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SUMMARY

We trapped catalytically engaged topoisomerase 11 (TOP2B) in covalent DNA cleavage
complexes (TOP2Bccs) and mapped their positions genome-wide in cultured mouse cortical
neurons. We report that TOP2Bcc distribution varies with both nucleosome and compartmental
chromosome organization. While TOP2Bccs in gene bodies correlate with their level of
transcription, highly expressed genes that lack the usually associated chromatin marks, such

as H3K36me3, show reduced TOP2Bccs, suggesting that histone posttranslational modifications
regulate TOP2B activity. Promoters with high RNA polymerase Il occupancy show elevated
TOP2B chromatin immunoprecipitation sequencing signals but low TOP2Bccs, indicating that
TOP2B catalytic engagement is curtailed at active promoters. Surprisingly, either poisoning

or inhibiting TOP2B increases nascent transcription at most genes and enhancers but reduces
transcription within long genes. These effects are independent of transcript length and instead
correlate with the presence of intragenic enhancers. Together, these results clarify how cells
modulate the catalytic engagement of topoisomerases to affect transcription.

In brief

Segev et al. map sites of catalytically engaged topoisomerase 11 (TOP2B) in neurons and observe
that TOP2B activity varies with nucleosome configuration and chromosome organization into
compartments. Surprisingly, inhibiting TOP2B stimulates nascent transcription at many genes,
enhancers, and cryptic sites, revealing how TOP2B catalytic engagement regulates transcription.
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INTRODUCTION

Topoisomerases resolve chromosome entanglements and torsional stress that arise during
transcription, DNA replication, and chromosome organization by transiently breaking and
passing DNA strands through each other.1:2 Mammalian cells express six topoisomerases,
four of which break and rejoin one strand of DNA and are referred to as type |
topoisomerases. The remaining two type Il enzymes, TOP2A and TOP2B, create and
reseal enzyme-linked double-strand breaks (DSBs), through which they pass duplex DNA.34
TOP2A and TOP2B show similar structural and catalytic properties; however, TOP2A

is expressed only in proliferating cells, whereas TOP2B is expressed ubiquitously.>~’
TOP2A activity is crucial for chromosome condensation and segregation,8° while TOP2B
is dispensable for cell-cycle progression and cannot compensate for the loss of TOP2A.10
These results suggest that TOP2A and TOP2B perform distinct functions; yet, the precise
cellular roles of TOP2B are poorly understood.

Analysis of 7op2b knockout mouse models showed that TOP2B is essential for the
development and function of postmitotic neurons.11:12 Because postmitotic cells are free
of cell-cycle-related topological problems, these studies alluded to a role for TOP2B in
resolving transcription-generated torsional stress. However, only selective developmental
and long genes showed reduced expression in the absence of TOP2B activity.13-16
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Additionally, TOP2B was shown to facilitate the rapid transcription of selective stimulus-
responsive genes by forming DSBs within their promoters.17=24 Yet, how TOP2B-mediated
DSBs stimulate transcription and the extent to which this phenomenon defines the functions
of TOP2B are unclear. Recent studies have attempted to decipher the roles of TOP2A and
TOP2B by mapping sites of either chromatin-bound (using chromatin immunoprecipitation
[ChIP]-based methods) or catalytically engaged TOP2.24-30 The latter typically involves
employing the TOP2 poison etoposide (ETP) to trap catalytically active TOP2 in covalent
cleavage complexes with the DNA (TOP2ccs). These TOP2ccs are then isolated and
processed using various strategies to yield free DNA ends that are then labeled and
sequenced. These studies indicate that TOP2B binding and activity are enriched within
open chromatin regions, including promoters, the bodies of actively transcribed genes, and
at sites occupied by cohesin and CTCF, which mediate chromatin looping.3! Additionally,
loop anchors located within and around transcriptionally active genes were found to be
vulnerable to TOP2-induced DNA breakage and chromosome translocations that underlie
ETP chemotherapy-induced acute myeloid leukemia.2%:30.32

Despite these insights, systems and methods used to map TOP2ccs and TOP2-mediated
DNA breaks thus far either have not differentiated between the activities of TOP2A

and TOP2B or have used array-based methods, which lack sufficient resolution. Here,

to determine how TOP2B acts within the genome, we immunoprecipitated TOP2Bccs
from ETP-treated primary mouse cortical neurons (which do not express TOP2A) and
sequenced the associated DNA. We report that TOP2B activity within the genome correlates
with nucleosome configuration and compartmental organization of chromosomes but not
with topologically associated domains (TADs) and loop anchors. Like TOP1,33 TOP2Bccs
are enriched within actively transcribed gene bodies but depleted near transcription start
sites (TSSs), indicating the existence of a common strategy to restrain TOPs at the TSS.
Surprisingly, nascent transcription at highly expressed genes is enhanced by either the
poisoning or inhibition of TOP2B, revealing a role for TOP2B in regulating transcription
initiation.

Mapping genome-wide sites of catalytically engaged TOP2B in neurons

To decipher the roles of TOP2B, we incubated cultured mouse cortical neurons (13 days

in vitro) with the TOP2 poison ETP (50 uM for 30 min) to trap catalytically engaged
TOP2B in covalent DNA cleavage complexes (TOP2Bccs). Neurons were then rapidly lysed
with sarkosyl, and genomic DNA was sheared and centrifuged through cesium chloride
gradients to separate TOP2Bccs from non-covalently bound proteins (Figure 1A).34 The
pelleted genomic DNA was resuspended and sonicated to ensure uniform fragmentation, and
TOP2Bcc-containing fragments were purified by performing native TOP2B ChIP. Because
DNA fragments containing TOP2Bccs are capped by TOP2B at one end (Figure 1A),
Illumina-barcoded adapters were first ligated to the free DNA end. Attempts to amplify
libraries for sequencing after this step alone proved unsuccessful, consistent with the
successful isolation of TOP2Bccs. Following the first round of adapter ligation, the 5
strand was digested with A exonuclease, and primers against the ligated adapter were used
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to perform ten rounds of primer extension, Ribo-G tailing of the single-stranded DNA
products, and ligation of a double-stranded adapter with a CCC overhang, as previously
described3> (Figure 1A). Libraries were then amplified and sequenced to map genome-wide
sites of catalytically engaged TOP2B (hereafter called TOP2Bcc-seq). As a control, input
DNA was also sequenced, and input-normalized signals from replicate experiments were
concordant (Figure 1B). Based on this, the MACS2 pipeline36 was utilized to call peaks

(n = 35,505) of TOP2B activity genome-wide and to generate a merged input-normalized
TOP2Bcc-seq signal file from two replicate experiments that was used for subsequent
analysis (STAR Methods) (Figure 1C).

TOP2Bcc-seq signals generally correlated with TOP2B -ChlP-seq signals generated
previously from cultured cortical neurons (Spearman = 0.64; Figure 1D),24 although
TOP2Bcc-seq peaks were relatively depleted at promoters and elevated within gene

bodies compared to TOP2B ChlIP-seq peaks (Figure 1E). Analysis of motifs enriched at
TOP2Bcc-seq peaks using MEME-ChIP37 revealed an AT-rich sequence that is consistent
with findings that TOP2B regulates the transcription of neuronal genes within AT-rich
environments38 (Figure 1F). Processing of TOP2Bccs stabilized by ETP form DNA single-
stranded breaks and DSBs that trigger the phosphorylation of the histone variant, H2AX,
in the vicinity of DSB sites.2439 Phosphorylated H2AX (yH2AX) ChlP-seq signals were
elevated near TOP2Bccs in ETP-treated neurons compared to -yH2AX signals in control
neurons, indicating DSB formation at TOP2Bcc peaks (Figure 1G). These results validate
that TOP2Bccs mapped in our study correspond to sites of catalytically engaged TOP2B in
neurons.

TOP2B activity is enriched within transcribed regions but depleted in active promoters

To further investigate how catalytically engaged TOP2B distributes within the neuronal
genome, we first classified neuronal chromatin into 15 distinct states (various classes of
promoters, enhancers, transcribed regions, and heterochromatin) based on the combinatorial
occupancy patterns of eight key histone marks using ChromHMM (Figures S1A, S1B,

and 2A).4041 The distribution of TOP2Bccs within each of these states was then assessed
relative to their surrounding regions and relative to TOP2B occupancy based on available
TOP2B ChlP-seq data.? Both TOP2Bcc-seq and TOP2B ChlP-seq signals were broadly
distributed within the genome and were detectable to some extent at each of the 15
chromatin states (Figures 2A-2G); however, several trends became apparent. Chromatin
states annotated as no signal heterochromatin (NS) and transcription permissive (Tr-P),
which are depleted in all eight of the assessed histone marks and cover most of the genome
(Figure S1A), also showed reduced TOP2Bcc-seq signals compared to their surrounding
regions (Figures 2A and 2B). Meanwhile, a unique pattern of TOP2Bcc-seq signals was
detected in H3K9me3-rich heterochromatin (Hc-H) (Figure 2C). When compared to other
states, such as H3K27me3-rich polycomb heterochromatin (Hc-P), TOP2Bcc-seq signals
were markedly lower at He-H and their surrounding regions (Figure 2C). However, within
this context, TOP2Bcc-seq signals were enriched at Hc-H both when compared to adjoining
regions (Figure 2A) and relative to TOP2B ChIP-seq signals within the same regions (Figure
S1C). These results suggest that H3K9me3 could facilitate the catalytic engagement of
TOP2B in chromatin environments that are otherwise less permissive to TOP2B. Notably,
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the three states with the lowest TOP2Bcc-seq signals (Hc-H, NS, and Tr-P) are also depleted
in active transcription, suggesting that TOP2Bcc levels within chromatin could be influenced
by transcription. Accordingly, chromatin states associated with actively transcribed regions,
such as strong transcription (Tr-S), transcription initiation (Tr-1), and promoter flanking
(Pr-F), which are typically found in gene bodies, as well as several enhancer states,

were enriched for TOP2Bccs (Figures 2A, 2D-2F, and S1D). In fact, relative to TOP2B
occupancy, TOP2Bccs were highly enriched at Tr-S (Figure S1C).

Previous reports suggest that TOP2 activity within gene promoters could support
transcription by resolving negative supercoils behind RNA polymerase 11 (RNAPII).42
TOP2A%*3 and TOP2B2428 pinding was shown to be enriched within gene promoters in
several cell types, although others found that 2%6—3% of TOP2B ChIP-seq peaks reside
within 5 kb upstream of the TSS.27 These results prompted us to compare TOP2Bcc-seq
and TOP2B ChlP-seq distributions at neuronal gene promoters. TOP2Bccs were depleted
at both active and weak promoters in neurons despite enriched TOP2B occupancy (Figures
S1C, 2G, and 2H). By contrast, TOP2Bccs were enriched in bivalent promoters (Pr-B)
(Figure 2G). These results suggest that TOP2B bound at active promoters is largely
catalytically disengaged. Intriguingly, previous reports indicate that TOP1 is held inactive
at promoter-proximal regions containing paused RNAPI1.33 To further explore TOP2B
catalytic engagement in the vicinity of RNAPII, the distribution of TOP2Bcc-seq signals
was assessed relative to RNAPII ChIP-seq peaks from publicly available ENCODE data.**
As expected, a significant fraction of RNAPII peaks were located within promoters, and
RNAPII ChlP-seq signals were enriched at the TSS of expressed genes (Figures S1D and
S1E). TOP2Bcc-seq signal intensity was reduced at RNAPII peaks as a function of RNAPII
peak strength (Figure 21). These results indicate that whereas topoisomerases act within
gene bodies to resolve supercoiling, their catalytic engagement is restrained within active
promoters.

TOP2Bccs are not enriched at most TAD boundaries and chromatin loop anchors

Beyond nucleosomes, chromosomes fold into loops and into units of self-interacting
chromatin segments called TADs.#>~47 Chromatin loops and TADs are formed by cohesin,
which reels in DNA bidirectionally and extrudes loops. Extrusion of loops halts when
cohesin encounters the architectural protein CTCF, bound to inwardly oriented CTCF
motifs.3146 TOP2B interacts with CTCF and cohesin, and TOP2 activity is enriched at
CTCF and cohesin binding sites, indicating that TOP2 could resolve topological constraints
at loop anchors.24-26.28.29 TOP2-mediated DNA breaks were enriched at loop anchors in B
cells?6; however, its activity did not correlate with loop strength in human retinal pigment
epithelial (RPE1) cells.2® These observations prompted us to assess whether catalytically
engaged TOP2B is enriched at TAD boundaries and chromatin loop anchors in neurons.

To this end, we overlaid TOP2Bcc-seq signals onto Hi-C maps generated from cultured
mouse cortical neurons.*8 Heatmap analysis showed that TOP2Bcc-seq signals do not vary
as a function of TAD strength, while aggregate plots revealed a reduction in TOP2Bccs
immediately outside TADs (Figures 3A and S2A). To identify factors that affect TOP2Bcc
distribution at TAD boundaries, we used k-means clustering to inspect TOP2Bcc-seq signals
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at TADs and their adjoining regions and isolate TADs whose boundaries are particularly
depleted in TOP2Bccs. This analysis indicated that TOP2Bcc patterns at TADs partition into
two broad groups and that most TADs show no change in TOP2Bccs at their boundaries
(group 1, 71.4%; Figure 3B). The remaining TADs (group 2; 28.6%) and their adjacent
regions were relatively depleted of TOP2Bccs, and here, TOP2Bcc-seq signal intensity was
again elevated within TADs and reduced immediately outside the TAD boundaries (Figure
3B). Comparison of chromatin states that populate group 1 and group 2 TADs revealed that
group 2 TADs are enriched in He-H and depleted of chromatin states containing higher
TOP2Bccs, such as Pr-B, Pr-F, Tr-1, and Tr-S, while group 1 TADs contain most chromatin
states but are depleted of Hc-H (Figure 3C). Like at TADs, TOP2Bcc-seq signals were also
unchanged at most loop anchors (group 1; 66.5%) that were identified from available Hi-C
data and were elevated at a subset of loop anchors (group 2; 33.5%) that were defined by
low TOP2Bcc-seq signals overall (Figures 3D and S2B). Group 2 loop anchors were also
enriched in Hc-H, although unlike group 2 TADs, they were also enriched for promoter
and promoter-proximal enhancer states (Figure S2C). These results suggest that levels of
catalytically engaged TOP2B are largely independent of loop anchors and TAD boundaries,
except for those found in H3K9me3 heterochromatin.

As mentioned above, TOP2B associates with CTCF, and while CTCF binding outnumbers
TADs and chromatin loop anchors within the genome, it borders a subset of TADs and loops
and is important for chromatin looping.4”4? To explore how TOP2Bccs distribute relative to
CTCF and chromatin loops, we performed CTCF ChlP-seq in cultured cortical neurons.>°
By intersecting intervals of consensus CTCF binding motifs within the mouse genome with
CTCEF peaks, we obtained a list of CTCF motifs that were occupied by CTCF in neurons. As
previously reported for TOP2,26:29 analysis of TOP2Bcc-seq signals relative to the center of
the oriented CTCF motif revealed two peaks where TOP2Bcc-seq signals were concentrated
(Figure S2D). Out of 32,390 CTCF motifs containing CTCF peaks, 15,046 peaks (~46%)
were found at loop anchors in neurons, and ~28% loop anchors (11,567/42,000) contained
CTCF motifs with CTCF peaks. The pattern and intensity of TOP2Bcc-seq signals at CTCF
peaks were similar regardless of their presence at loop anchors (Figure 3E). However,

the relationship between CTCF and TOP2Bccs was context dependent. At group 1 loop
anchors, where TOP2Bccs were invariant compared to surrounding regions, the presence

of CTCF peaks within loop anchors (13,838/34,040) did not lead to further increases in
TOP2Bccs (Figure 3F). By contrast, TOP2Bccs were relatively elevated at group 2 loop
anchors containing CTCF peaks compared to those lacking CTCF peaks, indicating that
CTCF occupancy correlates with elevated TOP2Bccs at group 2 loop anchors (Figure 3F).
Finally, reanalysis of END-seq data generated from ETP-treated neurons2® suggested that
END-seq signals were highly enriched at CTCF peaks but relatively unaffected at loop
anchors (Figure S2E). Taken together, our data indicate that while TOP2Bccs are elevated at
CTCF binding sites, their levels are unchanged at most TAD boundaries and loop anchors.
Furthermore, the patterns of TOP2Bcc-seq signals in group 2 TADs and loop anchors are
consistent with their chromatin state composition and suggest that chromatin marks within
TADs and loop anchors, and not the TAD/loop organization itself, could affect TOP2B
activity within these regions.
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Chromosome compartments define the threshold for TOP2B catalytic engagement

In addition to TADs, transcriptionally active and inactive regions segregate into chromosome
compartments, called compartments A and B, respectively, that visualize as plaid patterns

in Hi-C maps and exhibit distinct biophysical properties.46:1 To understand whether
TOP2Bccs vary according to chromosome compartments, principal-component analysis of
Hi-C data from cultured cortical neurons was performed and aligned with available ATAC-
seq data to define chromosome compartments in cultured cortical neurons (STAR Methods).
TOP2Bcc-seq signals were elevated within chromosome compartment A compared to
compartment B, indicating that levels of catalytically engaged TOP2B partition according
to chromosome compartments (Figures 4Afig4, 4B, and S3A). To further assess how
compartmental organization affects TOP2Bccs, we grouped intervals comprising the 15
distinct chromatin states in neurons according to their presence in either compartment A

or B and assessed the distribution of TOP2Bccs. For any given state, TOP2Bcc-seq signals
were always lower for intervals in compartment B compared to those in compartment A, but
the distribution of TOP2Bcc-seq signals at and around each chromatin state was consistent
between compartments. For instance, TOP2Bccs were elevated within Tr-S intervals relative
to neighboring regions in both compartments A and B, while TOP2Bcc-seq signal intensity
was reduced in Tr-S intervals found within chromosome compartment B (Figure 4C).
Similar patterns were observed for other chromatin states (Figures S3B-S30), and the
effects of compartmental organization on overall TOP2Bcc-seq signals was particularly
evident in low transcriptional activity states, such as Hc-H and NS (Figures S3N-S3P).
Finally, a majority of group 1 TADs and group 1 loop anchors mapped to compartment A,
whereas group 2 TADs and group 2 loop anchors were more prevalent within compartment
B (Figures 4D and 4E). These observations suggest that whereas TOP2Bccs vary with
nucleosome configuration in chromatin states, the threshold of catalytically engaged TOP2B
within these regions is set at the level of chromosome compartments.

Nucleosome configuration, and not transcription itself, predicts TOP2Bcc levels within

genes

The enrichment of TOP2Bccs within gene bodies and transcriptionally active compartment
A suggests that TOP2B could affect transcription by resolving transcription-generated
supercoiling. To assess how TOP2Bcc-seq signals relate to transcription, we performed
global run-on sequencing (fastGRO) under basal conditions and following ETP treatment
of cultured cortical neurons.52 Unlike array-based methods and RNA-seq, which measure
steady-state RNA, fastGRO and related methods precisely capture the positions, levels,
and orientation of transcriptionally engaged RNAPII.53 We reasoned that comparing how
TOP2Bccs distribute relative to transcriptionally engaged RNAPII and how ETP treatment
affects RNAPII could elucidate the roles of TOP2B in transcription. To this end, neuronal
nuclei were rapidly isolated from ETP-treated neurons (50 uM, 30 min) and untreated
controls and permeabilized at 4°C, and run-on reactions were performed in the presence
of 4-thio ribonucleotides (4-S-UTP). Reverse biotinylation was then employed to label
and purify nascent RNAs that were subsequently identified through strand-specific library
preparation and sequencing.52 fastGRO signals between replicate experiments were highly
correlated (Figures S4A and S4B), and aggregate profiles of fastGRO signals at highly
transcribed genes that were defined by performing RNA-seq showed coverage throughout
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the gene body (Figure S4C). fastGRO signals were also reduced at RNA-seq-defined silent
genes compared to expressed genes (Figure S4D). These results indicate that fastGRO
signals mark sites of transcriptionally engaged RNAPII in neurons.

Following this initial validation, fastGRO FPKMs (fragments per kilobase million) from
untreated neurons were used to rank and group genes into quartiles of expression (Q1 — low
expression, Q4 — high expression). fastGRO signals from untreated and ETP-treated neurons
were then examined at genes within each expression quartile. Surprisingly, fastGRO signals
in ETP-treated neurons trended higher than those in untreated controls across expression
quartiles (Figures 5A, 5B, and S4E). The difference in fastGRO signals between the

two groups increased with increasing transcriptional activity within each quartile (Figures
5A and 5B). fastGRO signals in ETP-treated neurons were also elevated throughout the
length of transcripts, including at the TSS, indicating that TOP2B poisoning stimulates

new rounds of transcription, especially at highly expressed genes. In addition to gene
bodies, transcription occurs at numerous proximal and distal gene regulatory elements, such
as enhancers,®* and TOP2Bcc-seq signals are also elevated at several enhancer classes.
fastGRO signals at enhancer states defined by chromatin marks (Figure S1A) were elevated
in ETP-treated neurons compared to controls, suggesting that TOP2B poisoning also could
also stimulate nascent transcription at enhancers (Figure S5A). To further address this issue,
we utilized dREG,%® a machine learning program that employs support vector regression,
and identified active transcriptional regulatory elements (TRES) from fastGRO signals in
untreated and ETP-treated neurons (Figure S5B). Implementation of dREG identified 16,785
and 16,336 TREs in untreated controls and ETP-treated neurons, respectively. TREs in ETP-
treated neurons distributed similarly to TREs in untreated controls across the 15 chromatin
states (data not shown). fastGRO signals at TREs identified by dREG were elevated in
ETP-treated neurons compared to controls (Figures S5C and S5D), indicating that TOP2B
inhibition also stimulates transcription at TREs, including enhancers.

Next, to investigate whether there were genes whose transcription requires TOP2B activity,
raw fastGRO counts from ETP-treated neurons and controls were directly compared using
DESeq2.%6 This analysis identified 531 genes that showed at least a 1.5-fold reduction

in transcriptionally engaged RNAPII in ETP-treated neurons (hereafter referred to as ETP-
downregulated genes; Figure S5E). Comparison of fastGRO signals at ETP-downregulated
genes in untreated neurons with genes segregated according to quartiles of expression (Q1,
low expression; Q4, high expression) revealed that ETP-downregulated genes are expressed
at levels higher than those of Q3 genes but lower than Q4 genes (Figure 5C). Gene body
TOP2Bcc-seq signals tracked with the level of transcription in each quartile (Q4 > Q3 >

Q2 > Q1) (Figure 5D). However, TOP2Bcc-seq signal intensity in ETP-downregulated genes
was lower than that expected for their expression level and was similar to Q2 genes (Figure
5D). Furthermore, despite being highly expressed in untreated neurons, ETP-downregulated
genes were depleted of chromatin states that mark strong transcription, including Pr-F, Tr-I,
and Tr-S, compared to Q3 genes (Figure 5E). These results indicate that ETP-downregulated
genes display a distinct chromatin signature compared to other similarly expressed genes.

The depletion of TOP2Bccs at the highly expressed ETP-downregulated genes suggested
that TOP2Bcc levels within gene bodies may not be related to their level of transcription per
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se. Although aggregate TOP2Bcc-seq signals were elevated within gene bodies according
to their quartile of expression (Figure 5D), TOP2Bcc-seq signals within individual genes
correlated neither with fastGRO FPKMs nor with RNA-seq TPMs from untreated neurons
(Figures 5F and 5G). Because the bodies of actively transcribed genes are also enriched

in the chromatin states Pr-F, Tr-1, and Tr-S, we next examined how the enrichment of

these chromatin states affects TOP2Bcc-seq signals within gene bodies. Mean TOP2Bcc-seq
signal intensity within gene bodies tracked with the proportion of genes containing Pr-F,
Tr-1, and Tr-S states within each quartile (Figure 5H). Coordinates for genes within each
quartile were then intersected with Pr-F, Tr-1, and Tr-S intervals, and TOP2Bcc-seq signals
were assessed at genes that either contained or lacked these states. Remarkably, whereas
TOP2Bcc-seq signals tracked with the level of transcription in genes that contained Pr-F,
Tr-1, and Tr-S, this association was lost in genes that lacked these states (Figures 51 and
5J). These results suggest that TOP2B activity within gene bodies is influenced by their
nucleosome configuration. Genes depleted in specific chromatin states (Pr-F, Tr-I, Tr-S)
display reduced TOP2Bccs despite being highly expressed, and this imbalance could cause
them to be particularly reliant on TOP2B activity within their bodies. On the other hand,
the elevated nascent transcription in ETP-treated neurons suggests that TOP2B tempers
transcriptional output, especially at highly expressed genes.

The presence of intragenic enhancers affects long gene transcription in ETP-treated

neurons

Whereas nascent transcription in Q3 and Q4 genes was elevated in ETP-treated neurons,
how other genes, which are also highly expressed in untreated neurons, instead become
downregulated following ETP treatment remained unclear. Previous reports indicate that
TOP1 and TOP2B are dispensable for the expression of most genes but are essential

for the transcription of long genes, particularly in neurons.1557 Consistent with these
observations, the median length of ETP-downregulated genes was substantially greater than
those of all expressed genes in neurons, including the similarly expressed Q3 genes and
ETP-upregulated genes (Figure S6A). To further understand how gene length relates to their
regulation by ETP, expressed genes in neurons were grouped into various classes according
to their length. fastGRO signals in these genes were then compared as a function of ETP
treatment. Mean fastGRO signals in ETP-treated neurons were elevated across gene length
categories except for genes longer than 80 kb, which showed the opposite trend (Figure
S6B). fastGRO signal intensity was elevated at the TSS and beyond the zone of proximally
paused RNAPII in ETP-treated neurons regardless of gene length category, indicating that
TOP2B inhibition stimulates new cycles of transcription (Figure 6A). At genes shorter than
20 kb, fastGRO signals were elevated throughout the gene body in ETP-treated neurons
compared to controls (Figure 6A). Thereafter, however, fastGRO signals were gradually
reduced in ETP-treated neurons as a function of gene length, with decreases relative to
controls first observed at transcription end site (TES)-proximal regions, which then extended
toward TSS-proximal regions in genes longer than 80 kb (Figure 6A).

A potential explanation for these results is that the transcription of long genes generates
enough dynamic supercoiling to stall RNAPII in ETP-treated neurons. If this were the
case, then it can be expected that TOP2Bccs would be elevated within the bodies of long
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genes compared to short genes. Furthermore, this scenario implies that in sufficiently long
genes, newly elongating RNAPII should stall at relatively similar distances from the TSS

in ETP-treated neurons. To test whether this was the case, we first assessed how TOP2Bcc-
seq signals distribute within and around genes of various length categories. TOP2Bcc-seq
signals within gene bodies were elevated in short genes compared to long genes (Figure
6B), suggesting that the levels of TOP2Bccs within long genes are inconsistent with greater
torsional stress within their gene bodies compared to short genes. Next, we compared
fastGRO signals from ETP-treated neurons and controls within the first 35 kb in genes
longer than 40 kb. The estimated elongation rate of RNAPII is ~2 kb/min, indicating that

a newly elongating RNAPII could cover a distance of ~60 kb during the duration of ETP
treatment (30 min). Based on this and buffering for edge effects in genes with the minimum
length of 40 kb, assessments within the first 35 kb allowed us assess how ETP affects new
transcription. In genes ranging 40-80 kb, ETP fastGRO signals converged with those from
untreated controls at ~ 28 kb from the TSS but did not dip further (Figure 6C). The distance
of such intersection decreased to ~22 kb in genes ranging between 80 and 160 kb, and
further to ~14 kb in genes longer than 160 kb, and in both cases, ETP fastGRO signals
declined below control signals shortly thereafter (Figure 6C). Reductions in ETP fastGRO
signals beyond this point were greater for genes longer than 160 kb than genes ranging
between 80 and 160 kb (Figure S6C). Meanwhile, aggregate fastGRO signals within the first
10 kb were largely similar between the analyzed gene length categories in both ETP-treated
neurons and untreated controls (Figure S6D), suggesting that reductions in RNAPII activity
downstream are less likely to emerge from increased transcription-generated supercoiling in
longer genes. Thus, while transcription in long genes is more vulnerable to ETP, transcript
length itself does not seem to account for why TOP2B activity is needed at these genes.

Based on these results, we explored properties of genes that could cause their transcription
to be affected by ETP. Chromatin state analysis revealed an enrichment of distal and weak
enhancers within the bodies of genes longer than 80 kb (Figure 6D). Similar enrichment
of enhancers was also observed in TOP2B-dependent genes, including in the small subset
of ETP-downregulated genes that were shorter than 80 kb (Figure 5E). To understand how
the presence of intragenic enhancers affects the transcription of long genes, the locations
of intragenic enhancers were identified by intersecting intervals for strong distal (En-Sd),
poised distal (En-Pd), and weak (En-W) enhancers with those for genes longer than 80 kb.
fastGRO signals were then examined relative to these genic enhancers while accounting
for strand orientation. Whereas fastGRO signals in untreated neurons were unaffected by
the presence of intragenic enhancers, fast-GRO signals in regions distal to enhancers were
reduced compared to proximal regions in ETP-treated neurons (Figure 6E), indicating that
intragenic enhancers disrupt transcription specifically in ETP-treated neurons. To further
characterize the effects of intragenic enhancers on long gene transcription, genes longer
than 80 kb were subdivided into two groups based on whether they either contained or
lacked En-Sd, En-Pd, or En-W states within them, and fastGRO signals from untreated
and ETP-treated neurons were compared within these gene sets. Long genes containing
intragenic enhancers displayed a significant reduction in fastGRO signals following ETP
treatment compared to controls than long genes that lacked intragenic enhancers (Figure 6F).
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ETP is a TOP2 poison that causes the formation of DNA DSBs in neurons, and ETP-
mediated DSBs could interfere with transcription and potentially underlie the transcriptional
changes described above. To address a potential role for ETP-mediated DSBs in the
observed transcriptional changes, cultured cortical neurons were incubated with a catalytic
inhibitor of TOP2B, ICRF-193 (20 uM for 30 min), and the effects of ICRF-193 on nascent
transcription were assessed using fastGRO. Data from replicate experiments were validated
as before (Figure S4) and fastGRO signals between replicate experiments were highly
concordant (Figures S7A and S7B; data not shown). Importantly, analysis of fastGRO
signals from ICRF-193-treated neurons largely recapitulated findings from ETP-treated
neurons. Specifically, fastGRO signals were elevated in ICRF-193-treated neurons in genes
across most expression quartiles, including the most highly expressed Q4 genes (Figures
S7C, S8A, and S8B). fastGRO signals in ICRF-193-treated neurons were also elevated at
enhancers compared to controls (Figure S8C) but were reduced in ETP-downregulated genes
(Figure S8D). Like in ETP-treated neurons, mean fastGRO signals in ICRF-193-treated
neurons were elevated across gene length categories, except for genes longer than 80 kb,
which showed the opposite trend (Figures SBE-S8G). Furthermore, long genes containing
intragenic enhancers displayed a significant reduction in fast-GRO signals following
ICRF-193 treatment compared to controls than long genes that lacked intragenic enhancers
(Figure S8H). These results suggest that reductions in TOP2B activity, and not DSBs,
downregulate transcription of long genes in ETP-treated and ICRF-193-treated neurons.
Because both ETP and ICRF-193 stimulate transcription at enhancers, we propose that
cryptic transcription from internal enhancers under these conditions could interfere with
genic transcription and that the enrichment of intragenic enhancers within long genes could
explain their reliance on TOP2B.

DISCUSSION

In this study, we attempted to decipher the cellular roles of TOP2B by mapping genome-
wide sites of catalytically engaged TOP2B in postmitotic neurons. We show that catalytic
TOP2B engagement varies according to the presence of specific nucleosome conformations
within the bodies of actively transcribed genes. The apparent attunement of TOP2Bccs to the
level of transcription is lost in genes that lack Pr-F-, Tr-1-, and Tr-S-related chromatin marks,
suggesting that these chromatin states, and not transcription-generated torsional stress, could
affect the catalytic engagement of TOP2B within gene bodies. Acting atop these chromatin
states, the higher-order organization of chromosomes into compartments sets the threshold
of TOP2B activity within chromatin like a rheostat. In contrast to compartments, we were
unable to detect differences in TOP2Bccs at most loop anchors and TAD boundaries,
indicating that these areas either do not accrue significant torsional stress or that torsional
stress at these sites is not resolved by TOP2B in neurons. The minority of loop anchors and
TAD boundaries that did show elevated TOP2Bccs compared to surrounding regions were
enriched for He-H, and the level of TOP2Bccs at these sites matched those observed around
Hc-H sites genome-wide. How the catalytic engagement of TOP2B is stimulated at specific
chromatin states is unclear. It was reported that TOP2A is recruited to H3K9me3-rich
chromatin by the multidomain reader UHRF1, which recognizes H3K9me3 through its
Tudor and PHD domains.®0 Similarly, UHRF1 and other readers of histone posttranslational
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modifications could engage TOP2B at Hc-H and other chromatin states in neurons. Previous
studies also indicate that inhibition of histone deacetylases causes the redistribution of
TOP2B from heterochromatin to euchromatin.61 It would be intriguing to test how dynamic
changes in histone acetylation and other chromatin modifications also affect the catalytic
engagement of TOP2B genome-wide.

Whereas TOP2Bccs are enriched within the bodies of strongly transcribed genes, they are
depleted at active promoters. Similar activity profiles were reported for TOP1 in human
colon cancer cells,33 suggesting that TOP1 and TOP2B activity are similarly organized at
transcribed genes. Reduced topoisomerase activity could enhance negative supercoiling at
active promoters and facilitate DNA melting and the loading of RNAPII. TOP2Bcc-seq
levels negatively correlate with the levels of RNAPII at the TSS, indicating that components
of the RNAPII complex could curtail its activity.

Classical models predict that topoisomerase activity within gene bodies is important for
resolving supercoiling that would otherwise stall RNAPI1.62 Surprisingly however, nascent
transcription was elevated, and not diminished, at many genes after ETP treatment. Either
inhibition or poisoning of TOP2B resulted in increased transcriptional initiation and
elongation, and we see no evidence of increased RNAPII pausing under these conditions.
Because TOP2B was only inhibited/poisoned for short periods of time (30 min) in our
experiments, it is unclear whether the resultant increase in transcriptionally engaged RNAPII
is sustainable or whether increased supercoiling in ETP-/ICRF-193-treated neurons would
eventually stall RNAPII. However, our results are largely consistent with those from RNA-
seq experiments, which show that transcription at relatively few genes is reduced even

after prolonged inhibition/knockdown of topoisomerase activity in mammalian cells.14:15:57
These results call for a reevaluation of the relationship between transcription-generated
supercoiling, RNAPII stalling, and topoisomerase activity. While excess supercoiling was
shown to arrest RNAPII /n vitro and in bacteria,3:64 it is unclear whether this scenario
applies to eukaryotic cells with long linear chromosomes, where supercoiling could transmit
and equilibrate over long distances and reduce the need for topoisomerases to support
transcription. Moreover, positive supercoiling was shown to displace nucleosomes ahead of
RNAPII and aid transcriptional elongation.3® We propose that reduced catalytic engagement
of TOP2B could cause unresolved negative supercoiling generated by RNAPII to propagate
to the TSS and stimulate the initiation of new transcription. In this regard, our observations
that nascent transcription at highly transcribed genes is stimulated by ETP and ICRF-193
are also consistent with previous observations that TOP2 activity is particularly essential

for resolving supercoiling at the most highly expressed genes.3%42 Direct assessments

of DNA supercoiling and RNAPII activity following prolonged topoisomerase inhibition
should elaborate whether increased nascent transcription in ETP-treated neurons can be
sustained over long periods.

Analysis of nascent transcription in ETP-treated neurons also clarifies that RNAPII stalling
from torsional stress is unlikely to explain why topoisomerases are selectively required for
the transcription of long neuronal genes.1>57 Nascent transcription in ETP-treated neurons
declines below controls before the first 40 kb in genes longer than 80 kb, while transcription
in genes many ranging between 40 and 80 kb in length remains unaffected. Moreover, both
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RNAPII and TOP2B activity is generally higher in genes ranging between 40 and 80 kb
than in genes longer than 80 kb. These observations suggest that the characteristics of genes
themselves, and not their length alone, mediate their reliance on topoisomerases. Similarly,
our observations that ICRF-193 largely recapitulates the transcriptional effects of ETP on
long genes suggest that the downregulation of long genes is unlikely to be caused by the
accumulation of DSBs within long genes in ETP-treated neurons.

We show here that in addition to stimulating new rounds of transcriptional initiation at
genes, ETP and ICRF-193 also stimulate transcription at TRES, including enhancers, and
that genic enhancers are enriched within genes longer than 80 kb. Promiscuous transcription
at these intragenic enhancers following reductions in TOP2B activity could lead to
collisions with RNAPII involved in genic transcription, leading to their downregulation.5®
Interestingly, both H3K4me2 and H3K36me3, which are enriched in chromatin states with
high TOP2B activity (Pr-F, Tr-1, and Tr-S), also suppress cryptic intragenic transcription
in yeast and mammalian cells.6-71 These chromatin states and TOP2B activity are both
depleted in ETP-downregulated genes, indicating that these genes could be particularly
susceptible to cryptic transcription initiation. Whereas the role of cryptic transcription

in suppressing long gene transcription was not directly tested in this study, nascent
transcription declined in ETP-treated neurons (but not controls) at positions that follow
genic enhancers, and the length-related effects of ETP on transcription correlated with

the proportion of genes that contained intragenic enhancers in each length category.
Overall, these results reveal how increased nascent transcription in ETP-/ICR-193-treated
neurons could also explain why a subset of long neuronal genes rely on TOP2B for their
transcription.

Limitations of the study

One limitation of this study is that although TOP2B catalytic engagement correlated with the
occupancy of several combinatorial histone marks, a direct role for these marks in regulating
TOP2Bccs was not directly demonstrated. For instance, readers of specific histone marks
could either recruit or stimulate TOP2B catalytic activity within chromatin. Future studies
that assess TOP2Bccs under conditions that perturb the distribution of histone marks
associated with Pr-F, Tr-I, Tr-S, and Hc-H and assessments of interactions between readers
of such marks and TOP2B should clarify this issue. While our data suggest that RNAPII

is unlikely to be stalled by torsional stress from excess supercoiling in most long genes,
supercoiling levels were not directly assessed in this work. Such efforts are the subject of a
separate ongoing study and should further clarify the relationship between topoisomerases
and transcription in long genes.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Ram Madabhushi.
(ram.madabhushi@utsouthwestern.edu).
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Materials availability—This study did not generate new unique reagents.

Data and code availability—All sequencing data generated in this study has been
deposited at GEO (GSE227463) and are publicly available as of the date of publication.
Accession numbers are listed in the key resources table. The existing, publicly available data
that was analyzed for this study are listed in the key resources table along with accession
numbers. This paper does not report any original code. Any additional information required
to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse primary cortical neurons—Dissociated primary cortical neurons from E16
Swiss-Webster mice (Charles River) were plated at a density of 5 million cells/plate in 10
cm plates. The plates were pre-coated with poly-D-lysine (0.5 mg/mL) overnight at 37°C,
followed by washing twice with dH,0. Neurons were maintained in neurobasal media
(GIBCO) supplemented with L-glutamine, penicillin/streptomycin, and B27. Etoposide
(ETP, 50 uM, Sigma E1383) and ICRF-193 (20 uM, Sigma 14659) were dissolved in
DMSO. Cells were treated by adding drug directly to the culture media 30 min prior to
collection.

S2 Drosophila cell line—Drosophila Schneider’s Line 2 Cells (S2 Cells) were cultured
at 25°C and 5% CO5 in Schneider media supplemented with 10% heat inactivated fetal
bovine serum (GIBCO). S2 cells were incubated for 5 min with 50 mM 4-thiouridine prior
to collection for spike in sample.

METHOD DETAILS

TOP2Bcc-seq—Following ETP treatment, covalently bound TOP2B was isolated via the
in vivo complex of enzyme (ICE) assay as described previously.34 Two biological replicates
of DIV13 primary cortical neurons (~60 million cells per replicate) were lysed in 1%
sarkosyl (750 L per 10 cm plate) and sheared via 10 passes through a 1 mL syringe

with a 25-gauge needle. Sheared lysates (1.5 mL) were layered atop 150% CsCl (2 mL)

in 13 x 51 mm polycarbonate ultracentrifuge tubes (Beckman) and centrifuged at 71,000
RPM in an SLA-100.3 rotor (Beckman) for 20 h at room temperature. Pellets containing
DNA and covalently bound proteins were washed with 70% ethanol and resuspended in
300 pL SDS lysis buffer (50 mM Tris-HCI pH 8, 10 mM EDTA, 1% SDS, protease and
phosphatase inhibitor cocktail). Following resuspension, samples were sonicated to shear
DNA to uniform lengths between 200 and 500 bp using a bioruptor (Diagenode; high power,
30 s on/30 s off for 40 cycles). Samples were then centrifuged at 13,000 RPM for 10 min at
4°C to remove cellular debris, and the supernatant was diluted up to 2 mL in ChIP dilution
buffer (16.7 mM Tris-HCI pH 8, 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100, 0.01%
SDS).

TOP2Bccs were isolated from sonicated lysates containing covalently bound proteins via
native TOP2B ChIP. Prior to immunoprecipitation, 1% of each sample was transferred

to a clean tube to be used for input normalization. Samples were then incubated with anti-
TOP2B antibody (1:50, Santa Cruz (H-8), RRID: AB_628384) overnight at 4°C followed
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by incubation with ChIP-grade protein A/G magnetic beads (Thermo) for 3 h at 4°C.
Antibody-conjugated beads were sequentially washed with low salt buffer (20 mM Tris-HCI
pH 8, 1% Triton X-100, 2 mM EDTA, 0.1% SDS, 150 mM NacCl), high salt buffer (20

mM Tris-HCI pH 8, 1% Triton X-100, 2 mM EDTA, 0.1% SDS, 500 mM NacCl), LiCl
buffer (10 mM Tris-HCI pH 8, 1% IGEPAL-CA630, 1% deoxycholic acid (sodium salt),

1 mM EDTA, 0.25 M LiCl), and twice with TE buffer (50 mM Tris-HCI pH 8, 1 mM
EDTA) for 5 min each with rotation at room temperature. Immunoprecipitated TOP2B-DNA
complexes were eluted from the magnetic beads in 500 uL ChlIP elution buffer (1% SDS,
0.1 M NaHCO3) and purified along with input DNA via phenol-chloroform extraction and
ethanol precipitation. Precipitated DNA was washed with 70% ethanol and resuspended in
TE buffer.

To prepare libraries for sequencing, immunoprecipitated DNA was first end-repaired,
A-tailed, and ligated with paired-end, Illumina barcoded adapters (KAPA biosciences)
according to the manufacturer’s instructions. Attempts to amplify libraries for sequencing
after this step alone proved unsuccessful, implying the successful isolation of TOP2Bccs.
Following the first round of adapter ligation, the 5 strand was digested with A. exonuclease
(NEB). The resulting 3" strand was used as a temple for 10 rounds of primer extension
(cycling conditions: 95°C for 3 min, ten rounds of linear amplification (95°C for 1 min,
57°C for 1 min and 72°C for 3 min), 95°C for 1 min, hold at 4°C) using primers

against the ligated adapter in a solution containing 1X HiFi Phusion buffer (NEB),

0.8 mM dNTPs, 2 U Phusion DNA polymerase (NEB) and 40 nM of P7 extension

primer (CAAGCAGAAGACGG CATACGA*G; *denotes phosphorothioate linkage). The
resulting single-stranded products were purified using 0.8X Ampure XP beads (Beckman),
eluted in 35 uL. TE dH,0, and concentrated to a volume of 18 uL using a vacuum
centrifuge (Eppendorf). The purified products were appended with ribo-G in 1X terminal
deoxynucleotidyl transferase buffer (NEB), 20 U terminal deoxynucleotidyl transferase
enzyme (NEB), and 4 mM of rGTP at 37°C for 15 min followed by 0.8X Ampure

XP bead clean-up and elution as before. The single-stranded, ribo-tailed products were
ligated to double-stranded adapters with CCC overhang (oligo 1, AATGATACGGCG
ACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC.

TCCC,; oligo 2, (Phosphate) GATCGGAAGAGCGGTTCAGCAGGAATGCCGAG) as
described previously.3® Ligated products were used as templates for standard paired-end
library amplification (KAPA biosciences) with an additional extension step prior to linear
amplification to create double-stranded DNA templates (cycling conditions: 60°C for 3 min,
98°C for 30 s, eleven cycles of amplification (98°C for 10 s, 65°C for 30 s, and 60°C for
30's), 60°C for 5 min and hold at 4°C). The final PCR products were purified using 0.8X
Ampure XP beads and eluted in 40 uL EB (Qiagen). DNA fragment size was assessed via
Tapestation (Agilent) and additional Ampure XP bead clean-up steps were performed to
obtain a final library size of 350-450 bp. DNA concentration was quantified by fluorometry
(dsDNA high sensitivity Qubit assay, Thermo) to ensure equal DNA concentration for

each replicate before replicates were pooled and sequenced on an Illumina NextSeq 500
instrument using V2.5 reagents to a depth of 33.3 million reads (replicate 1) and 35.6
million reads (replicate 2).
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TOP2Bcc-seq analysis—Raw FASTQ sequencing reads were analyzed for quality
control using FastQC,’2 trimmed using Trimmomatic,’ and aligned to the mm10 reference
genome (GRCm38.p6 assembly) using BWA-MEM.”4 BAM files were marked and filtered
for duplicate reads using Sambamba’® and Samtools,’® respectively. Peaks were called using
MACS236 from biological duplicates relative to input DNA. MACS2-generated bedGraph
files were converted to bigWig files using UCSC Kent tools’’ for individual replicates and
pooled replicates. The TOP2B ChiIP-seq data was from cultured mouse cortical neurons and
as previously described.?* The data were reanalyzed and aligned to mm10 using BWA."4
Peaks were called using MACS2 with g < 0.05, pseudoreplicates were generated and
replicated peaks were called from those and the two biological replicates (raw data is
available at GEO accession GSE61887).

CTCF ChlIP-seq—CTCF ChlIP was performed for two biological replicates using a ChlP
assay kit (MilliporeSigma) as described by the manufacturer. Briefly, DIV13 primary
cortical neurons (~15M cells per replicate) were crosslinked with 1% formaldehyde for 10
min at 37°C, washed twice with ice-cold PBS, scraped into 1.5 mL tubes, and resuspended
in 300 mL SDS lysis buffer (50 mM Tris-HCI pH 8, 10 mM EDTA, 1% SDS, protease

and phosphatase inhibitor cocktail). Cells were sonicated to shear DNA to 200-500 bp
using a bioruptor (Diagenode; high power, 30 s on/30 s off for 40 cycles). Samples were
then centrifuged at 13,000 RPM for 10 min at 4°C to remove cellular debris, and the
supernatant was diluted up to 2 mL in ChIP dilution buffer (16.7 mM Tris-HCI pH 8, 167
mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100, 0.01% SDS). Prior to immunoprecipitation,
1% of each sample was transferred to a clean tube to be used for input normalization.
Samples were then incubated with anti-CTCF antibody (1:200, CST, #3418) overnight at
4°C followed by incubation with ChIP-grade protein A/G magnetic beads (Thermo) for 3

h at 4°C. Antibody-conjugated beads were washed with low salt buffer (20 mM Tris-HCI
pH 8, 1% Triton X-100, 2 mM EDTA, 0.1% SDS, 150 mM NaCl), high salt buffer (20

mM Tris-HCI pH 8, 1% Triton X-100, 2 mM EDTA, 0.1% SDS, 500 mM NacCl), LiCl
buffer (10 mM Tris-HCI pH 8, 1% IGEPAL-CA630, 1% deoxycholic acid (sodium salt),

1 mM EDTA, 0.25 M LiCl), and twice with TE buffer (50 mM Tris-HCI pH 8, 1 mM
EDTA) for 5 min each with agitation at room temperature. Immunoprecipitated CTCF-DNA
complexes were eluted from the magnetic beads in 500 uL ChlIP elution buffer (1% SDS,
0.1 M NaHCO3). DNA-protein crosslinks for immunoprecipitated samples and input DNA
were reversed via incubation with an additional 20 mM NaCl for 4 h at 37°C and residual
protein was digested with Proteinase K (NEB) for 1 h at 45°C. DNA was precipitated
using phenol/chloroform isolation and ethanol precipitation, washed with 70% ethanol,
and resuspended in 50 pL TE buffer. Samples were then prepared for sequencing using a
paired-end library preparation kit compatible with Illumina sequencing instruments (KAPA
biosciences) according to the manufacturer’s instructions. Following library amplification,
DNA fragment size was assessed via Tapestation (Agilent) to ensure a final library size of
350-450 bp. DNA concentration was quantified by fluorometry (dsDNA high sensitivity
Qubit assay, Thermo) to ensure equal DNA concentration for each replicate before replicates
were pooled and sequenced on an Illumina NextSeq 500 instrument using V2.5 reagents to
an average depth of 25-35 million reads per replicate.
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ChlP-seq analysis—ChlP sequencing reads were processed in accordance with ENCODE
analysis guidelines.8? Read alignment and all subsequent analysis requiring chromosome
length files were performed using GRCm38.p6 assembly (mm10) reference genome. Peaks
were called using MACS2 from biological duplicates and pseudo-replicates where each
ChIP sample was normalized to input. IDR (irreproducible discovery rate®0) thresholding
was performed on MACS2 peak calls using an IDR threshold of 0.05.

RNA-seq—Total RNA was extracted from two biological replicates of DIV13 primary
cortical neurons (~5M cells per replicate) using the Qiagen RNeasy Plus Universal Kit
(Qiagen) according to the manufacturer’s instructions. RNA quality was assessed using an
Agilent Tapestation 4200, and only RNA with RIN score of 8 or higher was used for library
preparation. Prior to library preparation, samples were treated with DNase to remove any
residual DNA, and RNA concentration was measured by fluorometry (RNA high sensitivity
Qubit assay, Thermo). RNA libraries were prepared for sequencing using a TruSeq stranded
mRNA library prep kit with single-end adapters (Illumina) according to the manufacturer’s
instructions. Prior to sequencing, library quality was assessed using an Agilent Tapestation
4200, and sample concentration was measured by fluorometry (dsDNA high sensitivity
Qubit assay, Thermo). Samples were pooled and sequenced on an Illumina NextSeq 500
instrument with V2.5 reagents to an average depth of 35-45 million reads per replicate.

RNA-seq analysis—Raw FASTQ sequencing reads were trimmed using Trimmomatic’3
and aligned to the mm10 reference genome (GRCm38.p6 assembly) using TopHat.”8 The
aligned reads were processed by the HTSeq-Count pipeline and relative transcript abundance
was measured by transcripts per million mapped fragments (TPM).

fastGRO—The recently developed fastGRO protocol2 was adapted to perform GRO-seq
in cultured primary cortical neurons. DIV13 primary cortical neurons for two biological
replicates (~20 million cells per replicate) were washed twice with ice-cold PBS and
collected in a 15 mL conical tube. Cells were incubated in 10 mL swelling buffer (10

mM Tris-HCI pH 7.5, 2 mM MgCl,, 3 mM CaCl,, 2 U/ml Superase-In (Invitrogen)) for 5
min on ice, washed with swelling buffer +10% glycerol, and resuspended in 10 mL lysis
buffer (10 mM Tris-HCI pH 7.5, 2 mM MgCl,, 3 mM CaCl,, 10% glycerol, 1% IGEPAL,

2 U/ml Superase-In) to isolate nuclei. Isolated nuclei were washed twice with lysis buffer
and resuspended in 100 L freezing buffer (50 mM Tris-HCI pH 8.3, 5 mM MgCly, 0.1
mM EDTA, 40% glycerol). An equal volume of pre-warmed, 2X nuclear run-on reaction
buffer (10 mM Tris-HCI pH 8, 5 mM MgCl,, 300 mM KCI, 1 mM DTT, 0.5 mM ATP, 0.5
mM GTP, 0.5 mM 4-thio-UTP (Trilink), 2 uM CTP, 200 U/ml Superase-in, 1% sarkosy!)
was added, and the reaction was incubated for 7 min at 30°C. Nuclear run-on (NRO) RNA
was extracted with TRIzol LS reagent (Invitrogen) following the manufacturer’s instructions
and precipitated with ethanol. Precipitated NRO-RNA was resuspended in 100 pL dH,0,
and concentration was determined using a Qubit 4.0 fluorimeter (Thermo). RNA (120-150
ug) was transferred to a new tube and 5%-10% spike-in RNA derived from S2 cells was
added (ETP fastGRO seq) or omitted (ICRF-193 fastGRO seq). RNA was then fragmented
using a bioruptor (Diagenode; high power, 30 s on/30 s off for 3 cycles) Fragmentation
efficiency was analyzed by running fragmented and unfragmented RNA on an Agilent 4200
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TapeStation instrument using High Sensitivity RNA ScreenTape following manufacturer’s
instructions. Fragmented RNA was incubated in biotinylation solution (20 mM Tris pH 7.5,
2 mM EDTA, 40% dimethylformamide, 200 pg/mL EZ-link PDP Biotin (Thermo)) for 2

h at 25°C with rotation (800 rpm) in a dark room then purified via ethanol precipitation

and resuspended in dH,0. M280 streptavidin Dynabeads (Invitrogen) were washed twice
with 2 volumes of freshly prepared wash buffer (100 mM Tris pH 7.5, 10 mM EDTA, 1M
NaCl, 0.1% Tween 20) and resuspended in 1 volume of wash buffer. Thereafter, biotinylated
RNA was affinity purified via incubation with 100 uL washed Dynabeads for 15 min at 4°C.
After binding, Dynabeads were washed three times with wash buffer pre-warmed at 65°C,
and three times with wash buffer at room temperature. RNA was eluted with 100 mM DTT
buffer and purified with RNA Clean and Purification kit (Zymo Research) with in-column
DNase reaction to eliminate traces of genomic DNA. The eluted RNA was quantified

with Qubit High Sensitivity Assay kit (Invitrogen) and used to produce barcoded RNA
sequencing libraries using the Kapa RNA HyperPrep kit (KAPA biosystems) according

to the manufacturer’s instructions. Libraries were sequenced on an Illumina NextSeq 500
instrument using V2.5 reagents.

fastGRO analysis—Raw fastGRO sequencing reads were processed as described
previously.>2 Briefly, reads were trimmed and poly-A sequences were removed using
Cutadapt’® then aligned to the mm10 reference genome using BWA-ALN"4 and filtered/
sorted using Samtools’® (q = 10). Sorted read files were converted to BAM files and
normalized by counts per million (CPM) to create bigWig coverage files using deepTools
BamCoverage. BAM files were also used to generate tag directories using HOMER.8! Tag
directories were used to call transcripts with HOMER fingpeaks®? (options: -style groseq
-tssFold 6 -bodyFold 5 -pseudoCount 0.5 -minBodySize 500 -maxBodySize 100000) and
corresponding FPKM values for known genes using HOMER analyzeRepeats.pP? in RNA
mode (analyzeRepeats.pl rna mm10 -count genes -strand both -rpkm -condenseGenes).
HOMER findpeaks'® derived raw counts were analyzed for differential expression using
DEseq256 with g < 0.05 and cut-offs of Log2FC < —0.6 for downregulated transcripts

and >0.6 for upregulated transcripts. Discriminative regulatory elements (dREGs) were
identified using the dREG gateway.>>:84.83 Stranded bigWig signal files were generated
from fastGRO reads using a dedicated fastGRO/Pro-seq pipeline (RunOnBamToBigWig?*)
Unnormalized, strand separated bigWigs were uploaded to the dREG®3 gateway (https:/
dreg.dnasequence.org) and analyzed using default parameters. Resulting dREG probability
bigWigs were used for track visualization, and dREG called peak files were used for plotting
TOP2Bcc-seq signal surrounding identified regulatory elements. Where indicated, fastGRO
FPKM values were used to group transcripts into quartiles of expression (Q1 = lowest
expression, Q4 = highest expression).

Hi-C analysis—~Previously published Hi-C data from mouse cortical neurons were used

to identify chromosome compartments, topologically associating domains (TADs), and
chromatin loops using the Juicer suite8> Chromosome compartments were called using the
efgenvector command with a 500 kb resolution and KR normalization. Eigenvalue bins were
converted to bedGraphs using the cutcommand on the Linux command line and then to
bigWig UCSC Kent tools bedGraphToBigWig' to be used for visualization. Chromatin
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loops were called using HICCUPS*7 with default parameters, where resulting 5 kb loop
anchors were used for downstream analysis. TADs were called using Arrowhead from the
Juicer suite (5 kb bins, KR normalized), and corner scores were used for approximating
TAD strength.

Motif analysis—Peak files containing peak summit information were generated by
MACS2. Peak summits defined by MACS2 were extended +/-250bp and converted
to mm10 (GRCm38.p6 assembly) FASTA sequence using bedtools getfasta.8” FASTA
sequences were analyzed via MEME-ChIP86 using default parameters.

Chromatin state annotation—ChromHMMA? was used to segment the genome into
15 chromatin states based on ENCODE ChlP-seq data from PO mouse forebrain for eight
histone modifications (H3K27ac, H3K9ac, H3K4me3, H3K4mel, H4K4mel, H3K27me3,
H3K9me3, H3K36me3). Annotation of chromatin states was as described previously.40
ChromHMM OverlapEnrichment was used to determine enrichment of each chromatin
state within intervals of interest using the 15 chromatin state model. ChromHMM
NeighborhoodEnrichment was used to visualize chromatin state enrichment as a function
of distance from the TSS. BED files corresponding to each chromatin state were also

used to examine TOP2Bcc-seq or TOP2B ChlP-seq signal surrounding each chromatin
state. Where indicated, intervals corresponding to each chromatin state were intersected
with chromosome compartments or fastGRO transcripts using bedtools intersect (-wa)

to separate each compartment into 15 chromatin states. To identify transcripts with or
without distal intergenic enhancers, fastGRO transcripts were intersected with strong TSS
distal enhancer (En-Sd), poised TSS distal enhancer (En-Pd), and weak enhancer (En-W)
chromatin states annotated by ChromHMM using bedtools intersect (-wa for overlapping,
-v for non-overlapping). In addition to ChromHMM analysis, chromatin state enrichment
of TOP2B ChlP-seq and TOP2Bcc peak files generated by MACS2 were analyzed using
ChlPseeker annotatePeakd8 using the UCSC mm10 genome annotation database and default
parameters.

Data visualization—To assess the agreement between TOP2Bcc-seq replicates or
TOP2Bcc-seq and TOP2B ChlP-seq signals, correlations between bigWig files were
computed using deepTools multiBigwigSummary and plotted using plotCorrelatiorP® with
default parameters. All aggregate plots and heatmaps throughout the manuscript were
generated from score matrices using deepTools computeMatrix in either reference-point
or scale-regions mode.80 For aggregate plots of TOP2Bcc-seq or TOP2B ChlP-seq signal
surrounding annotated chromatin states and loop anchors, chromatin state or loop anchor
intervals were scaled to 200 bp and TOP2Bcc-seq signal was averaged over 200 bp bins
with 3 kb flanking regions. For aggregate plots of TOP2Bcc-seq signal surrounding TADs,
TAD intervals were scaled to 10 kb and TOP2Bcc-seq signal was averaged over 200 bp
bins with 50 kb flanking regions. For aggregate plots of TOP2Bcc-seq signal in each
chromosome compartment, compartment intervals were scaled to 10 kb and TOP2Bcc-seq
signal was averaged over 200 bp bins. For TOP2Bcc-seq signal at TADs and loop anchors,
the k-means clustering option in plotProfile was used to separate TOP2Bcc-seq signal into
two distinct clusters. Further increase in cluster number did not result in identification
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of additional clusters that significantly differed from clusters in the two-state model. For
aggregate plots of TOP2Bcc-seq signal surrounding annotated chromatin states within each
chromosome compartment, chromatin state intervals were scaled to 1 kb and TOP2Bcc-seq
signal was averaged over 200 bp bins with 5 kb flanking regions. For aggregate plots of
TOP2Bcc-seq signal at gene expression quartiles or gene length categories, gene intervals
were scaled to 1 kb and TOP2Bcc-seq signal was averaged over 200 bp bins with 600

bp flanking regions. For aggregate plots of fastGRO signal at gene expression quartiles

or gene length categories, gene intervals were scaled to 1 kb and fastGRO signal was
averaged over 50 bp bins with 300 bp flanking regions as indicated on the x axes with

the exception of genes longer than 80 kb, which were scaled to 30 kb. Aggregate plots

of fastGRO signal surrounding intergenic enhancers were averaged over 50bp bins in
reference-point mode using the center of the enhancer interval and 5 or 10 kb flanking
regions. All other aggregate plots were averaged over 200 bp bins in reference-point mode
using the center of the region of interest and flanking regions as indicated on the x axes
with the exception of TOP2Bcc-seq signal surrounding CTCF peaks, which were averaged
over 50 bp bins. Matrices from computeMatrix outputs were plotted using the plotProfile or
plotHeatmap commands for visualization. Median signals for each bin were calculated using
kentUtils bigWigAverageOverBed' for significance testing. TOP2Bcc-seq, chromosome
compartment, and dREG signal tracks from bigWig files were visualized using the UCSC
genome browser.91

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were generated from independent biological replicates of cultured cortical neurons
isolated from independent mouse litters, as described in the method details. TOP2Bcc-seq
and all fastGRO seq experiments consisted of two biological replicates while the RNA-seq
consisted of three biological replicates. Differences in signal intensities between two groups
was done using Mann-Whitney-U or between multiple groups using One-way ANOVA with
Tukey’s post-hoc tests for pairwise comparisons. All TOP2Bcc-seq signal intensity plots
show the mean signal between the two reps and averaged over the indicated states/locations.
All fastGRO-seq signal plots show signal of a single replicate averaged over the indicated
state/locations. Bar graphs depicting the quantification of signal intensity were generated
and tested for significance using GraphPad Prism 9 and show median signal with 95%
confidence intervals.
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Refer to Web version on PubMed Central for supplementary material.
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The distribution of TOP2B activity in chromatin relates to nucleosome
configuration

TOP2B activity varies relative to chromosome compartments but not loops
and TADs

Inhibiting TOP2B stimulates nascent transcription at active genes and
enhancers

TOP2B promotes long gene expression by suppressing cryptic intragenic
transcription
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Figure 1. Mapping sites of catalytically active TOP2B in mouse primary cortical neurons with

TOP2Bcc-seq
(A) Diagram of TOP2Bcc-seq protocol.

(B) Concordance between the two biological replicates of TOP2Bcc-seq experiments across

genomic intervals (Spearman rank, RZ = 0.65).

(C) Representative UCSC browser view of TOP2Bcc-seq signals at three genomic intervals.
(D) Concordance between TOP2Bcc-seq and TOP2B-ChIP seq data?* (Spearman rank, R2 =

0.64).
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(E) Distribution of TOP2Bcc-seq (n = 2 biological replicates) and TOP2B ChIP-seq (n =3
biological replicates) peaks across chromatin states annotated by ChlIPseeker.

(F) Top DNA binding motif enriched at TOP2Bcc-seq peaks (n = 35,505) discovered via
MEME-ChIP.

(G) Average yH2AX signal intensity in control (CON) and ETP-treated neurons
surrounding the top 500 TOP2Bcc-seq peaks (left) with quantification of median yH2AX
signal intensity (right, Mann-Whitney U, p < 0.0001).
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Figure 2. Assessing the distribution of TOP2B activity across annotated chromatin states
(A) Enrichment of TOP2Bcc-seq signal intensity within each chromatin state annotated by

ChromHMM compared to the signal intensity in surrounding regions.

(B-G) Aggregate plots of mean TOP2Bcc-seq signals at and surrounding 5 kb bins for the

indicated chromatin states.

(H) Aggregate plot of mean TOP2B ChlIP-seq signals surrounding active promoters (Pr-A).
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() (Top) Aggregate plot of mean TOP2Bcc-seq signals surrounding RNAPII peaks.
(Bottom) Heatmap depicting the intensity of TOP2Bcc-seq signals at RNAPII peaks ranked
in descending order of their peak score.
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Figure 3. Investigating TOP2B activity at TAD boundaries and loop anchors
(A) (Top) Aggregate plot of mean TOP2Bcc-seq signals within/surrounding TAD boundaries

identified from previously published Hi-C data in primary cortical neurons.*8 (Bottom)
Heatmap view of TOP2Bcc-seq signals within/surrounding each TAD boundary ranked
according to TAD strength.

(B) (Left) Mean TOP2Bcc-seq signal within/surrounding two groups of TAD boundaries
identified by k-means clustering of TOP2Bcc-seq signals at TAD boundaries. (Middle)
Quantification of median TOP2Bcc-seq signals within TAD boundaries compared to signals
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in surrounding regions (Mann-Whitney U, p < 0.0001). (Right) Quantification of median
TOP2Bcc-seq signals within TADs (Mann-Whitney U, p < 0.0001).

(C) Heatmap representation of chromatin states annotated by ChromHMM that are enriched
within group 1 and group 2 TADs that were identified by k-means clustering, as shown in
(B).

(D) (Top) Aggregate plot of TOP2Bcc-seq signals within/surrounding two groups of
chromatin loop anchors identified by k-means clustering of TOP2Bcc-seq signals at
chromatin loop anchors. (Bottom left) Quantification of median TOP2Bcc-seq signal within
loop anchors compared to signals in surrounding regions (Mann-Whitney U, p < 0.0001).
(Bottom right) Quantification of median TOP2Bcc-seq signal within loop anchors (Mann-
Whitney U, p < 0.0001).

(E) Distribution of TOP2Bcc-seq signals in 2 kb windows surrounding oriented CTCF motif
sites that occur either at chromatin loop anchors (blue line) or elsewhere in the genome
(green line).

(F) (Left) Aggregate plots comparing mean TOP2Bcc-seq signals at group 1 (top) and
group 2 (bottom) loop anchors that either do or do not overlap with CTCF ChlIP-seq peaks.
(Right) quantification of median TOP2Bcc-seq signals of the corresponding loop anchors
(Mann-Whitney U, group 1 p =0.0197, group 2 p < 0.0001).
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Figure 4. The role of chromosome compartmental organization in the regulation of TOP2B

activity

(A) UCSC browser view of a portion of chromosome 1 showing the alignment between
TOP2Bcc-seq signals and chromosome compartment designation (red: compartment A,

blue: compartment B).

(B) Aggregate plots of mean TOP2Bcc-seq signals within chromosome compartments A and
B (left) with quantification of median TOP2Bcc-seq signals for each compartment (right,

Mann-Whitney U, p < 0.0001).
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(C) Comparison of mean TOP2Bcc-seq signals within/surrounding regions of strong
transcription (Tr-S) annotated by ChromHMM in chromosome compartments A and B
(left) with quantification of median TOP2Bcc-seq signal for each compartment (right,
Mann-Whitney U, p < 0.0001).

(D) Percentage of all TADs that occur within chromosome compartment A or B (top)
compared to the percentage of group 1 (bottom left) or group 2 (bottom right) TADs that
were identified by k-means clustering that occur within each compartment.

(E) Percentage of all chromatin loop anchors that occur within either chromosome
compartment A or B (left) compared to the percentage of group 1 (middle) or group 2
(right) loop anchors identified by k-means clustering that occur within each compartment.
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-

Figure 5. Assessing the influence of transcriptional activity and nucleosome configuration on

TOP2B activity

(A) Mean fastGRO signal within/surrounding gene bodies for CON and ETP-treated neurons
within each expression quartile (Q4, highest expression; Q1, lowest expression).

(B) Quantification of median fastGRO profiles in (A) (Mann-Whitney U, all p < 0.0001).

(C and D) Mean fastGRO signals in untreated neurons (C) and mean TOP2Bcc-seq signals
(D) within/surrounding genes in each expression quartile were compared to corresponding
signals in ETP-downregulated genes (ETP downreg.).
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(E) Heatmap of chromatin states enriched in various classes of ETP-up- and -downregulated
genes and Q3 genes, which resemble expression levels of ETP-downregulated genes.

(F and G) Correlation between TOP2Bcc-seq signal intensity and either fastGRO FPKMs
(F) or RNA-seq TPMs (G) for all transcripts.

(H) Percentage of genes within each expression quartile that contain promoter flanking (Pr-
F), transcription initiation (Tr-1), and strong transcription (Tr-S) chromatin states annotated
by ChromHMM were compared to the mean TOP2Bcc-seq signal intensity for each
expression quartile.

(I and J) Aggregate plots of TOP2Bcc-seq signals in each expression quartile in genes that
either (1) contain (1) or (J) lack Pr-F, Tr-1, and Tr-S chromatin states.
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Figure 6. Effect of intergenic enhancer enrichment on the expression of long neuronal transcripts
in ETP-treated neurons

(A) Aggregate plots of mean fastGRO signals in CON and ETP-treated neurons within/
surrounding gene bodies that were grouped according to their length as indicated.

(B) Mean TOP2Bcc-seq signals within/surrounding gene bodies that were grouped
according to their length.

(C) Comparison of mean fastGRO signals in the first 35 kb of gene bodies across the
indicated length categories in CON and ETP-treated neurons.
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(D) Heatmap representation of chromatin states enriched within ETP-downregulated genes
and genes in the indicated length categories.

(E) Comparison of mean fastGRO signals in intervals immediately preceding and
succeeding intragenic enhancers in ETP-treated neurons and untreated CONs. The signals
are overlaid to depict relative trends, and the signal intensity for each condition is depicted
on separate y axes (CON, left; ETP, right).

(F) Aggregate plot of mean fastGRO signals at genes longer than 80 kb in length that either
contain (left) or lack intragenic enhancers (middle) in ETP-treated neurons and untreated
CON:s. (Right) Quantification of median fastGRO signal intensity for each category (Mann-
Whitney U, CON vs. ETP with enhancers p < 0.0001, CON vs. ETP without enhancers p =
0.06495).
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