-scale chromatin structures. However, the factors that regulate or determine
these structural domains and the relationship to function are poorly understood.

To investigate DNA supercoiling on a genomic scale and to study its impact on higher levels
of chromatin organization, we developed a novel approach using biotinylated tri-methyl
psoralen as a probe to map DNA supercoiling in cells. We found that transcription and
topoisomerase activity altered DNA supercoiling around transcription start sites and this is
propagated along the chromatin fiber creating heterogeneously sized supercoiling domains.
These domains are delimited by GC-AT boundaries and correspond to “under-wound”,
“over-wound” or topologically “stable” regions. Under-wound domains are GC-rich, highly
transcribed and enriched in “open” chromatin fibers, transcription start sites, RNA
polymerase and topoisomerase | binding, but depleted in topoisomerase Il. Under-wound
domains also have a decompacted large-scale chromatin structure that is maintained by a
balance between transcription and topoisomerase activities, suggesting that changes in DNA
topology can be propagated through the chromatin fiber affecting further levels of chromatin
organization.

Mapping DNA supercoiling at chromosomal loci

Despite its role in transcriptional regulation and DNA replication the organization,
remodeling and impact of DNA supercoiling across the genome is unknown. As the
introduction of negative DNA supercoils untwists the DNA strands, 4,5,8-trimethylpsoralen
(TMP) intercalation has been used to monitor superhelical tension37-39 on a global scalel- 3°
and at specific genes? 3. We further developed this approach to monitor changes in DNA
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supercoiling at genomic loci, around genes and at regulatory elements in vivo, by attaching a
biotin, via a linker, to TMP (bTMP) for use as a DNA structure probe (Fig. 1a). bTMP is
cell permeant and preferentially intercalates into regions of DNA enriched in negative
supercoils (Fig. 1a)39. After intercalation the bTMP is cross-linked by 360 nm light to form
monoadducts between its 3,4 pyrone bond and the 5,6 double bond of pyrimidine bases.
Monitoring bTMP incorporation in retinal pigment epithelial (RPE1) cells by using a
NeutrAvidin-fluorescein conjugate showed that it is evenly bound across the nucleus with
no pronounced enrichment or depletion at heterochromatin or in the vicinity of nucleoli (Fig.
1b). Torsional stress can be rapidly released by treatment of cells with bleomycin’, a
glycopeptide antibiotic that introduces DNA strand breaks (Supplementary Fig. 1).
Treatment of cells with bleomycin, resulted in a substantial decrease in bTMP binding,
demonstrating that the bTMP probe can discriminate between different DNA structures.

For mapping DNA supercoiling at high resolution RPE1 cells were briefly (20 min) treated
with bTMP and exposed to UV light (10 min). bTMP is quantitatively incorporated into
DNA (Fig. 1c) and bound in a UV dependent manner. DNA bound to bTMP was fragmented
by sonication, purified, enriched using streptavidin coated magnetic beads, labeled and
hybridized to custom made tiling microarrays covering large regions of the human genome
(Fig. 1d; Supplementary Table 1). The concentration of bTMP used introduced
approximately one cross-linked psoralen molecule every 1-5 kb. To correct for topology
independent effects of the bTMP drug, bTMP binding was analyzed on naked genomic
DNA. bTMP binding to genomic DNA was subtracted from bTMP binding in cells i.e.
10g2(bTMPgyis/Input) — l0g2(bTMPgenomic pna/Input) giving the normalized log2(bTMP/
Input binding) shown.

To investigate DNA supercoiling on a genomic scale bTMP binding was analyzed across
human chromosome 11 using a custom-designed Nimblegen tiling array (Fig. 1e).
Chromosome 11 is representative of the genome as it covers 135 Mb (5% of the genome)
and is composed of regions of differing gene densities and base compositions. For example
11p15.5 and 11p15.1 are gene rich whilst 11p14.1 is gene poor. Control cells showed
differential binding of bTMP across the chromosome with gene rich T-bands being more
negatively supercoiled than gene poor G-bands and pronounced peaks of negative
supercoiling were found at highly expressed genes such as NEATZand MALATI at
11913.1 (Supplementary Fig. 2). To investigate the factors responsible for regulating
supercoiling, cells were treated with a-amanitin, an inhibitor of transcription
(Supplementary Fig. 3). After 5hrs treatment a-amanitin was washed out and the cells were
allowed to recover for 2hrs. Transcription inhibition substantially altered bTMP binding at
all chromosomal loci (Fig. 1e), indicative of considerable DNA remodeling and after drug
washout bTMP binding was rapidly altered back to its starting state, demonstrating that
DNA supercoiling was remodeled by transcription.

Examination of chromosomal loci clearly revealed that DNA supercoiling was organized
into domains (Fig 1e). We reasoned that supercoiling domains would be regions that could
change their structure independently of surrounding regions. We therefore calculated a
difference profile between the supercoiling signal for control and a-amanitin treated cells
and used an edge filter to identify supercoiling boundaries (Fig. 1f; see Methods). From this
we identified 606 domains across chromosome 11 with a median size of approximately 100
kb (Fig. 1g) and characterized them as being “under-wound” (U), “over-wound” (O) or
“stable” (S) based on how their supercoiling changed between control cells and cells treated
with a-amanitin. Under-wound domains corresponded to 52% of the total domains, but by
size only corresponded to 30% of the domains, indicating they were generally smaller than
over-wound domains.
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Organization of DNA supercoiling domains

Remodeling

To better understand the arrangement of supercoiling domains we examined large
chromosomal regions. 11p15.4 (Fig. 2a) was enriched and depleted in bTMP binding
corresponding to under-wound and over-wound domains. Under-wound domains were more
often enriched in DNasel binding sites (data from Encode project) e.g. around 6.5 Mb but
there were also stable and over-wound regions enriched in DNasel sensitive sites, which
showed there was not a simple relationship between chromatin structure and DNA
supercoiling. Recently it has been shown by Hi-C3 that the human genome is organized
into large topological domains. These domains are large (approx. 900 kb), conserved
between cell types and species and might correspond to a higher level of genome
organization. Our analysis revealed that approximately 30% of topological boundaries3! lay
within +/-20 kb of supercoiling domain boundaries (P < 0.01 by simulation; Fig. 2b). We
noticed that many of these supercoiling boundaries were located at a transition between GC
rich and poor regions. To confirm this, we aligned the boundaries and analyzed the base
composition across the regions to show that supercoiling domains were flanked by GC-AT
boundaries (Fig. 2c). Topological domain boundaries have been shown to be associated with
the CTCF insulator protein3l. Similarly 25% of CTCF binding sites were found within +/
—20 kb of a supercoiling boundary (Fig. 2d), compared to 15% by chance, with a
pronounced peak of CTCF binding sites at the boundaries (Fig. 2e; simulated data gives a
flat line at 0.32 below the data shown, KS test compared to randomly generated data is P <
2.2 x 10716, This analysis indicates that large topological domains! are subdivided into
dynamic supercoiling domains flanked by CTCF proteins, revealing an additional level of
transcription-dependent genome organization.

of DNA supercoiling domains

To investigate the formation and remodeling of supercoiling domains we examined 17.5 Mb
of the human genome across 7 loci at high resolution using Agilent tiling path arrays
(Supplementary Table 1). The Xq13.1 locus (Fig. 3a) has a GC rich cluster of genes around
69.5 Mb that was negatively supercoiled. In contrast, two large gene bodies (EDA
(expressed) and 7EXZI (not expressed) located near 69 and 70 Mb were AT rich and
positively supercoiled, indicating there might be a relationship between GC content and
supercoiling. However, this result was not due to a localized (<100 bp) GC effect as we
found no relationship between localized GC content and DNA supercoiling (data not shown)
and mapping DNA supercoiling using GC rich or AT rich probes gave similar results.
Similarly there were very pronounced changes at the 11p15.1 locus (Fig. 3b). This region is
gene rich and predominantly consists of under-wound domains with transcription inhibition
promoting a rapid change in supercoiling e.g. around 17.5 Mb, that is reversed upon drug
washout. Generally genes were located within single domains, however there were some
genes, such as SERGEF located at 18 Mb, that was broken into both under-wound and over-
wound regions. Supercoiling generated by transcription of one gene maybe cancelled out by
transcription of a neighboring gene transcribed in the same direction or enhanced by
convergent or divergent transcription of neighboring genes®. The active SCYL1 and L TBP3
genes at 11q13.1 are convergent (Supplementary Fig. 2) but there were no pronounced
changes in DNA supercoiling suggesting there were mechanisms to remove extraneous
supercoils.

Bleomycin treatment of cells introduced DNA nicks (Supplementary Fig. 1) and diminished
differences in DNA supercoiling across chromosomal loci demonstrating that different
supercoiling structures observed were DNA topology dependent. Furthermore, treatment of
cells with topoisomerase inhibitors camptothecin (topoisomerase 1) and ICRF193
(topoisomerase 1) gave similar results showing that topoisomerases were also required to
maintain the supercoiling state. However, treatment of cells with both a-amanitin and
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topoisomerase inhibitors had a limited effect demonstrating that changes in supercoiling
seen upon transcription inhibition required topoisomerase activity.

To quantify changes in supercoiling at both gene rich and gene poor chromosomal regions
we summed the amounts of bTMP binding across the loci (Fig. 3c). Gene rich regions
(11p15.5, Xq13.1, 11p15.1, Enr312, Enr332) were significantly more negatively supercoiled
(under-wound) than gene poor regions (11p14.1, Xq25) (P < 2.2 x 10716; t test). At gene
rich loci there was a decrease in bTMP binding after transcription inhibition that was
followed by an increase in bTMP binding, consistent with an increase in negative
supercoiling, after transcription recovery. Interestingly, the gene poor regions behaved in the
opposite manner with an increase in positive supercoiling after transcription initiation. As
total bTMP binding in cells does not change with transcription inhibition (data not shown)
this suggests that supercoiling may be propagated between chromosomal regions.

Properties of supercoiling domains

It is possible that supercoiling domain boundaries are physical structures enriched in CTCF
insulator proteins (Fig. 2) and topoisomerase Il binding to a proteinaceous scaffold or,
alternatively, the domains themselves might be enriched in enzymatic activities which
facilitate domain formation. To analyze these possibilities we mapped transcription, RNA
polymerase and topoisomerase binding across the chromosomal loci (Fig. 4a). Under-wound
(U) domains were highly transcribed and there was a strong relationship between
transcription and supercoiling (Fig. 4b). U-domains were significantly enriched in DNasel
sensitive sites, disrupted (“open”) chromatin fibres?’, transcription start sites, and were GC-
rich (Fig. 4c). U-domains were also enriched in RNA polymerase and topoisomerase | which
correlated well to each other (Fig. 4d). Furthermore, U-domains were enriched in SINES
whereas O-domains were enriched in LINES (data not shown). In contrast, U-domains were
significantly depleted in topoisomerase Ila and 1Ip (Fig. 4a, ¢). O-domains generally had the
opposite organization to U-domains, whilst S-domains have properties intermediate to both.
This data suggests that the polymerases and topoisomerases located in the domains
determine their topology allowing supercoiling to propagate between domains but being
controlled by the underlying organization of genes, base composition and being flanked by
GC-AT boundaries and CTCF insulator proteins (Fig. 2). We therefore suggest that domain
structure will vary depending on the transcriptional environment and indicates that
supercoiling domains are a dynamic property of the chromatin fiber, rather than being a
static, structural feature.

DNA supercoiling at TSSs and regulatory elements

As some gene promoters are known to be negatively supercoiled? 3 we analyzed DNA
supercoiling upstream and downstream of transcription start sites (TSSs) of coding and non-
coding genes (Fig. 5a). TSSs were negatively supercoiled in a region that extends
approximately 20 kb into the body of the gene and 10 kb upstream. DNA nicking with
bleomycin reduces psoralen binding returning the DNA to a relaxed state demonstrating that
TSSs were under topological strain. Active genes were also more negatively supercoiled
than inactive genes and showed a persistence of negative supercoiling into the body of the
gene. Transcription inhibition caused remodeling of TSS DNA to a more positive
supercoiled state and subsequent reactivation of transcription, promoted a change back to a
more negatively supercoiled state (Fig. 5b). This demonstrated that DNA supercoiling at
TSSs is dynamic, reversible and supercoiled regions are formed by transcription. To
investigate other enzymatic activities required for remodeling DNA supercoiling at TSSs,
cells were treated with inhibitors of topoisomerases | and Il (Fig. 5b). Changes in TSS
supercoiling were seen with topoisomerase treatment but this was abrogated when cells were
treated with both transcription and topoisomerase inhibitors demonstrating that
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topoisomerase activity is required for remodeling DNA supercoiling at promoters, as well as
chromosomal domains (Fig. 3). To further investigate DNA supercoiling at other features
we analyzed bTMP binding at DNasel sites and showed these were negatively supercoiled in
a transcription-dependent manner (Fig. 5¢). In contrast randomly generated DNA shows no
peaks around genomic features (data not shown). Furthermore, CTCF sites that can act as
insulators and facilitate chromatin-chromatin interactions*® are negatively supercoiled as are
p300-CBP enhancer binding sites (data from A549 cells) (Fig. 5d), indicating that factor
binding might be influenced by the underlying DNA topology, facilitated by topoisomerase |
activity (Fig. 5e).

Large-scale chromatin compaction of supercoiling domains

Remodeling

The mechanisms responsible for folding large-scale chromatin structures are poorly
characterized. As packaging of large-scale chromatin structures can be transcription
dependent?’: 41, 42 we hypothesized that an alteration in DNA supercoiling may affect higher
levels of chromatin organization. To investigate a relationship between supercoiling and
compaction of chromatin structures we analyzed under-wound (U) (11p15.5, 11p15.1) and
over-wound (O) regions (11p14.1) (Fig. 6a, b) and then used 3D DNA FISH to study large-
scale chromatin compaction of these genomic loci. Labeled fosmid probes (Supplementary
Table 2) separated by approximately 1.5 Mb were differently labeled and hybridized to
RPEZ1 cells (Fig. 6¢). The compaction of the different regions were analyzed by measuring
the distance between the probes. The gene-rich under-wound 11p15.5 and 11p15.1 loci (Fig.
6d) were more cytologically decompacted than the over-wound 11p14.1 locus showing a
relationship between DNA supercoiling and compaction. To test whether large-scale
chromatin structures are under tension cells were treated with bleomycin. 11p15.1 (1.5 Mb)
and Xq13.1 (2Mb) were compacted by bleomycin treatment (Fig. 6e, f), demonstrating that
the cytological structure of chromosomal regions were under topological strain.

of large-scale chromatin structures

To assess the effect of transcription inhibition on large-scale chromatin structures we
analyzed the compaction of the 11p15.5 and 11p15.1 loci. After a-amanitin treatment the
loci become positively supercoiled (over-wound) (Fig. 3c) and the chromosomal structures
concomitantly become compacted (Fig. 7a) suggesting that transcription can affect large-
scale chromatin structures by altering the DNA topology.

To investigate the kinetics of transcription responsible for altering DNA supercoiling we
inhibited transcription with a-amanitin, washed the drug out and monitored changes in RNA
polymerase and RNA transcription during recovery (Fig. 7b). Western blots showed a
substantial, proteasome dependent (data not shown), loss in elongating RNA polymerase
that persisted through recovery whilst the initiating form of the polymerase was more
resistant to degradation (Fig. 7c). After transcriptional activation we reasoned that
elongating RNA polymerase would produce large RNA fragments consistent with gene
transcription, whilst a polymerase engaged in non-productive transcription will produce
shorter transcripts#3: 44, Pulse labeling of the cells with 3H-Uridine showed that production
of long RNAs (> 200 not) was substantially reduced after 5 hours a.-amanitin treatment and
continued to decrease after a-amanitin wash out (Fig. 7d). In contrast, short RNAs (< 200
nt) were produced in abundance by 1 hour recovery and continued to increase at 2 hours.
These results demonstrated that changes in DNA supercoiling precedes transcriptional
elongation, at a time when the cell is synthesizing short RNAs and only the initiating form
of RNA polymerase is present. From this, we hypothesized that the initiating form of RNA
polymerase might be synthesizing short RNAs. To further investigate this we inhibited
transcription elongation with flavopiridol, a kinase inhibitor that blocks phosphorylation of
the C-terminal domain of RNA polymerase I leaving it in a non-processive state?®. There is
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a substantial reduction in elongating polymerase (Supplementary Fig. 4a) and monitoring
RNA synthesis (Supplementary Fig. 4b) showed a rapid reduction in long RNA production,
but a lag before a drop in short RNA synthesis, consistent with initiating RNA polymerase
producing short RNAs. To assess how large scale decompacted chromatin structures were
formed, cells were treated with a-amanitin followed by drug wash-out and the compaction
of 11p15.1 was monitored by FISH. Upon transcription inhibition the locus was rapidly
compacted but was decompacted after a-amanitin wash-out with the same kinetics (Fig. 7e)
as the remodeling of DNA supercoiling (Fig. 3) and the transcription of short RNAs (Fig.
7d).

Our previous experiments showed that topoisomerase inhibition caused a change in DNA
supercoiling (Fig. 3). Therefore to further test the relationship between changes in DNA
supercoiling and large-scale chromatin structures we ablated topoisomerases with RNAI
(Fig. 7). siRNA transfected cells, co-transfected with a fluorescent oligo, were FACS sorted
onto slides (Supplementary Fig. 5a, b) and chromatin compaction was measured at the
11p15.1 and 11p15.5 loci. 48 hours depletion of topoisomerases did not affect transcription
(Supplementary Fig. 5c) but as with a-amanitin treatment (Fig. 7a) the loci were compacted,
showing that large-scale chromatin structures are also topoisomerase dependent (Fig. 79).
To confirm this result topoisomerases were inhibited using drugs that also promoted the
compaction of large-scale chromatin structures (Fig. 7h). Treatment of cells with both a.-
amanitin and topoisomerase inhibitors together abrogates any change in supercoiling (Fig. 3)
or a change in large-scale chromatin structure (Fig. 7f) showing that compaction of these
structures by transcription inhibition requires topoisomerase activity. Taken together, this
data supports a surprising model that links transcription to the alteration of supercoiling
domains and the subsequent decompaction of large-scale chromatin structures (Fig. 8).

Discussion

Formation and functional role of supercoiling domains

This study shows that RNA polymerase and topoisomerase activities remodel DNA
supercoiling, creating supercoiling domains (Fig. 1-4) and impact on the folding of large-
scale chromatin structures (Fig. 6-7). As transcription is more efficient on a supercoiled
template genes located within under-wound domains will be more efficiently activated than
genes that are located in a less transcriptionally permissive chromatin environment.
Supercoiling introduced at a transcriptionally active loci could be transmitted to adjacent
gene regions, creating an environment which promotes the transcriptional activation of
surrounding genes®. This could provide an additional level of gene regulation and create an
evolutionary constraint for maintaining genes with similar properties together24 28,
However, it is unclear how genes initially adopt this under-wound configuration. Some
genes, such as HSP70, are in a transcriptionally poised state with the polymerase already
engaged at the locus'8 whilst other genes are probably in a torsionally relaxed state that is
less able to form an initiation complex®: 12, Qur data suggests that DNA supercoiling is
initially introduced at these loci by the activity of the initiating form of RNA polymerase
generating short RNA transcripts (Fig. 7), creating an environment for the generation of a
stable initiation complex0. After transcription initiation, polymerases in collaboration with
topoisomerase and helicases can then maintain the supercoiling state of the locus in a
regulated manner®. Genes like pS2 cyclically recruit factors for transcription® and these
bursts of transcriptional activity will generate supercoiling that needs to be dissipated before
the next round of transcription. This implies there must be mechanisms for monitoring the
levels of DNA supercoiling, so the recruitment and regulation of topoisomerases will be
essential, to maintain a suitable level of torsion, ensuring optimal transcription. Furthermore,
our results suggest that topoisomerases are actively required for remodeling DNA
supercoiling, supercoiling domains (Fig. 3, 5) and large-scale chromatin structures (Fig. 7).

Nat Struct Mol Biol. Author manuscript; available in PMC 2013 September 01.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Naughton et al.

Page 8

A surprising result is the pronounced changes in supercoiling that occur after transcription
inhibition and to a lesser extent for topoisomerase inhibition (Fig. 3a, b). As the DNA
microarrays show relative bTMP binding it is necessary to consider these changes as relative
to each other. It is therefore possible that most changes in supercoiling are occurring in the
gene-rich under-wound domains whilst the structure of the over-wound domains remains
relatively constant.

Supercoiling domains and large-scale chromatin structures

Polymerases introduce supercoils into DNA increasing the free energy available in the
chromatin fiber. Therefore releasing supercoils is thermodynamically favored, releasing
energy that can be used by transcription, DNA replication and chromatin remodeling.
Unconstrained DNA, found between nucleosomes, will partially unwind in response to
negative supercoiling whilst nucleosomal DNA will behave differently. As this DNA is
tightly associated with nucleosomes, untwisting of the DNA will cause unconstrained
chromatin fibers to rotate, enabling superhelical turns to be transmitted through the domain.
However, it is unknown how DNA supercoiling affects chromatin fiber structures; the fiber
can probably absorb a certain amount of supercoiling but at some point it would become
distorted, influencing its conformation.

Previously, we showed that gene rich regions of the human genome are enriched in
disrupted (“open™) chromatin fibers but these do not correspond directly to gene
transcription as inactive genes can be located in “open” domains, whilst active genes can be
located in compact domains26. Recently, we also showed that “open” chromatin can be
propagated from one region to adjacent regions and that disrupted chromatin from
neighboring active genes has an additive effect2’. As there is a net change in supercoiling
across chromosomal loci (Fig. 3c) we suggest that superhelical tension can be propagated
from one region to another. This is further supported by the data, as supercoiling domains
cover larger regions than just the promoters of genes, suggesting that supercoils must be able
to “flow” along the chromatin fiber. This would explain why transcriptionally inactive genes
can be found in “open” chromatin, if surrounding genes are also active2® and provides an
explanation for the propagation of “open” chromatin states?’.

Previous studies showed that large-scale chromatin domains are approximately 150 kb in
size3* 35 and these might correspond to structures constrained by topoisomerases or by an
attachment to an underlying matrix. Our study indicates that supercoiling domains are
heterogeneous, are approximately 100 kb in size and are generated by polymerase and
topoisomerase activities. We suggest that supercoiling domains also have a structural role,
as “under-wound” domains have a decompact large-scale chromatin structure and “over-
wound” domains have a compact structure, suggesting they impact on higher levels of
chromatin organization. Although supercoiling domains are formed by enzymatic activities
(Fig. 3) it is possible that other proteins e.g. HMGAL are required to stabilize these
structures. Alternatively, as an underlying nuclear matrix has not been well defined, domain
boundaries may interact with each other, generating a “chromatin matrix”. These dynamic
interactions could then stabilize the domains but at the same time provide sufficient
flexibility to allow domain remodeling as the transcription profiles change.

The genome is organized into isochores, with a mean size of 0.9 Mb*’. GC rich isochores
are gene rich and are also more negatively supercoiled than GC poor regions, but what is the
important determinant of the supercoiling state, genes or GC? These two properties have
evolved hand in glove but as GC rich sequences position nucleosomes more tightly*8 these
strongly positioned nucleosomes will create a fiber that is relatively irregular, which may in
turn facilitate negative supercoiling, providing a permissive environment for genes and gene
activation. In contrast, regions that bind nucleosomes less tightly will enable nucleosomes to
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slide or move, to evenly spaced positions, forming a regular chromatin fiber, that is less
readily supercoiled. Therefore, different isochores would be expected to have different
properties, affecting the behavior of genes located within them. As gene rich (and GC rich)
regions of the genome are also more likely to contain chromosomal aberrations and genes
mis-regulated in cancer are more often found in GC rich, “open” chromatin (4%, data not
shown) it is possible that alterations in DNA supercoiling and changes in supercoiling
domains could influence genome stability. In addition to the fundamental role DNA
supercoiling plays in influencing gene transcription and DNA replication in normal cells, it
may be particularly important in disease as many tumors over express topoisomerases.
Therefore topoisomerase mis-regulation might affect supercoiling giving rise to
chromosomal aberrations or increase mutation rate>9 increasing cellular heterogeneity
providing a driving force for tumor evolution.

RPE1 cells (ATCC CRL-4000) were cultured in DMEM-F12, 3mM Glutamine, 15 mM
HEPES supplemented with 0.34% Sodium Bicarbonate, 10% FBS, penicillin (100 U.mI™1),
streptomycin (100 pg.ml~1) and phenol red (8.1 mg.L™1). Transcription was blocked by
adding flavopiridol (100 M) or a-amanitin (50 pg.ml™1) to cells for the times indicated. a-
amanitin treatment was reversed by three PBS washes and the addition of fresh medium.
Topoisomerase | and Il were inhibited using Camptothecin (5 wM) or ICRF-193 (35 pM)
(Biomol), respectively.

3D DNA FISH

Cells were grown overnight on glass slides. Slides were rinsed with PBS and fixed in 4%
paraformaldehyde for 10 minutes. Slides were rinsed with PBS and cells were permeabilized
for 10 minutes on ice with PBS supplemented with 0.2% triton. After rinsing slides were
stored in 70% EtOH at 4°C.

For processing, slides were dehydrated through an ethanol series and incubated with 2xSSC
supplemented with 100 wg.ml~1 RNase A (Invitrogen) at 37°C for 60 minutes. Slides were
then rinsed briefly with 2xSSC, dehydrated through an ethanol series and air-dried. Slides
were warmed by incubating in a 70°C oven for 5 minutes before being denatured for 1
minute in 70% formamide in 2xSSC pH 7.5 at 70°C. Slides were then transferred to 70%
ethanol on ice, dehydrated through an ethanol series and air dried before overnight
hybridization at 37°C with pairs of probes (listed in Table S2) labeled in digoxigenin-11-
dUTP or biotin-16-dUTP. 150 ng of each labeled probe was hybridized with 5u.g of Salmon
Sperm and 10 pg of human Cotl DNA. Slides were washed: 4x 3 mins 2xSSC at 45°C, 4x
3 mins 0.1xSSC at 60°C before transferring to 4xSSC with 0.1% Tween 20 at room
temperature. Digoxigenin-labeled probes were detected by using one layer of rhodamine
conjugated sheep anti-digoxigenin and a second layer of Texas red conjugated anti-sheep
(Vector Laboratories). Biotin-labeled probes were detected by using one layer of FITC
conjugated streptavidin followed by a layer of biotin conjugated anti-avidin and a second
layer of FITC conjugated streptavidin (Vector Laboratories). Slides were counterstained
with 0.5 wg.mi~1 DAPI.

Image Capture and Analysis

Four color 3D RNA/DNA FISH slides were imaged using a Hamamatsu Orca AG CCD
camera (Hamamatsu Photonics (UK) Ltd, Selwyn Garden City, UK) Zeiss Axioplan Il
fluorescence microscope with Plan-neofluar objectives, a 100W Hg source (Carl Zeiss,
Welwyn Garden City, UK) and Chroma #86000v2 quadruple band pass filter set (Chroma
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Technology Corp., Rockingham, VVT) with the single excitation and emission filters installed
in motorized filter wheels (Prior Scientific Instruments, Cambridge, UK). Image capture and
analysis were performed using in-house scripts written for lola Spectrum (Scanalytics Corp,
Fairfax, VA). For three color imaging the microscope was the same but a Chroma #83000
triple band pass filter set was used with single excitation filters installed. For FISH, images
were collected from at least 50 randomly selected nuclei for each experiment and then
analyzed by using custom lola scripts that calculate the distance between two probe signals.
The statistical significance of compaction between pairs of probes was tested using the
nonparametric Wilcoxon test for paired samples whilst p values between chromosomal loci
was calculated by using the nonparametric Mann-Whitney U test (using R programming). P
< 0.05 has been taken as statistically significant.

RNA extraction and analysis

Total RNA (large RNAs (> 200 nt) and small RNAs (< 200 nt)) was extracted from cells
using Tri Reagent (Sigma) and purified on a silica matrix (Qiagen miRNeasy kit). Separate
large and small RNAs were extracted by selective binding to a silica matrix (Qiagen
miRNeasy kit). Residual DNA was removed by on-column DNasel (Roche) treatment. RNA
size fractionation was monitored by analyzing RNA species on 10 or 15% TBE-Urea gels
(Invitrogen).

3H Uridine Incorporation

Global transcription was determined by measuring [5-3H]Uridine incorporation for a 30 min
time period. Cold dA, dG, dC, dT and C (37 nM final) were added to cells, to suppress label
incorporation into DNA, with 185nM [5-3H] Uridine. After 30 minutes incubation, cells
were rinsed with PBS and RNA was extracted by selective binding to a silica matrix
(miRNeasy Kit, Qiagen). Residual DNA was removed by on-column DNasel treatment.
RNA was quantified using a Nanodrop and 3H incorporation was measured by scintillation
counting.

Western blotting

Cells were suspended in 2 x SDS lysis buffer, incubated at 100°C for 5 minutes and
sonicated briefly. For RNA polymerase blots protein samples were resolved on 8% bis-tris
gels and transferred to PVDF membrane by wet-transfer. For histone blots protein samples
were resolved on 12% bis-tris gels and transferred to PVDF membrane by semi-dry transfer.
Membranes were probed with antibodies using standard techniques and detected by
enhanced chemiluminescence. RNA polymerase |1 antibodies: H-224, 1:200 (Santa Cruz,
sc-9001); 8WG16, 1:200 (Covance, MMS-126R); H5, 1:500 (Covance, MMS-129R); H14,
1:500 (Covance, MMS-134R); CTD4HS8, 1:200,000 (Upstate 15-623) as described
previously (Stock et al., 2007). Other antibodies were GAPDH, 1:1000 (Cell Signaling,
#2118).

Chromatin nicking and analysis

Cells in 6 well plates (for DNA extraction) or on slides (for FISH analysis) were treated with
bleomycin (100 M) for 10 mins. For DNA extraction cells were lysed in 150 mM NaCl,
1% SDS, 10 mM EDTA and incubated for 1 hr at 55°C with 100 pg/ml Proteinase K. DNA
was purified by phenol chloroform extraction and recovered by ethanol precipitation. DNA
was suspended in 50 mM NaOH, 1 mM EDTA, 3% Ficoll, 0.02% bromocresol green, 0.04%
xylene cyanol and fractionated on a 0.7% agarose gel in 50 mM NaOH, 1 mM EDTA at 2
V/ecm with buffer circulation for 20 hrs. The gel was stained with EtBr in 1 x TBE and
imaged on a FLA5100 laser scanner (Fuji).
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Chromatin immuno-precipitation

ChIP was performed as described previously®? except that magnetic Protein A beads
(Invitrogen) were used for rabbit antibodies and Protein L beads were used for mouse IgM
antibodies. Antibodies were Topoisomerase | (Abcam, ab3825), Topoisomerase lla (Santa
Cruz, sc-5347) and Topoisomerase 11 (BD Transduction Laboratories, 611493), and total
RNA polymerase H-224 (Santa Cruz, sc-9001). All antibodies were characterized in
Western blots and ChIP was optimized using qPCR assays. For microarray hybridization
immunoprecipitated DNA was amplified using whole genome amplification (Sigma).

Short Interfering (siRNA) Transfections

Cells in 6 well plates (for protein extraction) or on slides (for FISH analysis) were
transfected with Topoisomerase siRNA (ON-TARGETplus SMARTpool siRNA,
Dharmacon) using Lipofectamine 2000 reagent (Invitrogen) for 48 hours with a fluorescent
marker oligo (BLOCK-iT fluorescent oligo, Invitrogen). siRNA sequences were: TOPL:
GAAAAUGGCUUCUCUAGUC, GAUUUCCGAUUGAAUGAUU,
GCACAUCAAUCUACACCCA, and CGAAGAAGGUAGUAGAGUC. TOP2A:
CGAAAGGAAUGGUUAACUA, GAUGAACUCUGCAGGCUAA,
GGAGAAGAUUAUACAUGUA and GGUAACUCCUUGAAAGUAA. TOP2B:
GAAGUUGUCUGUUGAGAGA, CGAAAGACCUAAAUACACA,
GAUCAUAUGGGAUGUCUGA and GGUGUAUGAUFAAGAUGUA. NEG: ON-
TARGETDplus Non-targeting Pool D-001810-10-05. All siRNA were used at 100 nM.

Biotinylated Psoralen

Biotinylated trimethylpsoralen (b TMP) was synthesized according to Saffron et al., and
purified by HPLC giving >95% by TLC and ELSD (evaporative light scattering). The
structure was confirmed by 1H NMR.

Analyzing changes in DNA supercoiling

Cells or control genomic DNA were treated with various concentrations (50-500 pg.ml™1) of
Biotinylated-TMP for 20 mins at RT in the dark. Biotinylated-TMP was UV cross-linked to
DNA at 360 nm for 10 mins. DNA was purified from the cells using SDS/PK digestion
followed by phenol:chloroform:isoamylaclohol extraction. DNA was fragmented by
sonication (10 x 20s at 2 ). Biotin incorporation into the DNA was detected by dot blotting
using an alkaline phosphatase conjugated avidin as a probe. The Biotinylated-psoralen DNA
complex in TE was immunoprecipitated using avidin conjugated to magnetic beads for 2
hours at room temperature and then overnight at 4°C. Beads were washed sequentially for 5
min each at room temperature with TSE | (20 mM Tris pH 8.1, 2 mM EDTA, 150 mM
NaCl, 1% Triton X-100 and 0.1% SDS), TSE Il (20 mM Tris pH 8.1, 2 mM EDTA, 500
mM NacCl, 1% Triton X-100 and 0.1% SDS) and buffer 11 (10 mM Tris pH 8.1, 0.25 M
LiCl, 1 mM EDTA, 1% NP40 and 1% deoxycholate). Beads were then washed twice with
TE buffer for 5 min. To extract the DNA and to release psoralen adducts the samples were
boiled for 10 mins at 90°C in 50 pl of 95% Formamide with 10 mM EDTA. Samples were
than made up to 200 wl with water and the DNA was purified using a Qiagen PCR
purification Kit. To release torsional stress in the chromatin fiber the DNA was cleaved by
treatment of cells with 100 uM bleomycin (Sigma B2434) for 10 minutes at 37°C. DNA
was extracted and DNA damage analyzed by non denaturing gel electrophoresis.

Biotinylated trimethyl psoralen Immuno

Cells were grown overnight on glass slides. Slides were rinsed with 3 x PBS and then treated
with Biotinylated-TMP (1mg.mlI~1) for 20 mins at RT in the dark. Biotinylated-TMP was
UV cross-linked to the DNA at 360 nm for 10 mins. Slides were rinsed 3 x with PBS and
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fixed in 4% paraformaldehyde. Slides were rinsed 3 x with PBS and cells were
permeabilized for 10 minutes with PBS supplemented with 0.2% triton. After rinsing with
PBS, slides were blocked 5% horse serum in PBS for 15minutes at room temperature in a
humidified chamber. The Biotinylated-TMP was detected by incubation overnight with
NeutrAvidin FITC (25pg.mI~1) (Invitrogen).

Microarray hybridization, data processing and analysis

See supplementary Note

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

High resolution mapping of DNA supercoiling. (a) Cartoon showing biotinylated-trimethyl
psoralen (bTMP)°1 as a DNA structure probe that intercalates into under-wound regions of
the DNA helix? 39, (b) Immunofluorescence analysis in RPE1 cells showing the distribution
UV cross-linked bTMP detected using NeutraAvidin-Fluorescein before and after bleomycin
treatment. Cells were counterstained with DAPI (Bar is 5 pm). (c) Dotblot showing bTMP
incorporated into genomic DNA detected by streptavidin conjugated horseradish peroxidase
and chemiluminescence. (d) Experimental strategy for high resolution mapping of DNA
supercoiling. Cells were treated with bTMP for 20 mins and the bTMP was cross-linked into
the DNA helix with 360 nm UV light. DNA was purified, enriched for biotin-TMP using
streptavidin coated magnetic beads, amplified, labeled and hybridized to genomic
microarrays versus input control. (€) Microarray data showing bTMP binding across human
(HSA) chromosome 11 as log2(bTMP binding/Input DNA) revealing pronounced
differences in drug binding representative of differences in DNA supercoiling. Transcription
inhibition with a.-amanitin (5 hours) showed substantial remodeling of DNA supercoiling
that was reversed upon drug washout (2 hours recovery). (f) Diagram showing supercoiling
domains across 20 Mb of HSA Chrl1p identified as regions that were remodeled after
transcription inhibition and categorized as “under-wound”, “over-wound” or “stable”. (g)
Size distribution of supercoiling domains across regions studied and pie charts showing size
and frequency distribution of different domain categories.
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Organization and boundaries of supercoiling domains. (a) Microarray data showing bTMP
binding, indicative of DNA supercoiling, at HSA 11p15.4 spanning two topological
domains3L. Distribution of DNasel sensitive sites and CTCF binding sites in RPE1 cells
obtained from the ENCODE project. (b) Venn diagram showing the overlap between
topological domain boundaries3! and supercoiling (SC) boundaries across HSA 11. The
overlap was determined by taking a +/- 20 kb window at each topological boundary and
assessing whether this overlapped with a SC boundary (P < 0.01 by random permutation).
(c) Graph showing the base composition around SC boundaries. (d) Pie chart showing the
number of CTCF sites on HSA11 located near to a SC-boundary. The overlap was
determined by counting the number of CTCF binding sites within a +/- 20 kb window at
each SC-boundary. (€) Bar chart showing the number of CTCF binding sites surrounding a
SC-boundary (KS test compared to randomly generated data, P < 2.2 x 10716),
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Transcription and topoisomerase dependent remodeling of DNA supercoiling. Diagrams
showing the arrangement of genes and supercoiling domains at HSA Xq13.1 (a) and HSA
11p15.1 (b) and microarray data showing bTMP binding presented as log2(bTMP binding/
Input), indicative of DNA supercoiling. The effect of transcription and topoisomerases on
supercoiling was investigated using inhibitors. Cells were either treated with bleomycin (10
min) or transcriptionally blocked using a-amanitin (a-aman.) for 5 hours in the presence or
absence of topoisomerase inhibitors (camptothecin, topoisomerase | inhibitor (topo | inhib.);
and ICRF193, topoisomerase Il inhibitor (topo Il inhib.), as shown. (c) Boxplots showing
the quantification of DNA supercoiling at gene rich and poor genomic loci. (Un., untreated;
a-am., a-amanitin; Recov., Recovery). For the boxplots, the bottom and top of the box are
the 25th and 75th percentile and the band near the middle is the median whilst the whiskers
show 1.5 x the interquartile range. 77 corresponds to the number of probes analyzed in the
locus. For all transitions P < 2.2 x 10716 (t-test).
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Figure 4.

RNA polymerase and topoisomerases define supercoiling domains. Diagrams showing the
arrangement of supercoiling domains at HSA Xq13.1 (a) and HSA 11p15.1 (b) and
microarray data showing the distribution of RNA transcripts and ChlP for topoisomerase
(topo) I, topoisomerase lla and 11 binding across the genomic loci. Transcription is
presented as log2 (array signal) whilst ChIP data is shown as log2 (bound/input). B. Scatter
plot showing the relationship between transcription and DNA supercoiling in under-wound,
over-wound and stable domains. (c) Boxplots showing GC content, transcription start site
density, DNasel site frequency, “open chromatin”, RNA transcription, RNA polymerase Il
binding, topoisomerase | and topoisomerase I1p binding at “over-wound”, “under-wound” or
“stable” supercoiling domains. Boxplots are as described in Fig. 3 and outliers are shown as
black dots. Significance was assessed by t-test and asterisks correspond to the P-value (no *,
P >0.05; *, P <0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001). (d) Scatterplot
showing the relationship between topoisomerase | and RNA polymerase 11 binding within
different supercoiling domains.
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DNA supercoiling around TSSs and regulatory elements. (a) Graph showing bTMP binding,
indicative of DNA supercoiling, +/- 20 kb around transcription start sites (TSSs) in the
presence or absence of bleomycin for active and inactive genes. (b) Profiles showing the

changes in DNA supercoiling around TSSs after inhibiting RNA polymerases and

topoisomerases. (c) Graph showing distribution of DNA supercoiling +/-5 kb of DNasel
sensitive sites before and after transcription inhibition. (d) Profile of DNA supercoiling +/-
10 kb around CTCF and p300-CBP binding sites. CTCF binding sites for RPE1 cells were
obtained from the ENCODE project. p300-CBP binding sites are for A549 cells from the

ENCODE project. (€) Graph showing topoisomerase binding +/- 20 kb around CTCF

binding sites as determined by ChlP-microarray. T-tests were used to show the peak signal

was significantly different to randomly generated background data, P < 2.2 x 10716,
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Figure®6.

Under-wound domains are cytologically decondensed and torsionally constrained. (a)
Ideogram of human (HSA) chromosome 11 showing T-bands, R-bands, G-bands and probe
positions at the under and over-wound 1.5 Mb chromosomal loci studied. (b) Boxplot
showing the DNA supercoiling at the under-wound 11p15.5 and 15.1 loci and at the over-
wound 11p14.1 loci, as measured by bTMP binding. (c) Representative images showing 3D
DNA FISH of pairs of labeled fosmid probes (red and green spots) positioned 1.5 Mb apart
either side of the loci to measure large-scale chromatin compaction. Nuclei are
counterstained with DAPI. Bar is 5 wm. (d) Boxplots showing the distance between pairs of
fosmid probes as a measure of chromatin compaction at under-wound and over-wound
genomic loci. (e) Representative images showing 3D DNA FISH of pairs of labeled fosmid
probes (red and green spots) positioned 1.5 Mb apart at 11p15.1 in the presence and absence
of bleomycin. Nuclei are counterstained with DAPI. Bar is 5 um. (f) Boxplot showing the
change in large-scale chromatin compaction at the 11p15.1 and Xq13.1 loci after treatment
with bleomycin. Boxplots are as described in Fig. 4 and asterisks correspond to P-values
determined by Wilcoxon test, also as described in Fig. 4. n7is the number of separate probe
pairs examined.
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Figure7.

Transcription and topoisomerase dependence of large-scale chromatin structures. (a)
Boxplot showing the change in large-scale chromatin compaction using 3D DNA FISH at
the 11p15.5 and 11p15.1 loci after 5 hrs a-amanitin treatment to inhibit transcription. (b)
Schematic showing the experimental approach used to investigate changes in chromatin
structure after transcription inhibition and recovery. (c) Western blot showing the global
levels of RNA polymerase using antibodies against differently activated forms of the
polymerase after transcription inhibition. GAPDH is shown as a loading control. (d) Graph
showing incorporation of 3H-Uridine into short (< 200 nt) and long (> 200 nt) RNA after 30
min pulse labeling to measure RNA synthesis after inhibition of transcription by a-amanitin
followed by recovery. Error bars are s.d. (7= 3). (€) Boxplots showing the compaction of
the 11p15.1 locus after transcription inhibition and drug washout. (f) Western blot showing
the loss of topoisomerase (topo) I and 1l proteins after topoisomerase RNAi. GAPDH is
shown as a loading control. (g) Boxplot showing distance between pairs of fosmid probes at
11p15.1 and 11p15.5 loci after topoisomerase RNAI (Neg., negative; topo, topoisomerase).
(h) Boxplot showing distance between pairs of fosmid probes at the 11p15.1 locus after
transcription inhibition by a-amanitin in the presence or absence of topoisomerase
inhibitors, ICRF193 or camptothecin. Boxplots are as described in Fig. 4 and asterisks
correspond to P-values determined by Wilcoxon test, also as described in Fig. 4. 7= the
number of separate probe pairs examined. In panels (e) and (h), P-values are calculated
compared to control.
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Figure 8. Relationship between transcription, DNA supercoiling and large-scale chromatin

structures

Transcriptionally inactive chromatin is topologically over-wound and has a cytologically

compact large scale chromatin structure. In contrast transcriptionally active regions or

transcriptional activation alters DNA supercoiling, remodeling supercoiling domains and is

accompanied by a decompaction of large scale chromatin structures. Therefore, large
structural domains, for example as described by Hi-C31, are subdivided into smaller

transcription dependent supercoiling domains providing an additional level of functional

organization within the human genome.
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