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Abstract

Chromatin looping by CTCF and cohesin is thought to be crucial for chromosome organization and gene transcription. Yet the precise relationships
between CTCF, cohesin, and transcription in neurons are still poorly understood. To address this issue, we compared the occupancy of CTCF and
the cohesin subunits, SMC1 and RAD21, relative to transcriptionally engaged RNAPII and as a function of stimulus-dependent transcription in
cultured mouse cortical neurons. We show that CTCF and cohesin are enriched at transcription start sites (TSS) and that their levels increase with
the level of transcriptionally engaged RNAPII, suggesting that RNAPII facilitates CTCF and cohesin occupancy. Unexpectedly, while neuronal
stimulation caused widespread transcriptional activation, it resulted in the rapid genome-wide loss of SMC1 and RAD21 signals, including at
the TSS of genes, loop anchors, and topologically associating domain boundaries. Activity-dependent reductions in cohesin were independent
of CTCF but were mimicked by inhibiting either topoisomerase | or topoisomerase |3, which resolve torsional stress from DNA supercoiling.
We show that neuronal stimulation elevates DNA supercoiling and that increasing torsional stress triggers the dissociation of cohesin from
chromatin. Overall, these results suggest that modulation of torsional stress could be a physiologically relevant mechanism of regulating cohesin
engagement and chromatin architecture.
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Introduction

Mammalian chromosomes are highly organized within the
nucleus. At the basic level, DNA is wrapped around histone
octamers in nucleosomes [1]. Beyond nucleosomes, chromo-
somes are folded into loops, and transcriptionally active and
inactive regions segregate into distinct compartments [2—4].
Chromosome organization at each of these levels affects gene
activity, and defects in chromosome architecture manifest in
various developmental and progressive diseases [5-9]. This is
especially the case for postmitotic neurons, where gene expres-
sion patterns are often established and modified over many
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years. Furthermore, exposure to new experiences alters chro-
mosome structure and affects gene expression programs in
neurons that are crucial for forming long-term memories and
other adaptative behaviors [10-13]. Understanding the mech-
anisms that establish and modify chromatin structure in neu-
rons is therefore significant.

In this regard, recent reports have focused on the roles of the
cohesin complex in chromosome organization and gene regu-
lation. Cohesin is a member of the structural maintenance of
chromosomes (SMC) family of protein complexes. In mam-
malian cells, this complex is composed of a dimer of SMC1
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and SMC3, the klesin RAD21, a stromal antigen protein sub-
unit, either STAG1 or STAG2, and NIBPL and MAU2. The
NIPBL-MAU2 heterodimer is essential for cohesin loading
onto chromatin and for its ability to extrude DNA [14, 15].
Cobhesin is unloaded from chromatin by the substitution of
NIBPL-MAU2 with PDS5A/PDS5B and WAPL [14, 15]. Al-
though initially studied for its role in mediating sister chro-
matid cohesion and their bi-orientation during mitosis, it was
subsequently shown that cohesin also folds chromosomes into
loops in interphase and postmitotic cells [16—18]. The mech-
anism of chromosome folding by cohesin is described by the
loop extrusion hypothesis, which proposes that cohesin uses
ATP hydrolysis to reel and extrude chromatin to generate
loops [19-23]. Extrusion of chromatin is halted when cohesin
encounters either the architectural protein, CTCF bound to
convergently oriented CTCF motifs or other roadblocks, such
as RNAPII and R-loops [18, 24-27].

The loop extrusion hypothesis can explain how distal chro-
matin segments are brought into proximity for gene regula-
tion, recombination, and the formation of DNA damage foci.
Yet the mechanisms that regulate cohesin loading-unloading
cycles and loop extrusion are still poorly understood. In neu-
rons, for instance, how cohesin dynamics relates to stimulus-
dependent changes in chromatin architecture and enhancer-
promoter loops remains unclear [10, 28, 29]. Recent reports
suggest that in addition to CTCF, RNAPII itself anchors
cohesin-extruded loops, and RNAPII pausing at promoter-
proximal regions stabilizes enhancer-promoter contacts [25,
26]. These observations indicate a need for further exploring
the relationships between cohesin, CTCEF, and transcription-
ally engaged RNAPIL Furthermore, single-molecule studies
indicate that the ability of CTCF to block cohesin-mediated
loop extrusion can vary according to the level of DNA ten-
sion [30]. However, whether DNA tension also affects cohesin
activity in cells is unclear.

To address these issues, we compared the occupancy pat-
terns of cohesin, CTCF, and transcriptionally engaged RNAPII
in cultured mouse cortical neurons. We report that the oc-
cupancy of CTCF and cohesin at transcriptional start sites
(TSSs) correlates with the levels of nascent transcription. Un-
expectedly, neuronal stimulation significantly reduced CTCF
signals at the TSS and caused a genome-wide loss in co-
hesin occupancy, revealing how neuronal activity could im-
pact chromosome structure. In efforts to understand how neu-
ronal stimulation reduces cohesin engagement, we observed
that levels of DNA supercoiling become rapidly elevated fol-
lowing neuronal stimulation. Artificially increasing the lev-
els of supercoiling by inhibiting cellular topoisomerases was
sufficient to trigger the dissociation of cohesin from neu-
ronal chromatin. Overall, our results indicate that modulat-
ing DNA torsional stress through supercoiling could be a
physiological mechanism to regulate loop extrusion and gene
transcription.

Materials and methods

Reagents and datasets

A complete list of all reagents used in this study is available
in Supplementary Table S1. The purpose for each of these
reagents is noted within Supplementary Table S1 and through-
out the following methods sections where appropriate. Pub-
licly available next-generation sequencing datasets, includ-

ing those generated in this study are listed in Supplementary
Table S2.

Biological resources

Primary cortical neurons from E16 Swiss-Webster mice
(Charles River) were dissociated and plated at a density of
500000 cells/ml. Tissue-culture plates were pre-coated with
0.05 mg/ml poly-D-lysine at 37°C overnight, then washed
twice with ddH,0 prior to plating. Cortical neurons were
maintained in neurobasal media (GIBCO) supplemented with
L-glutamine, penicillin/streptomycin, and B27. All drug treat-
ments were added directly to the cell culture media, and a com-
plete list of their usage can be found in Supplementary Table
S1.

CTCFE, SMC1, and RAD21 ChlP-seq

CTCF, SMC1, and RAD21 ChIP-seq experiments were per-
formed as described previously [31]. Briefly, DIV13 primary
cortical neurons (~1.5M cells per replicate) were crosslinked,
lysed, and sonicated prior to immunoprecipitation us-
ing anti-CTCF (1:200, CST, #3418), anti-SMC1 (1:1000,
Bethyl, A300-055A), or anti-RAD21 (1:1000, GeneTex,
GTX106012) antibodies. Immunoprecipitated protein—-DNA
complexes were eluted and subjected to crosslink reversal
and protein digestion. The resulting DNA samples were re-
suspended in TE buffer and prepared for sequencing using
a paired-end library preparation kit (Roche) according to
the manufacturer’s instructions. Samples were pooled and se-
quenced on an Illumina NextSeq 500 instrument with V2.5
reagents to an average depth of 45-50 million reads per
replicate.

ChlIP-seq data analysis

All ChIP-seq data generated for this manuscript, as well
as data generated in previously published work, were pro-
cessed in accordance with ENCODE ChIP-seq analysis guide-
lines [32]. Trimmed FASTQ sequencing reads were aligned
to the appropriate reference genome (mm10/GRCm38.p6 or
hg38/GRCh38.p14) using BWA-MEM. Aligned BAM files
were marked and filtered for duplicate reads using samtools.
Peaks were called using MACS2 [33] from biological dupli-
cates and pseudo-replicates where each ChIP sample was nor-
malized to input. For analysis of signal intensity, MACS2-
generated bedGraph files were converted to bigWig files using
kentUtils [34] for individual replicates and pooled replicates.

RNA-seq

Total RNA was extracted from three biological replicates of
untreated and N-methyl-D-aspartate (NMDA)-treated DIV13
primary cortical neurons (~5 million cells per replicate) us-
ing the Qiagen RNeasy Plus Universal Kit (Qiagen). Sam-
ples were treated with DNase to remove any residual DNA.
RNA concentration was measured by fluorometry (RNA high-
sensitivity Qubit assay, Thermo), and RNA quality was as-
sessed using an Agilent Tapestation 4200. Samples with a
RIN score of 8 or higher were used for library preparation
using a single-end library preparation kit (Illumina) accord-
ing to the manufacturer’s instructions. Samples were pooled
and sequenced on an Illumina NextSeq 500 instrument with
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V2.5 reagents to an average depth of 35-45 million reads per
replicate.

RNA-seq data analysis

Raw FASTQ sequencing reads generated for this manuscript,
as well as raw FASTQ data generated in previously pub-
lished work, were analyzed for quality control using FastQC,
trimmed using Trimmomatic, and aligned to appropriate ref-
erence genome (mm10/GRCm38.p6 or hg38/ GRCh38.p14)
using TopHat [35]. Aligned reads were processed by the
HTSeq-Count pipeline [36], and the resulting raw counts were
used to calculate transcripts per million mapped fragments
(TPM). Where indicated, raw counts were also used to identify
significantly upregulated (P < .05, log fold-change > 1.2) or
downregulated (P < .05, log fold-change < —0.5) transcripts
using deSeq2 [37].

Chromatin state and Gene Ontology analysis

ChromHMM [38] was used to segment the mm10 mouse
genome into 15 chromatin states based on ENCODE data
from mouse PO forebrain for the eight indicated histone mod-
ifications. ChromHMM Overlap Enrichment was used to plot
enrichment of the eight indicated histone modifications within
the resulting 15-state model. SMC1, CTCF, and RAD21 ChIP-
seq signal intensity was quantified within each of the 15 chro-
matin states using kentUtils bigWigAerageOverBed [34].IDR-
thresholded peaks from RAD21 ChIP-seq were annotated us-
ing ChIPseeker annotatePeak using the UCSC mm10 genome
annotation database and default parameters [39]. Gene On-
tology for known genes was analyzed via clusterProfiler en-
richGO with default parameters and plotted [40].

Hi-C analysis

Previously published Hi-C data from iPSC-derived mouse cor-
tical neurons [41] and hippocampal neurons from mice in-
jected with the glutamate receptor agonist, kainic acid (KA)
[42], were used to identify chromosome compartments, topo-
logically associating domains (TADs), and chromatin loops
using the Juicer suite [43]. Chromosome compartments were
called using the Eigenvector command with a 500-kb resolu-
tion and KR normalization. TADs and chromatin loops were
called using the Juicer Arrowhead and HiCCUPS algorithms,
respectively, at 5-, 10-, and 25-kb resolutions with KR nor-
malization. To enable fair cross-condition comparison of loop
strength, loop calls across all three conditions (saline, KA 1 h,
KA 48 h) from the 25-kb significant loops were merged into
a unified set by clustering anchors to the nearest bin of the
same size using a proximity-based DBSCAN approach, with
the same defaults as hictoolsr’s mergeBedpe implementation
(e = 50 kb for 25 kb resolution), but retaining loops called
as significant in at least one condition. This yielded 3307 to-
tal loops. Aggregate peak analysis (APA) was performed us-
ing Juicer Tools at 25-kb resolution with KR normalization
(window = 10 bins, minimum distance = 30 bins), apply-
ing the merged union set to ensure fairness in anchor assign-
ment across conditions. Loop strength was quantified using
the peak-to-mean ratio (P2M) and peak-to-lower-left ratio
(P2LL; corner width g = 6 bins), as well as the raw central
pixel intensity. Hi-C data derived from hippocampal neurons
were visualized with Juicebox [44] at 25-kb resolution and
balanced normalization. Log (Expected/Observed) for each

condition (saline and KA) as well as log (KA/saline) contact
signals were plotted for the indicated chromosomal regions.

TMP incorporation assay

DIV13 primary cortical neurons (~10 M cells per replicate)
plated in 10-cm tissue culture dishes were incubated with
trimethylpsoralen (TMP, 12 pg/ml final) for 10 min at 37°C.
Tissue culture dishes were then placed on ice and exposed to
3.6 k] m~2 of 365-nm UV light (Spectronics, XL-1500UV)
to achieve DNA:TMP crosslinking. Following UV crosslink-
ing, neurons were immediately collected in 1ml sodium dode-
cyl sulfate (SDS) lysis buffer [50 mM Tris-HCI, pH 8.1, 10
mM ethylenediaminetetraacetic acid (EDTA), 1% SDS] and
incubated with 100 pg/ml Proteinase K (NEB) overnight at
55°C. Genomic DNA was extracted using phenol/chloroform,
precipitated with ethanol, resuspended in 200 pl ddH, O plus
RNase A (1 pg Invitrogen), and incubated for 2 h at 37°C. Ge-
nomic DNA was again isolated using phenol/chloroform, pre-
cipitated with ethanol, and diluted to a concentration of 0.12
mg/ml in elution buffer (EB; 10 mM Tris—HCI, pH 8.0). DNA
samples were then sonicated manually (5 x 30 s, Cole Palmer
ultrasonic processor) then further sonicated in a Bioruptor
Plus (high, 40 cycles, 30 s on/off) to achieve fragment sizes
of 250-350 bp. To enrich crosslinked DNA fragments, sam-
ples were subjected to three rounds of Exol digestion. Sam-
ples were boiled for 10 min at 95°C, cooled on ice for 2 min,
and incubated with Exol buffer (10 ul of 10x buffer, NEB)
and Exol enzyme (10 ul, NEB) for 1 h at 37°C. Addition-
ally, a fraction of each sample was removed prior to Exol di-
gestion as a total DNA loading control. Following Exol di-
gestion, clean DNA was extracted using a polymerase chain
reaction clean-up kit (QIAquick, Qiagen), and samples were
quantified using fluorometry (double-stranded DNA high sen-
sitivity Qubit assay, Thermo). To assess total levels of TMP
crosslinking, samples were electrophoresed on a 1% agarose
gel, post-stained with GelRed (Biotium), and imaged on a Bio-
Rad Chemidoc system. Samples that were not exposed to UV
crosslinking (uncrosslinked, UNX) and samples that were not
subjected to Exol digestion were used to control for the level
of Exol digestion achieved and for DNA loading controls,
repsectively.

TMP levels are represented as signal intensity normalized
by the intensity of total DNA that was not subjected to Exol
digestion.

Chromatin fractionation and western blotting

DIV13 primary cortical neurons (~5 M cells per replicate)
were washed three times with cold phosphate-buffered saline
and lysed in 500 wl lysis buffer (20 mM HEPES, 2 mM MgCl,,
10 mM KCl, 1 mM EDTA, 1 mM Elthylene Glycol Tetraacetic
acid (EGTA), 1 mM Dithiothreitol (DTT), and 0.5 x pro-
tease and phosphatase inhibitors; pH 7.4) for 15-20 min on
ice. Lysates were sheared through a 25-gauge needle and cen-
trifuged at 750 x g for 5 min at 4°C to separate the cytosolic
fraction (supernatant). The pellet was resuspended in 500 pl
lysis buffer, centrifuged at 750 x g for 5 min, and the super-
natant was discarded. The pellet was resuspended in 200 pl
CSK-D buffer (10 mM PIPES, 100 mM NaCl, 300 mM su-
crose, 1 mM EGTA, 1 mM MgCl,, 1 mM DTT, 0.5% Triton
X-100, and protease and phosphatases inhibitors), incubated
for 10 min on ice, and centrifuged at 6800 x g for 3 min at 4°C
to separate the nuclear fraction (supernatant). The pellet was
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resuspended in 100 ul benzonase buffer (10 mM Tris—HCI,
pH 8,2 mM MgCl,, 0.5% Triton X-100) and centrifuged at
6800 x g for 3 min. The supernatant was discarded, and the
pellet was resuspended in 100 pl benzonase buffer plus ben-
zonase enzyme (1:50, Sigma, E1014). Samples were incubated
overnight at 4°C with gentle agitation. The following day,
samples were vortexed briefly and incubated for an additional
30 min at room temperature. A final centrifugation at 1000
x g for 5 min at 4°C yielded the chromatin fraction (super-
natant) and the nuclear matrix fraction (pellet). The nuclear
matrix fraction was resuspended in 100 pl CSK-D buffer. Final
protein concentration in each fraction was measured via BCA
assay (Thermo). Western blotting for SMC1, SMC3, RAD21,
CTCEF, RNAPII, Actin, and H2AX was carried out via stan-
dard western blotting procedures (see Supplementary Table S1
for antibody details). Signal intensity for the protein of interest
was quantified using Image], normalized to loading controls,
and expressed as fold change over untreated controls. Graphs
were generated using GraphPad Prism 9.

Visualization and statistical analysis

All aggregate plots were generated from score matrices us-
ing deepTools computeMatrix [45]. Where a single cen-
tered region is denoted on the x-axis, aggregate plots were
generated in reference-point mode [center = peak summit
(SMC1/CTCF/RAD21), signal averaged over 50 bp bins, up-
stream and downstream flanking distance noted on x-axis].
Where both the TSS and TES of transcripts of interest are
denoted on the x-axis, aggregate plots were generated in
scale-regions mode (TSS to TES scaled to 1 kb, signal av-
eraged over 50-bp bins, upstream and downstream flank-
ing distances noted on x-axis). Scale-regions mode was also
utilized to generate aggregate plots of SMC1 or CTCEF sig-
nal within/surrounding TADs and chromatin loops (END to
END scaled to 5 kb, signal averaged over 50-bp bins, up-
stream and downstream flanking distances noted on x-axis),
as well as chromosome compartments (END to END scaled to
10 kb, signal averaged over 50-bp bins, no flanking distance
shown). Matrices from computeMatrix outputs were plotted
using plotprofile. Signal intensity within 1 kb surrounding the
TSS was quantified using kentUtils bigWigAverageOverBed
[34]. Differences in median signal intensity were analyzed for
significance via Wilcoxon signed-rank, Mann-Whitney U or
Kruskal-Wallis analysis of variance (ANOVA), and median
signal intensity + 95% confidence intervals were graphed us-
ing GraphPad Prism 9. Screenshots of signal tracks were gen-
erated using UCSC Genome Browser.

Results

SMC1 and CTCF occupancy on chromatin
correlates with RNAPII activity in neurons
We performed ChIP-seq to examine the occupancy patterns
of CTCF and the cohesin subunit, SMC1 [31]. Separately, we
performed RNA-seq and mapped the sites of transcriptionally
engaged RNAPII in untreated mouse cortical neurons by per-
forming GRO-seq (fastGRO) [46]. Here, we analyzed these
datasets to decipher the relationships between CTCF, SMC1,
and engaged RNAPIL

As a first step, RNA-seq data from untreated neurons was
used to classify genes as either expressed (TPM > 1) or silent
(TPM < 1), and the distribution of CTCF and SMC1 was

analyzed relative to these groups. CTCF and SMCI1 signals
were elevated at the TSS of both expressed and silent genes;
however, expressed genes accumulated higher levels of both
proteins at their TSS compared to silent genes, indicating
that transcription could affect CTCF and SMC1 occupancy
(Fig. 1A-C). To further explore this possibility, we analyzed
our fastGRO data obtained from cultured mouse cortical neu-
rons using two different schemes: (i) fastGRO FPKMs (frag-
ments per kilobase million) in known and annotated genes
were used to rank and group genes into quartiles of expres-
sion (Q1 - low, Q4 - high; Supplementary Fig. STA); (ii) tran-
script/gene annotations based on the reference mouse genome
were ignored, and the de novo transcript identification tool in
HOMER was instead used to independently call transcripts
based on fastGRO signal accumulation patterns alone [47].
This analysis yielded 25253 de novo transcripts in cultured
cortical neurons, and fastGRO FPKMs were again used to
group de novo transcripts into expression quartiles (Q1 - low,
Q4 - high; Supplementary Fig. S1B). De novo transcripts are
called by scanning the genome for stereotypical patterns of
transcriptionally engaged RNAPII and represent RNAPII ac-
tivity at a variety of sites besides known genes, including en-
hancers and other noncoding RNAs [47, 48]. We reasoned
that this approach would allow us to identify sites of elevated
RNAPII activity independent of gene annotation and assess
how CTCF and SMC1 bind relative to such sites in an unbi-
ased manner. The levels of CTCF and SMCI1 signals at the TSS
of de novo transcripts increased with increasing levels of tran-
scription (Fig. 1D and E). The levels of CTCF and SMC1 were
also elevated at the TSS of Q4-Q2 known genes compared to
Q1 known genes, although differences between Q4 and Q2
known genes were less apparent (Supplementary Fig. S1C and
D). Recent reports suggest that RNAPII could anchor cohesin-
extruded loops, thereby stimulating its accrual at the TSS of
expressed genes [25, 26]. Consistent with this scenario, SMC1
signals at the TSS were bookended by CTCF upstream and
transcriptionally engaged RNAPII downstream in annotated
genes and de novo transcripts (Fig. 1C and F-H; Supplemen-
tary Fig. S1E). Overall, these results indicate that the enrich-
ment of CTCF and SMCI1 at the TSS correlates with levels of
transcriptionally engaged RNAPII in neurons.

Neuronal activity triggers the disengagement of
cohesin

Neuronal activation triggers the transcription of hundreds of
genes and the engagement of RNAPII at thousands of puta-
tive enhancers. To determine how this increase in transcrip-
tionally engaged RNAPII affects the occupancy of CTCF and
SMC1, we stimulated cultured mouse cortical neurons with
the glutamate receptor agonist, NMDA (50 uM for 10 min
followed by washout and recovery for 50 min). NMDA stim-
ulation recapitulates the patterns of synapse-to-nucleus com-
munication and stimulus-dependent gene expression that have
been observed in relevant brain areas following exposure of
animals to physiological learning behaviors. RNA-seq data
from NMDA-treated neurons were ranked and grouped into
expression quartiles as described earlier (Q1 —low; Q4 — high).
The distribution of CTCF and SMC1 signals were then ana-
lyzed at these groups of genes. As in untreated neurons, CTCF
and SMCI1 signals were elevated at Q4-Q2 genes compared
to Q1 genes in NMDA-treated neurons, indicating again that
the occupancy of both proteins at the TSS correlate with the
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Figure 1. CTCF and SMC1 occupancy correlates with transcriptionally engaged RNAPII. (A, B) We performed CTCF and SMC1 ChlP-seq and RNA-seq in
untreated DIV13 mouse primary cortical neurons to assess the relationship between CTCF, SMC1, and gene transcription. RNA-seq data were used to
classify silent (TPM < 1) or expressed (TPM > 1) genes. Average CTCF (A) or SMC1 (B) signal intensity surrounding silent and expressed genes (left)
with quantification of median signal intensity (right, Mann-Whitney U, P < .0001) are shown. (C) Representative genome browser view of CTCF
ChlIP-seq, SMC1 ChIP-seq, and fastGRO signals at silent (Myo7g) and expressed (Sngh15) mouse genes in untreated primary cortical neurons. fastGRO
signals are shown for both the minus (—) and plus (+) DNA strands. Range of signal intensity for each track is shown on the right axis. (D, E) We utilized
our previously published fastGRO data obtained from untreated mouse primary cortical neurons to more precisely clarify how CTCF and SMC1
occupancy correlate with RNAPII activity. The de novo transcript identification tool in HOMER was used to identify transcripts based on RNAPII
occupancy/fastGRO signal accumulation patterns rather than strictly adhering to known transcript/gene annotations. Next, fastGRO FPKMs were used
to rank de novo transcripts into expression quartiles (Q1 — low, Q4 — high) to assess the relationship between fastGRO signal and CTCF/SMC1
occupancy. Average CTCF (D) and SMC1 (E) signal intensity surrounding de novo transcript quartiles (left) and quantification of median signal intensity
(right, Kruskal-Wallis ANOVA, #xP < .01, xxxP < .001, s*xxP < .0001) are shown. (F) Representative genome browser view of CTCF ChIP-seq, SMC1
ChlP-seq, and fastGRO signals at an expressed mouse gene (S/c38a2) in untreated primary cortical neurons. fastGRO signals are shown for both the
minus (—) and plus (+) DNA strands. Range of signal intensity for each track is shown on the right axis. (G, H) fastGRO signals were used as a proxy for
RNAPII occupancy to further investigate the relationship between CTCE, SMC1, and RNAPII binding patterns. Due to inherent differences in maximum
signal intensity between experiments, aggregate plots of average signal intensity surrounding de novo transcripts were independently generated for
CTCF ChIP-seq, SMC1-seq, and fastGRO. Individual plots were then merged to create a single aggregate plot depicting CTCF, SMC1, and RNAPII
binding patterns relative to one another, irrespective of signal intensity. Merged aggregate signals are shown surrounding fastGRO de novo transcripts
on both the plus (G) and minus (H) DNA strands.
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level of transcription (Supplementary Fig. S2A and B). Un-
expectedly, however, overall levels of CTCF and SMCI1 at
the TSS were reduced in NMDA-treated neurons compared
to their levels in untreated neurons (Fig. 2A-E and Supple-
mentary Fig. S2C). Next, RNA-seq data from untreated and
NMDA-treated neurons were compared to identify either up-
regulated or downregulated genes following neuronal stimu-
lation. CTCF and SMCI1 signals were then analyzed at these
genes. CTCF and SMC1 were reduced at the TSS of both up-
regulated and downregulated genes in NMDA-treated neu-
rons compared to their respective levels at these sites in un-
treated neurons (Fig. 2F-I). These results suggest that neu-
ronal stimulation causes the disengagement of CTCF and co-
hesin from the TSS regardless of the level of transcriptionally
engaged RNAPIIL

To understand whether reductions in CTCF and SMC1
following neuronal stimulation was restricted to the TSS or
whether they also occurred at other sites, neuronal chromatin
was classified into 15 distinct states (various classes of pro-
moters, enhancers, transcribed regions, and heterochromatin)
based on the occupancy patterns of eight key histone marks
(Supplementary Fig. S2D) [38, 49, 50]. CTCF and SMC1 lev-
els in each chromatin state were then measured as a function
of neuronal stimulation. CTCF signals were reduced at pro-
moters in NMDA-treated neurons compared to controls but
not in other states (Fig. 3A). By contrast, decreased SMC1
signals were observed at 14/15 states (H3K9me3-rich hete-
rochromatin being the exception) in NMDA-treated neurons
compared to controls (Fig. 3B). These results suggest that neu-
ronal stimulation causes widespread losses in cohesin occu-
pancy while reductions in CTCF are limited to promoters.

To determine how the loss of cohesin across most chro-
matin states relates to higher-order chromosome organiza-
tion, Hi-C data from cultured mouse cortical neurons were
used to identify loops, TADs, and chromosome compartments.
CTCF and SMC1 patterns were then analyzed relative to these
features [41]. As expected, CTCF and SMC1 signals were
enriched at loop and TAD boundaries (Fig. 3C-F). SMCl1
levels, but not CTCF levels, were reduced across loops and
TADs, including at their boundaries, in NMDA-treated neu-
rons compared to untreated controls (Fig. 3C-F). CTCF sig-
nals across chromosome compartments were also unaffected
by NMDA treatment (Fig. 3G). By contrast, SMC1 levels
decreased across chromosome compartments, particularly in
transcriptionally active compartments A in NMDA-treated
neurons (Fig. 3H). These results together indicate that neu-
ronal stimulation specifically causes the disengagement of co-
hesin genome-wide.

Cohesin organizes mammalian chromosomes into loops
and TADs, and cohesin loss results in widespread elimination
of looping contacts [14, 18]. Cohesin disengagement follow-
ing neuronal stimulation could therefore manifest in reduced
chromosome contact frequencies. To test whether existing
data support such a possibility, we reanalyzed publicly avail-
able Hi-C data from hippocampal neurons of mice that were
injected with either the glutamate receptor agonist, KA, or
with saline controls [42]. Whereas overall compartmental and
TAD patterns were similar across conditions, visual inspec-
tion of observed/expected contact maps suggested that con-
tact frequencies and loop domains were reduced across chro-
mosomes 1 h post-KA treatment compared to saline controls
(Supplementary Fig. S3 and Fig. 4A). These trends became fur-
ther apparent when contact maps from neurons isolated 1 h

post-KA were normalized to those from saline-treated sam-
ples (Supplementary Fig. S3 and Fig. 4B). Similarly, the num-
ber of intrachromosomal loops and TADs was reduced by 1 h
post-KA treatment compared to saline controls (Fig. 4C and
D). Aggregate peak analysis (APA) revealed that loop strength,
as indicated by lower raw pixel intensities and lower Peak to
Mean (P2M) scores, also decreased by 1 h post-KA treatment
(Fig. 4E).

Analysis of Hi-C data generated from neurons 48 h post-
KA treatments suggested that activity-dependent reductions
in chromosomal contacts and loop numbers were transient.
In fact, normalized contact frequencies, the numbers of loops
and TADs, and loop strength were all elevated 48 h post-KA
exposure compared to saline controls (Supplementary Figs S3
and S4A-E). Overall, the reduction in intrachromosomal con-
tacts following KA exposure is in line with our observations
of an activity-dependent decrease in cohesin occupancy in cul-
tured neurons.

TOP2B inhibition is sufficient to induce cohesin
disengagement from chromatin in neurons

Single-molecule experiments indicate that the effects of CTCF
on loop-extruding cohesin can vary depending on the level of
DNA tension [30]. However, the impact of DNA mechanical
stress on cohesin activity in cells is unclear. Dynamic super-
coiling generated from transcription is a major source of DNA
torsional stress in eukaryotic cells, with DNA unwinding by
RNAPII generating twin domains of overwound DNA ahead,
and underwound DNA behind RNAPII (Supplementary Fig.
S4A) [51-57]. These observations prompted us to investigate
whether altered supercoiling in response to neuronal stimula-
tion could underlie changes in cohesin occupancy.

To assess how neuronal activity affects DNA supercoil-
ing, we utilized 4,5’,8-trimethylpsoralen (TMP) to preferen-
tially crosslink underwound DNA in neurons [57]. Untreated
and NMDA-treated cultured mouse cortical neurons were in-
cubated with TMP and irradiated with 360-nm light to in-
duce crosslinking. Genomic DNA isolated from TMP-treated
and UV-crosslinked neurons was fragmented by sonication
and subjected to three rounds of heat denaturation and Exo
I digestion (Supplementary Fig. S4B). Omission of TMP re-
sulted in almost complete digestion of genomic DNA by Exo
I (Unx), while TMP-treated samples were resistant, indicat-
ing successful crosslinking in these experiments (Fig. SA). Ge-
nomic DNA isolated from NMDA-treated neurons was sig-
nificantly more resistant to Exo I digestion compared to un-
treated neurons (Fig. SA), suggesting that neuronal stimula-
tion causes increased DNA tension from supercoiling.

DNA supercoiling is resolved by cellular topoisomerases,
and inhibiting topoisomerases elevates DNA supercoiling
[52, 55, 56]. Consistent with this idea, treatment of cul-
tured cortical neurons with either the TOP1 inhibitor camp-
tothecin (CPT) or the TOP2 inhibitor, etoposide (ETP) ele-
vated bulk TMP crosslinking compared to untreated controls,
indicated increased DNA supercoiling (Supplementary Fig.
S4C). Whereas neurons express both TOP1 and TOP2B, we
previously reported that neuronal activity modulates TOP2B
activity and that elevated supercoiling following TOP2B inhi-
bition affects neuronal transcription [46, 58-60]. To test how
elevated supercoiling affects CTCF and cohesin occupancy, we
therefore incubated cultured mouse cortical neurons with ETP
(10 uM for 1 h) and performed CTCF and SMC1 ChIP-seq.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag553#supplementary-data
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https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag553#supplementary-data
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Figure 2. Neuronal activity triggers the disengagement of SMC1 and CTCF. (A, B) CTCF and SMC1 ChIP-seq signals were assessed in cultured primary
cortical neurons stimulated with N-methyl-D-aspartic acid (NMDA; 50 1M, 10 min). Aggregate plot (left) and quantification (right) of average CTCF (A) and
SMC1 (B) signals in control and NMDA-treated neurons at silent genes defined as in Fig. 1A are shown (Mann-Whitney U, P < .0001). Aggregate plot
(left) and quantification (right) of average CTCF (C) and SMC1 (D) signals in control and NMDA-treated neurons at expressed genes defined as in Fig. 1A
(Mann-Whitney U, P < .0001). (E) Representative genome browser views depicting CTCF and SMC1 signals in control and NMDA-treated neurons as
well as fastGRO signal on both the minus (=) and plus (+) DNA strands in control neurons. (F, G) RNA-seq was performed in untreated and
NMDA-treated (50 1M, 10 min) cultured primary cortical neurons. DeSeg2 was used to identify significantly upregulated (n = 86) and downregulated (n
= 892) genes following NMDA treatment. Aggregate plots of average CTCF (F) and SMC1 (G) signals in control and NMDA-treated neurons at genes
that are upregulated following NMDA treatment are shown. Aggregate plots of average CTCF (H) and SMC1 (1) signals in control and NMDA-treated
neurons at genes that are downregulated following NMDA treatment.
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Figure 3. Global loss of SMC1 but not CTCF following neuronal stimulation. (A) Fifteen distinct chromatin states across the mouse genome were
categorized using ChlP-seq signals for eight histone modifications in PO mouse forebrain via ChromHMM. The distribution of CTCF ChIP-seq signal
intensity in untreated and NMDA-treated neurons is shown for promoters (active promoters, Pr-A; bivalent promoters, P-B; and weak promoters, P-W),
gene bodies (promoter flanking, PrF; transcriptional initiation, Trl; strong transcription, TrS), enhancers (strong proximal enhancers, En-Sp; strong distal
enhancers, En-Sd; poised proximal enhancers, En-Pp; poised distal enhancers, En-Pd), heterochromatin (H3K36me3-rich heterochromatin, He-H;
polycomb repressive heterochromatin, He-P), and regions that have low or no signal for any of the chromatin modifications surveyed (transcriptionally
permissive/open regions, TrP; no signal, NS). Quantifications are shown for median CTCF signal in control versus NMDA-treated neurons (Wicoxon
signed-rank test, xxP < .01, sxxP < .001, x%%xP < .0001). For full description of ChromHMM states, see Supplementary Fig. S2D. (B) Distribution of
SMC1 ChlIP-seq signal intensity in untreated and NMDA-treated neurons across chromatin states as described in panel (A). (C, D) Previously published
Hi-C data from cortical neurons was used to assess stimulation-dependent changes in CTCF and SMC1 signal intensity at chromatin loops and TADs.
Aggregate plots of average CTCF (C) and SMC1 (D) signals within/surrounding chromatin loops in control and NMDA-treated neurons are

shown. Aggregate plots of average CTCF (E) and SMC1 (F) signals within/surrounding TADs in control and NMDA-treated neurons. (G, H) Previously
published Hi-C data were also used to segregate the genome into A and B chromosome compartments. Aggregate plots of average CTCF (G) and SMC1
(H) signals within compartments A and B in control and NMDA-treated neurons are shown.
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Figure 4. Chromosome contacts and loops are transiently reduced following neuronal activity in vivo. (A) Hi-C data from hippocampal neurons of mice

that were either treated with saline controls or a single dose of KA followed by recovery for either 1 or 48 h [42] were re-analyzed. Log
(observed/expected) contact maps from a representative region on mouse chromosome 12 at 25-kb resolution and with KR (balanced) normalization are

shown across the three conditions. Arrows indicate regions with reduced contacts at 1 h post-KA but relatively increased contacts at 48 h post-KA

9

compared to saline. (B) Saline-control-normalized contact maps of KA-treated neurons at the same interval and resolution as in panel (A) (left and middle

panels). Additionally, contact maps from KA-treated neurons after 48-h recovery were normalized to those after 1-h recovery (right). Scale indicates the
direction of observed and relative contact frequencies in both panels (A) and (B). Number of loops (C) and TADs (D) across 5, 10, and 25 kb resolutions
were compared across the three conditions (x*xP < .0001, Wilcoxon test for both Saline v KA 1 h and Saline v KA 48 h for both loops and TADs per

chromosome). (E) APA plot showing the aggregate signal from 3300 loops. The scale on the right indicates pixel intensity. Loop strength as indicated by

Peak to Mean score and Peak to Lower Left (P2LL) and its associated Z-score (Z-score LL) are shown.
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Figure 5. TOP2B inhibition is sufficient to induce cohesin disengagement from chromatin in neurons. (A) Trimethylpsoralen (TMP) incorporation and
crosslinking was used to assess the levels of negative DNA supercoiling in control and NMDA-treated cultured primary cortical neurons. Exo | was used
to digest all DNA without negative supercoiling/TMP incorporation, and untreated (without Exo 1) samples were used as a loading control. Quantification
of normalized signal intensity in Exo I-treated samples is also shown (right, one-way ANOVA, P < .01). For a diagram of the TMP incorporation protocol,
see Supplementary Fig. S2B. Unx - uncrosslinked with TMP (B, C) To assess the role of DNA supercoiling in SMC1 dissociation, cultured primary cortical
neurons were treated with the TOP2 poison etoposide (ETP 10 uM, 1 h). Aggregate plot (left) and quantification (right) of average CTCF (C) and SMC1
(D) signals in control and ETP-treated neurons at expressed genes defined as in Fig. TA (Mann-Whitney U, P < .0001). Distribution of CTCF (D) and
SMC1 (E) ChlP-seq signal intensity in untreated and ETP-treated neurons across chromatin states as described in Fig. 3A (Wilcoxon signed-rank test, xP
< .05, #xP < .01, s*xP < .001, s**xP < .0001). Aggregate plots of average CTCF (F) and SMC1 (G) signals within compartments A and B in control and
ETP-treated neurons.



Torsional stress causes activity-dependent cohesin loss in neurons 11

Similar to NMDA-treated neurons, CTCF and SMC1 levels
were reduced at the TSS in ETP-treated neurons compared to
untreated controls (Fig. 5B and C; Supplementary Fig. S4D
and E). In fact, ETP-treated neurons mimicked the activity-
dependent loss of SMC1, but not CTCE at most chromatin
states (Fig. 5D and E), loop anchors (Supplementary Fig. S4F
and G), TAD boundaries (Supplementary Fig. S4H and I), and
chromosome compartments (Fig. 5F and G).

To further verify that changes in SMC1 occupancy fol-
lowing neuronal stimulation and TOP2B inhibition reflect
changes in cohesin binding, we assessed the occupancy of
a distinct cohesin subunit, RAD21, under basal conditions
and following neuronal stimulation with NMDA. Addition-
ally, poisoning of TOP2B with etoposide leads to the forma-
tion of DNA single-strand breaks and double-strand breaks
(DSBs) [59, 61]. To test whether DSB formation by ETP, and
not increased supercoiling, underlies the observed reductions
in cohesin occupancy, we also performed RAD21 ChIP-seq
in neurons treated with the catalytic TOP2 inhibitor, ICRF-
193 (100 uM for 1 h). Annotation of stringent peaks fol-
lowing IDR thresholding revealed that RAD21 preferentially
binds gene promoters (Supplementary Fig. S5A), and ontol-
ogy of genes associated with RAD21 binding sites revealed
an enrichment for terms related to neurogenesis and nervous
system development (Supplementary Fig. S5B). Intersection
of stringent peaks following IDR thresholding revealed that
69.8% (8624/12359) of SMC1 binding sites overlap with
RAD21 binding sites. Similarly, 51.8% of CTCF binding sites
(17 533/33 820) were co-occupied by RAD21. Aggregate plots
and heatmaps indicated that, like SMC1, RAD21 signals are
enriched at CTCF binding sites (Supplementary Fig. S5C), and
the CTCF motif was the most significantly enriched motif
at RAD21 binding sites (Supplementary Fig. S5D). Overall,
RAD21 occupancy patterns recapitulate what is known about
cohesin and CTCF binding patterns.

Neuronal stimulation with NMDA markedly reduced
RAD21 occupancy across genomic loci, including at 13/15
annotated chromatin states (Supplementary Fig. S6A and B),
at the TSS of genes (Supplementary Fig. S6D), and at the
boundaries of TADs and loops (Supplementary Fig. S6E and
F). Neurons treated with ICRF-193 also displayed a signifi-
cant reduction in RAD21 occupancy across all 15 chromatin
states, the TSS of genes, and the boundaries of TADs and loops
(Supplementary Fig. S6A and C-F), mimicking the effects ob-
served with SMC1 in ETP-treated neurons. Together, these
results suggest that increased supercoiling following TOP2B
inhibition could trigger the disengagement of cohesin in
neurons.

Elevated DNA supercoiling disrupts cohesin
occupancy on chromatin

We reasoned that if cohesin disengagement in NMDA- and
ETP-treated neurons is related to DNA supercoiling, then
other paradigms of neuronal stimulation and topoisomerase
inhibition should similarly impact cohesin occupancy. To test
this idea, we performed subcellular fractionation of neu-
ronal lysates and compared the levels of SMC1 in solu-
ble and chromatin-bound fractions under various conditions.
SMCT1 could be detected in both soluble and chromatin-bound
fractions, and consistent with results from ChIP-seq exper-
iments, neuronal stimulation with NMDA reduced levels of
chromatin-bound SMC1 without a significant increase in sol-

uble SMCT1 (Fig. 6A, B, E, and F). To determine whether ob-
served reductions in chromatin-bound SMC1 are specific to
NMDA, cultured mouse cortical neurons were instead stim-
ulated with bicuculline (BIC; 50 uM for 30 min) to induce
activity-dependent transcription [10]. As with NMDA-treated
neurons, bicuculline treatments caused a reduction in the lev-
els of chromatin-bound SMC1, suggesting that neuronal stim-
ulation reduces cohesin occupancy on chromatin (Fig. 6A
and B).

To next assess how inhibiting topoisomerases affects the
association of cohesin with chromatin, fractionation exper-
iments were performed in cultured cortical neurons were
treated with either ETP, ICRF-187, or CPT. Consistent with
observations in ChIP-seq experiments, ETP-treated neurons
showed reduced SMCT1 levels in chromatin-bound fractions
compared to untreated neurons (Fig. 6C-F). Similar results
were observed in cultured cortical neurons treated with the
catalytic TOP2 inhibitor, ICRF-187, which, like ICRF-193,
also does not induce DSB formation [62], and in neurons
treated with the TOP1 inhibitor, CPT (Fig. 6C and D).

We also assessed the nuclear localization of two addi-
tional cohesin subunits, SMC3 and RAD21, in response to
treatment with NMDA, ETP, or ICRF-187 as described ear-
lier. We observed similar decreases in SMC3 and RAD21 in
the chromatin-bound fraction in response to all three treat-
ments (Supplementary Fig. S7A-D). By contrast, a decrease in
chromatin-bound CTCF was only observed following NMDA
treatment, but not in either ETP- or ICRF-187-treated neurons
(Fig. 6G and H) [31]. These results are consistent our previ-
ous analysis of CTCF ChIP-seq data in NMDA-treated and
ETP-treated neurons and reflects the specific loss of CTCF oc-
cupancy from promoters, but not from other genomic regions,
under these conditions [31]. The amount of chromatin-bound
RNAPII was significantly increased rather than decreased in
response to all three treatments (Supplementary Fig. S7E and
F). These results are consistent with increased RNAPII engage-
ment following neuronal stimulation and following TOP2B
inhibition [46, 63]. These results suggest that the loss of
chromatin-bound CTCF and cohesin is specific to these pro-
teins. Furthermore, they indicate that cohesin binding to chro-
matin can be modulated by the level of supercoiling and that
neuronal activity involves the transient disengagement of co-
hesin from chromatin.

Cohesin disengagement is a conserved feature of
stimulus-dependent transcription

Based on our observations in cultured mouse cortical neurons,
we sought to determine whether stimulus-dependent tran-
scription in other cell types is also associated with cohesin dis-
engagement. To this end, we utilized publicly available ChIP-
seq data to examine changes in the occupancy of the co-
hesin subunit, RAD21, following LPS treatment of mouse pri-
mary B-cells and estradiol (E2) stimulation of human MCF7
cells [64, 65]. Additionally, publicly available RNA-seq data
from these cells were used to classify genes as either silent
(TPM < 1) or expressed (TPM > 1) within each cell type [66].
RAD21 occupancy was enriched at expressed genes compared
to silent genes in mouse primary B-cells (Fig. 7A). Analysis of
RAD21 occupancy after bath stimulation with LPS indicated
a reduction in both the number of replicated RAD21 peaks
(Fig. 7B) and intensity of RAD21 signals at and surrounding
the TSS of both expressed and silent genes (Fig. 7C and D).
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Figure 6. Neuronal activity-dependent loss of SMC1 is related to DNA supercoiling. (A, B) Lysates from DIV13 mouse cultured cortical neurons were
fractionated by differential centrifugation to assess the effect of neuronal stimulation via NMDA (50 1M, 10 min) or bicuculline (BIC; 50 uM, 30-60 min)
on the levels of chromatin-bound cohesin. Representative SMC1 western blot images (A) and quantification of SMC1 intensity (B) are shown for the
chromatin-bound, nuclear matrix, nucleolus, and nuclear fractions. Actin is shown as a loading control for all fractions except for the chromatin-bound
fraction, wherein H2AX was used as a loading control. (C, D) Lysates from DIV13 mouse cultured cortical neurons were fractionated by differential
centrifugation to assess the effect of topoisomerase inhibition via etoposide (ETP; 10 uM, 30 min), ICRF-187 (ICRF; 100 uM, 1 h), or camptothecin (CPT;
10 uM, 1 h) on the levels of chromatin-bound cohesin. Representative SMC1 western blot images (C) and quantification of SMC1 intensity (D) are
shown for chromatin-bound, nuclear matrix, nucleolus, and nuclear fractions. Actin is shown as a loading control for all fractions except for the
chromatin-bound fraction, wherein H2AX was used as a loading control. Representative SMC1 western blot image (E) and quantification of SMC1
intensity (F) in the total protein lysate prior to fractionation. (G, H) Nuclear fractionation of CTCF was assessed in neurons treated with NMDA, ETR or
ICRF as described earlier. Representative CTCF western blot images (G) and quantification of CTCF intensity (H) are shown. Actin is shown as a loading
control for all fractions except for the chromatin-bound fraction, wherein H2AX was used as a loading control.
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Figure 7. Stimulus-dependent cohesin loss is conserved across multiple cell types and stimulation paradigms. (A) Previously published RAD21 ChiIP-seq
data from untreated primary mouse B cells were used to assess cohesin binding at silent versus expressed genes. Additionally, previously published
RNA-seq data from untreated primary mouse B cells was used to define silent (TPM < 1) and expressed (TPM > 1) genes. Aggregate plot of average
RAD21 signal (left) and quantification of median signal intensity (right, Mann-Whitney U, P < .0001) at silent and expressed genes are shown. (B)
Number of replicated RAD21 ChIP-seq peaks in untreated and LPS-treated (50 pg/ml, 48 h) primary mouse B cells. (C) Aggregate plot of average RAD21
signal (left) and quantification of median RAD21 signal intensity (right, Mann-Whitney U, P < .0001) at silent genes in untreated and LPS-treated primary
mouse B cells. (D) Aggregate plot of average RAD21 signal (left) and quantification of median RAD21 signal intensity (right, Mann-Whitney U, P < .0001)
at expressed genes in untreated and LPS-treated primary mouse B cells. (E) Previously published RNA-seq and RAD21 ChlP-seq data from untreated
MCF7 cells were used to assess cohesin binding at silent (TPM < 1) and expressed (TPM > 1) genes. Aggregate plot of average RAD21 signal (left) and
quantification of median RAD21 signal intensity (right, Mann-Whitney U, P < .0001) at silent and expressed genes are shown. (F) Number of replicated
RAD21 ChlP-seq peaks in untreated and estradiol-treated (E2, 50 nM, 24 h) MCF7 cells. (G) Aggregate plot of average RAD21 signal (left) and
quantification of median RAD21 signal intensity (right, Mann-Whitney U, P < .05) at expressed genes in untreated and estradiol-treated MCF7 cells. (H)
Aggregate plot of average RAD21 signal (left) and quantification of median RAD21 signal intensity (right, Mann-Whitney U, P < .05) at expressed genes
in untreated and estradiol-treated MCF7 cells. (I) Previously published RNA-seq and CTCF ChlP-seq data from untreated MCF7 cells were used to
assess cohesin binding at silent (TPM < 1) and expressed (TPM > 1) genes. Aggregate plot of average CTCF signal (left) and quantification of median
CTCF signal intensity (right, Mann-Whitney U, P < .0001) at silent and expressed genes are shown. (J) Number of replicated CTCF ChlP-seq peaks in
untreated and estradiol-treated (E2, 50 nM, 24 h) MCF7 cells. (K) Aggregate plot of average CTCF signal (left) and quantification of median CTCF signal
intensity (right, Mann-Whitney U, ns = not significant) at silent genes in untreated and estradiol-treated MCF7 cells. (L) Aggregate plot of average CTCF
signal (left) and quantification of median CTCF signal intensity (right, Mann-Whitney U, ns = not significant) at expressed genes in untreated and
estradiol-treated MCF7 cells.
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In human MCF7 cells, RAD21 occupancy was also enriched
at expressed genes compared to silent genes (Fig. 7E). The to-
tal number of RAD21 peaks genome-wide and RAD21 sig-
nals at the TSS of expressed genes were also reduced in MCF7
cells following E2 stimulation; however, such a reduction was
not observed at the TSS of silent genes (Fig. 7F-H). In con-
trast to RAD21, CTCF occupancy in MCF7 was not signif-
icantly affected by E2 treatments (Fig. 7I-L), further high-
lighting the specificity of stimulus-dependent changes in co-
hesin occupancy. Overall, these results suggest that cohesin
disengagement in response to activated transcription can be
observed in multiple systems and could be a widely utilized
mechanism for establishing activity-dependent chromosome
configurations that support transcription.

Discussion

The role of cohesin dynamics in establishing stimulus-
dependent chromosome configurations and gene activity pat-
terns is poorly understood. Elaborating these roles in postmi-
totic neurons is particularly relevant because chromatin re-
organization following neuronal activity helps establish gene
activity states that underlie learning and other lasting adap-
tive behaviors [10, 12, 13, 28]. In this regard, our data in-
dicate that cohesin activity relates to that of RNAPII in two
major ways. On the one hand, cohesin occupancy at TSSs of
actively transcribed genes correlates positively with their level
of transcription. These results are consistent with observations
in other cells suggesting that either RNAPII or R-loops act as
barriers for cohesin-mediated loop extrusion [25,27, 67-69].
Alternatively, CTCF-RNAPII interactions could explain their
correlated levels at the TSS, which could further facilitate co-
hesin entrapment [70, 71].

On the other hand, neuronal activity-dependent transcrip-
tion also elevates DNA torsional stress through supercoil-
ing, which disrupts cohesin occupancy genome-wide. Previ-
ous studies indicate that transcription is the major source of
dynamic supercoiling in cells [52, 55]. Neuronal activity trig-
gers a burst of new transcription of hundreds of genes over
a prolonged timescale and increased engagement of RNAPII
at thousands of sites genome-wide [63]. This increased tran-
scription is likely to be a major source of increased super-
coiling in stimulated neurons. These results are intriguing in
the context of single-molecule studies indicating that the ef-
ficiency of CTCF to act as a barrier for loop-extruding co-
hesin increases with increasing tension within the DNA [30].
While tension in these experiments represented the buildup
of linear force, a recent preprint suggests that loop-extruding
cohesin in vitro can also be halted by torque from increased
supercoiling [72]. Topoisomerases, particularly topoisomerase
I, whose activity was shown to be recruited by cohesin [73],
could locally resolve excess supercoiling and facilitate loop ex-
trusion. However, our results suggest that topoisomerases are
unable to keep up with supercoiling generated in response to
neuronal activity and that the resulting torsion is sufficient to
eject cohesin from chromatin. The inability of topoisomerases
to immediately and completely resolve dynamic supercoiling
is consistent with the widespread detection of dynamic su-
percoiling upstream of transcriptionally active regions even
under basal conditions [52, 74]. Additionally, topoisomerase
activity could also be modulated in response to neuronal
activity, and this could account for increased supercoiling
[59, 60].

Our analysis of additional existing datasets suggests that
such cohesin disengagement in response to activated tran-
scription could be a widespread phenomenon. Notably, co-
hesin occupancy was reported to be largely unaffected in
B cells lacking TOP2B in this study, although sites of high
TOP2B catalytic engagement in WT cells still showed reduc-
tions in RAD21 occupancy in Top2b~'~ cells [73]. A potential
reason for this discrepancy could be that, unlike in postmitotic
neurons, B cells also express a second TOP2 isoform, TOP2A,
that could potentially compensate for the loss of TOP2B. Pre-
cisely how increased DNA torsion results in cohesin ejection
from chromatin remains unclear. For instance, increased su-
percoiling could lead to the unloading of cohesin in a WAPL-
dependent manner. Alternatively, increased DNA torsional
stress from supercoiling could directly displace cohesin from
chromatin independently of WAPL [75]. Analysis of the role
of WAPL in stimulus-dependent cohesin occupancy changes
could address this issue. Another unanswered question is
whether stimulus-dependent disruptions in cohesin occupancy
could be functionally relevant for the emergence of stimulus-
dependent gene transcription patterns. Hi-C and Micro-C ex-
periments indicate that chromosome contacts in mammalian
cells are governed by two distinct mechanisms: loop extru-
sion by cohesin and compartmentalization of transcriptionally
active and inactive regions through phase separation-based
mechanisms [76, 77]. Several reports suggest that loop ex-
trusion by cohesin disrupts compartmental chromatin loop-
ing interactions and that the loss of cohesin strengthens com-
partmentalization [18, 24, 78-80]. Based on these results, one
possibility is that the supercoiling-dependent loss of cohesin
could initially allow for compartment-based scanning and or-
ganization of chromosomes. Such compartment-based scan-
ning could explain how many stimulus-induced genes, in-
cluding neuronal immediate early genes, establish enhancer-
promoter contacts independently of cohesin [28, 81, 82]. The
eventual resolution of supercoiling by topoisomerases would
then allow for the re-engagement of cohesin. We propose that
the reactivation of loop extrusion in this manner could not
only refine compartment-based interactions but also facilitate
long-range enhancer-promoter contacts that in neurons were
shown to regulate the transcription of secondary response
genes [28]. Patterns of changes in chromosomal contacts in
hippocampal neurons following KA stimulation are consistent
with such a model. While changes in topoisomerase activity
and supercoiling have been shown to affect transcription ini-
tiation and the movement of RNAPII [46, 55], our findings
here demonstrate how torsion from DNA supercoiling could
impact transcription by additionally promoting the formation
of stimulus-driven chromatin topologies [83].
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