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SUMMARY

The chromatin fiber folds into loops, however the mechanisms controlling loop
extrusion are still poorly understood. Using super-resolution microscopy, we
visualize that loops in intact nuclei are formed by a scaffold of cohesin complexes
from which the DNA protrudes. RNA polymerase Il decorates the top of the loops
and is physically segregated from cohesin. Augmented looping upon increased
loading of cohesin on chromosomes causes disruption of Lamin at the nuclear rim
and chromatin blending, a homogenous distribution of chromatin within the
nucleus. Altering supercoiling via either transcription or topoisomerase inhibition
counteracts chromatin blending, increases chromatin condensation, disrupts loop
formation and leads to altered cohesin distribution and mobility on chromatin.
Overall, negative supercoiling generated by transcription is an important regulator

of loop formation in vivo.

INTRODUCTION

A key to understanding life is dissecting how the genome is folded within the
nucleus and how 3-D genomic organization regulates gene activity (Lakadamyali
and Cosma, 2020). Yet, our knowledge of the mechanisms controlling genome
organization is still limited. In particular, while it is established that genome
organization regulates gene transcription, it is largely underexplored whether

transcription, in turn, shapes genomic organization.

Recently, methods of chromosome conformation capture (3C, Hi-C, ChlA-PET
among others) allowed the detection of genomic regions in physical proximity,
revealing cis and trans contacts at multiple genomic scales, from chromatin
compartments to Topological Associated Domains (TADs) and chromatin loops
(Dixon et al., 2012; McCord et al., 2020; Nora et al., 2012; Sexton et al., 2012).
Loops and TAD boundaries are enriched with the CCCTC-binding factor (CTCF)
and the cohesin complex (Dixon et al., 2012; Nativio et al., 2009; Nora et al., 2012;
Parelho et al., 2008; Rao et al., 2014; Vietri Rudan et al., 2015; Wendt et al., 2008).



Loops are thought to represent a key structure in controlling gene expression by
mediating direct contacts between gene regulatory elements (Rao et al., 2014).

Interestingly, loops are dynamic, constantly growing and undergoing remodelling
(Hansen et al., 2017; Rao et al., 2017). A model that explains loop formation, based
on extrusion of loops by the cohesin complex, was suggested as early as 2001
(Nasmyth, 2001). Currently, the most accepted view of how loops are generated
postulates that they are created upon entrapment of the chromatin fiber by cohesin.
The DNA forming the loops is processively extruded until cohesin is arrested by the
presence of stalling factors, such as CTCF, or by cohesin unloading (Fudenberg et
al., 2016; Hassler et al., 2018; Rowley and Corces, 2018; Sanborn et al., 2015; van
Steensel and Furlong, 2019). Proteins involved in the loading and unloading of
cohesin, NIPBL/MAU2 and WAPL/PSD5 respectively (Kueng et al., 2006; Sutani
et al., 2009; Watrin et al., 2006), were shown to control loop size (Haarhuis et al.,
2017; Schwarzer et al., 2017; Wutz et al., 2017).

Recently it has been shown that cohesin complexes use ATPase activity to
translocate autonomously through the DNA fiber. In line with this idea, cohesin has
been shown to extrude loops in vitro in the presence of ATP and NIPBL/MAU2
(Davidson et al., 2019; Kim et al., 2019). While this loop extrusion activity needs to
be confirmed in vivo, additional questions remain regarding the validity of a model
exclusively driven by motor activity dependent extrusion. For example, how is the
directionality of extrusion controlled and sustained? Transcriptional machinery was
proposed to directly drive loop extrusion by physically pushing cohesin along DNA
through the processive motion of RNA polymerase Il (RNAP 1) (Busslinger et al.,
2017; Davidson et al., 2016; Ocampo-Hafalla et al., 2016; Stigler et al., 2016; Tran
et al.,, 2017; Wang et al.,, 2017). However, given that RNAP 1l is estimated to
proceed at a speed of up to 90 bp/sec, while the speed of loop formation has been
estimated between 374 and 850 bp/sec (Rowley and Corces, 2018), how can

RNAP II be sufficiently fast to sustain the speed of loop formation?

To reconcile these open questions, we here investigated whether transcription

indirectly controls loop extrusion, through transcription-derived negative



supercoiling. Negative supercoiling is generated as a by-product of transcription
and produces high amounts of free energy that could power cohesin sliding through
chromatin in an oriented manner (Racko et al., 2018, 2019). Supercoiling has been
proposed to mediate the formation of underwound and overwound domains
genome-wide and computational modelling predicts that supercoiling may help in
driving the formation of TADs and loops by generating torsional tension that pushes
cohesin along the DNA (Benedetti et al., 2014; Naughton et al., 2013; Racko et al.,
2018, 2019; Ruskova and Racko, 2021). While this is an attractive hypothesis,
there is no direct evidence supporting that transcription-derived supercoiling could

control loop extrusion and cohesin function.

The recent development of super-resolution microscopy provides exciting
opportunities in the field of genome architecture, allowing the study of chromatin
organization at multiple levels (Beliveau et al., 2015; Bintu et al., 2018; Boettiger et
al., 2016; Cardozo Gizzi et al., 2019; Mateo et al., 2019; Nguyen et al., 2020; Nir
et al., 2018; Ricci et al., 2015; Su et al., 2020). We thus took advantage of a variety
of Single Molecule Localization Microscopy (SMLM) approaches, including
Stochastic Optical Reconstruction Microscopy (STORM), OligoSTORM, DNA
points accumulation for imaging in nanoscale topography (DNA-PAINT) and Single
Molecule Tracking (SMT), to investigate the possible key role of transcription in
genome organization and loop formation. We provide support for transcription-
dependent negative supercoiling to be a driving factor of loop extrusion by cohesin

in vivo.

RESULTS

Vermicelli are formed by a core of multiple cohesin clusters, and RNAP I

preferentially accumulates at their edges

We investigated in detail the structure of cohesin mediated DNA-loops by carrying
out two-color STORM/DNA-PAINT imaging of DNA and the cohesin subunit
SMCI1A, in serum starved WAPLA HelLa cells (Figure S1A, B). WAPL-deficient cells

accumulate high amounts of cohesin on chromosomes and exhibit a worm-like



organization of cohesin called vermicelli (Tedeschi et al., 2013). Vermicelli are
generated by increased rates of loop extrusion (Busslinger et al., 2017; Haarhuis
et al., 2017; Kueng et al., 2006), thus allowing the dissection of loop structure. To
impair WAPL activity, as previously reported (Rhodes et al., 2017a), we targeted
M1116, an essential residue of WAPL (Figure S1C, D). By inspecting the spatial
arrangement of SMC1A and DNA in vermicelli at different orientations in WAPLA
cells, we observed that cohesin clusters located in close proximity align to form the
longitudinal axis of the vermicelli around which DNA is wrapped and protrudes
(Figure 1A). Cohesin complexes form a scaffold at the heart of vermicelli and
generate a footprint (Figure 1A, white asterisks) from which DNA filaments are

extruded (Figure 1A, yellow arrows).

Using a previously developed cluster identification algorithm (Ricci et al., 2015), we
analyzed SMC1A STORM images to compare the size of SMC1A clusters localized
in vermicelli against the size of SMC1A clusters in the nucleus or in the cytosol of
control cells (Figure S1E). We assumed that cytosolic clusters are composed of
individual SMC1A proteins and appear as clusters in STORM images due to the
amplification of the signal resulting from antibody labeling and repeated fluorophore
blinking (Zanacchi et al., 2017). By normalizing the number of localizations in the
nuclear clusters of SMC1A to the average number of localizations in the cytosolic
clusters, we obtained an estimate of the number of cohesins forming both the
nuclear clusters in control cells and the clusters within vermicelli of WAPLA cells.
In control cells, clusters of SMC1A in nuclei contained on average 1.5 SMC1A
proteins per cluster and had 3.1 + 0.59 fold larger area than cytosolic clusters
(Figure 1B, C, S1E). In WAPLA cells, clusters within vermicelli contained 2.6
SMCI1A proteins per cluster and had 4.2 + 1 fold larger area than cytosolic clusters
(Figure 1B, C, S1E). Interestingly, the clusters of SMC1A in WAPLA nuclei residing
outside vermicelli were similar in size to cytosolic clusters, likely representing single
nuclear cohesins (Figure 1B, C, S1E). These results agree with the model that
vermicelli structures are formed by long loops generated by progressive loop

extrusion from multiple cohesins that collide with neighboring ones (Haarhuis et al.,



2017; Tedeschi et al., 2013; Wutz et al., 2017). Hence, cohesin clusters present in

the axial core of the vermicelli are likely to be the bases of extruded loops.

Since RNAP Il has been hypothesized to be an important regulator of loop extrusion
(Busslinger et al., 2017; Davidson et al., 2016; Ocampo-Hafalla et al., 2016; Racko
et al., 2018, 2019; Stigler et al., 2016; Tran et al., 2017; Vian et al., 2018; Wang et
al., 2017), we then investigated how RNAP Il is distributed with respect to the loops.
In WAPLA cells we performed 3-D STORM for DNA and RNAP Il combined with
diffraction-limited imaging of SMC1A to identify the vermicelli. Examining vermicelli
in axial and longitudinal orientations revealed that RNAP Il is excluded from the
core scaffold structure of vermicelli, where cohesin accumulates, and preferentially
locates at the edges of vermicelli, which correspond with low density DNA (Figure
1D, E and Movie 1). Pearson correlation analysis of colocalization of confocal
images of DNA, RNAPII and SMC1A further supports this finding. Correlation
coefficients are higher for DNA-SMC1A than for DNA-RNAP Il (Figure S1F and
Movie 1). Additionally, in wt HeLa cells nearest neighbour distance (NND) analysis
of dual-color super-resolution images of RNAP Il and SMC1A showed that RNAP

Il and cohesin were not physically associated (Figure S1G-I).

Blocking transcriptional activity triggers chromatin compaction and impairs
cohesin distribution and mobility on chromatin

Our data showed that RNAP Il locates at the edge of the loops, physically
decoupled from cohesin. To conclusively test if RNAP Il plays any role in controlling
loop extrusion as previously hypothesized (Busslinger et al., 2017; Davidson et al.,
2016; Ocampo-Hafalla et al., 2016; Racko et al., 2018, 2019; Stigler et al., 2016;
Tran et al., 2017; Vian et al., 2018; Wang et al., 2017), we sought to determine
whether the inhibition of RNAP Il would impact the spatial organization of DNA or
cohesin distribution and function. To inhibit transcription, we used drugs that inhibit
RNAP [l with different modes of action: 5,6-dichloro-1-B-D
ribofuranosylbenzimidazole (DRB), Flavopiridol, Triptolide and a-Amanitin (Figure
S2A-D). We found that the coefficient of variation (CV) of the DNA signal, thus the



DNA compaction, increased in confocal images, indicating increased heterogeneity
in the distribution of DNA in treated cells compared to more uniformly distributed
DNA in controls. Notably, the effect on DNA compaction was reversible, after
treatment with the reversible drug DRB (Figure S2A, B). We then confirmed the
progressively increased CV using Actinomycin D (ActD), another transcriptional
inhibitor, for different treatment times (Figure S2E-G). Of note, when cells were
treated with the intercalating drug Hoechst that does not inhibit RNAP II, CV was
comparable to controls (Figure S2H, I), excluding trivial effects related to the
intercalation on the DNA fiber. These data suggest an increase in DNA compaction,
which was consistent among several different RNAP Il inhibitors. Hence, we
decided to use ActD to study the influence of transcription on DNA organization

and cohesin at the nanoscale level.

Next, we investigated in depth the organization of DNA upon transcriptional
inhibition with super-resolution microscopy. STORM images of DNA showed a
marked increase of densely packed chromatin in ActD-treated cells, which was
guantitatively confirmed by Voronoi tessellation analysis (Andronov et al., 2016;
Levet et al., 2015; Otterstrom et al., 2019), and an increase in DNA-free nuclear
area relative to control cells (Figure 2A-C). Treatment with the intercalating drug
Hoechst did not lead to DNA compaction as quantified by Voronoi tessellation
analysis of DNA STORM images (Figure 2D). We then used OligoSTORM
(Beliveau et al., 2015; Beliveau et al., 2012; Boettiger et al., 2016) to image at
nanoscale level two pairs of contiguous genes in IMR90 human primary fibroblasts:
GAPDH-IFFO1 genes, which were transcriptionally active, and OCT4-TCF19,
which were repressed (Figure S2J). Following ActD treatment, GAPDH-IFFO1
became repressed as expected (Figure S2K). Voronoi tessellation analysis of
OligoSTORM data showed increased localization density as compared to the more
dispersed localization distribution in control cells (Figure 2E, F) as well as a reduced
radius of gyration (Figure 2G), indicating increased compaction. On the other hand,
transcriptionally repressed OCT4-TCF19 genes (Figure S2J) displayed a highly-
compacted conformation in controls, and this was unchanged upon ActD treatment

(Figure 2H-J), suggesting that heterochromatin regions do not undergo hyper-



condensation upon transcription inhibition. These results further support that
transcriptional inhibition increases DNA compaction, and this effect is more

prominent for transcriptionally active genes.

ActD is known to inhibit both RNAP | and Il (Perry and Kelley, 1970), we thus
blocked RNAP | using CX5461 and did not observe any detectable DNA
compaction, confirming that the changes were due to the activity of RNAP Il (Figure
S3A, B). Finally, to rule out any other side effects of drug treatments, we used
mAID-mClover-RPB1 DLD1 cells to deplete RNAP Il via proteolytic degradation
(Nagashima et al., 2019). Degradation of RNAP Il phenocopied the impact of
transcriptional inhibitors, leading to significant DNA compaction and confirming the
specificity of our findings (Figure S3C, D). Overall, STORM revealed that inhibiting
RNAP Il does affect the spatial organization of DNA, leading to global chromatin

compaction.

To determine if these changes in DNA compaction and spatial organization were
due to impairment in loop extrusion by cohesin, we then investigated the impact of
RNAP Il inhibition on cohesin distribution and function. Upon transcriptional
inhibition we observed a decrease in the level of co-localization of DNA and of
SMCI1A (Figure 3A, B). Importantly, H3K9me3, a hallmark of heterochromatin, and
Enhancer of Zeste 2 (EZH2), a histone methyltransferase catalytic component of
the Polycomb Repressive Complex 2, remain fully associated with chromatin after
ActD treatment (Figure 3C, D, S3E, F), thereby excluding that the co-localization
analysis was biased by differences in the spatial organization of DNA and validating

its accuracy.

To further investigate the impact of transcription on cohesin distribution and activity,
we studied the dynamics of RAD21. As expected RAD21 and SMC1A, being iso-
stoichiometric subunits of the same complex, co-localize with DNA to the same
extent (Figure S3G) and form clusters of comparable size, i.e. area and the number
of localizations per cluster (Figure S3H, I). We then performed single molecule
tracking (SMT) of RAD21 in living U20S cells where both RAD21 alleles were
tagged with HaloTag (Rhodes et al., 2017b). H3.3, tagged with SNAP showed that



ActD treatment lead to chromatin compaction in U20S cells similar to our
observations in HelLa cells, suggesting that the effects of transcriptional inhibition
are cell-type independent (Figure S3J). SMT experiments in living cells showed
longer residence times of the cohesin complexes bound to chromatin in ActD-
treated cells compared to controls (Figure 3E). Additionally, we found reduced
radius of confinement of the chromatin-bound cohesin after ActD treatment (Figure
3F). Taken together SMT analysis and STORM imaging indicate that the
distribution and mobility of cohesin on the chromatin fiber are affected when
transcription is inhibited; the co-localization of cohesin with DNA decreased and
the remaining cohesin complexes display longer dwell time and reduced mobility.

The reduced mobility of cohesin led us to hypothesize that the translocation and
extrusion activity of cohesin might be impaired. If this is indeed the case, cohesin
should be stalled at sites of loading or along genes if RNAP Il is no longer active.
H3K4me2 is enriched at active transcription start sites (TSS), where cohesin is
thought to be preferentially loaded by NIPBL and generally it associates to active
genes (Table S1) (Busslinger et al., 2017; Kagey et al., 2010; Zuin et al., 2014).
Thus, we co-imaged SMC1A and H3K4me2 in DMSO-treated and ActD-treated
cells. NND and cross pair correlation analyses showed increased association
between SMC1A and H3K4me2 in ActD-treated cells as compared both to control
cells and to a simulation of randomly-distributed protein clusters at the same
density (Figure 3G-I, S4A). Similar experiments and analyses showed no change
in the association between SMC1 and SMC3, which are equimolar within cohesin
rings (Figure S4B-E). Likewise, the proximity between SMC1A and H3K27me3,
which is not enriched at active TSS or at transcribed regions, did not increase upon
ActD treatment, ruling out that proximity changes between SMC1A and H3K4me2
could simply be due to chromatin compaction upon transcriptional inhibition (Figure
S4F-H).

Overall, our results show that inhibition of RNAP Il reduces cohesin mobility.
Cohesin increases co-localization with H3K4me2, suggesting a possible

accumulation at active TSS as well as along transcribed genes. These results
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hence support a role for RNAP Il mediated transcription in regulating cohesin

function and translocation along chromosomes.

Inhibition of transcription blocks chromatin blending caused by the excess

of loop extrusion

Having established that transcription profoundly affects DNA compaction and
cohesin mobility and distribution along DNA in wild type cells, we aimed to study if
inhibition of RNAP 1l would affect DNA compaction and spatial distribution of
cohesin in WAPL-deficient cells (Figure 4A). We first analyzed the baseline DNA
distribution in WAPLA cells in which RNAP Il was not inhibited. Interestingly, super-
resolution images revealed a homogeneous distribution of DNA across the nucleus
compared to controls, with strongly reduced segregation of low- and highly-
compacted chromatin. This DNA distribution is observed in the density rendering
in heatmaps and the quantitative Voronoi analysis of STORM imaging (Figure 4B
upper panels and 4C). We named the distribution of DNA in WAPLA cells
‘chromatin blending”. Further, we observed that the heterochromatin marked by
H3K9me3 exhibited reduced accumulation at the nuclear periphery and re-
distribution to the nuclear interior in WAPLA cells (Figure 4D and S4l, J). These
observations along with chromatin blending suggest that upon excess of cohesin
loading eu- and hetero-chromatin are spatially mixed. Given these results, we next
asked how the Lamin A/C was affected in WAPLA cells. In WAPLA, we observed
disruption of the fibrillar organization of Lamin A/C at the nuclear rim, the
accumulation of clustered Lamin in the nucleoplasm (Figure 4E, F) and decreased
DNA density at the nuclear rim (Figure 4E). This result agrees with data showing
fragmentation of Lamin Associated Domains (LADs) in WAPLA cells, previously
shown by DNA adenine methyltransferase identification (DamlID) experiments
(Haarhuis et al., 2017). Our findings suggest that an excess of loop extrusion can
potentially pull LADs towards the nuclear interior, thereby disrupting Lamin
architecture and promoting compartment mixing. Consistent with our results, in

WAPL-depleted cells, together with fragmentation of LADs, a preferential switch
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from B to A compartments and decreased segregation between compartments
have been observed (Busslinger et al., 2017; Haarhuis et al., 2017; Nuebler et al.,
2018). We then tested whether inhibition of RNAP Il could affect the eu- and hetero-
chromatin mixing of WAPLA cells. Interestingly, when WAPLA or control cells were
treated with ActD (Figure 4A), the inhibition of transcription fully abrogated DNA
blending and reverted the phenotype to chromatin compaction, thus having a
dominant effect over WAPL mutation (Figure 4B lower panels and 4C).

Inhibiting transcription blocks the formation of vermicelli

Given the dominant effect of transcription inhibition on DNA spatial organization
over WAPL mutation, we asked whether the global organization of cohesin in the
form of vermicelli in WAPLA cells could be affected by the block of transcription.
Inhibition of RNAP |l caused a remarkable reorganization of cohesin, resulting in
the disruption of vermicelli (Figure 5A). Upon ActD treatment, the number of
WAPLA cells containing vermicelli was strongly reduced (Figure 5B and S5A),
which was also the case in isolated cell clones (Figure S1D and S5B). Likewise,
treatment with Flavopiridol, Triptolide and DRB lead to a significant decrease of
vermicelli nuclei in WAPLA cells (Figure S5C). Also, we generated WAPLA DLD1
cells. Upon IAA treatment, RNAP Il depleted cells showed a significant decrease
of vermicelli nuclei (Figure S5D). On the contrary, vermicelli were insensitive to the
RNAP | inhibitor, CX5461 (Figure S5E) and to the intercalating drug Hoechst
(Figure S5F), further supporting the specific role of RNAP Il in altering cohesin

topology.

The reorganization of cohesin upon transcriptional inhibition was further confirmed
by Voronoi tessellation followed by threshold-based segmentation, under the
different treatment conditions (Figure S5G). This analysis allowed the identification
and quantification of isolated cohesin clusters as well as vermicelli structures
consisting of multiple cohesin clusters aligned in close proximity (Figure S5G). In
the DMSO-treated WAPLA cells the size of the vermicelli structures (i.e. mean area

and mean number of localizations per vermicelli) was significantly higher than the

12



isolated cohesin clusters in control and ActD-treated cells, further confirming that
vermicelli structures are disrupted by RNAP Il inhibition (Figure 5C, D and S5G).

To discern if vermicelli disassembly upon RNAP Il inhibition was due to altered
cohesin activity rather than to the reduction of cohesin abundance on the chromatin
fiber, we partially reduced cohesin levels by lentiviral transduction of shRNAs
against SMC1A and SMC3 subunits (Figure S6A-C). Compared to cells transduced
with non-silencing (NS) shRNA controls, knockdown of both SMC1A and SMC3 led
to partial DNA decompaction as revealed by DNA STORM and Voronoi tessellation
analysis (Figure 5E, F). Importantly, the WAPL mutation in SMC3-knockdown cells
triggered the formation of vermicelli structures at levels comparable to NS controls
(Figure 5G and S6D). Thus, under normal transcriptional activity, partial loss of
cohesin is not sufficient per se to trigger DNA compaction or loss of vermicelli.
However, ActD treatment of WAPLA cells following knockdown of SMC3 reduced
the percentage of vermicelli to control levels (Figure 5G and S6D). Collectively,
these data show that disruption of cohesin vermicelli is not simply due to decreased
abundance of cohesin but rather to the effect of transcriptional inhibition on cohesin

mobility and distribution.

Taken together, our data show that inhibition of transcription abolishes chromatin
blending and the formation of vermicelli in WAPLA cells. These results further
demonstrate that transcriptional activity and RNAP Il are required for proper
cohesin function.

Given our results showing that transcription affects cohesin function, we asked
whether loop domains include transcribed regions across the genome. By
intersecting the coordinates of loop domains from Hi-C and Micro-C datasets
(Krietenstein et al., 2020; Rao et al., 2014) with the coordinates of coding genes
we found a significant enrichment of expressed genes within loop domains across
the seven cell types examined (Fisher's exact test, Table S2). Specifically, up to
87.7% of loops contained active genes (Table S3) and, strikingly, up to 43 % of
loops contained genes belonging to the highest expression fraction (top 25 % most
expressed genes of the corresponding cell type; Table S3), further suggesting the

relation between transcription and loop domains.
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Transcription-derived supercoiling and topoisomerase activity control loop

formation

Previous works reported an overlap between topological boundaries, loop domains
and supercoiling, thereby it has been suggested that supercoiling levels are
correlated to loop domain structures (Naughton et al., 2013; Rao et al., 2014).
Moreover, molecular dynamics simulations predicted that negative supercoiling
could be a driving force for cohesin loop extrusion and could mediate the formation
of TADs (Benedetti et al., 2014; Racko et al., 2018, 2019). Specifically, it has been
predicted that plectonemic structures generated by transcription create net free
energy sufficient to push cohesin along the chromosomes, away from transcribed
regions (Gilbert and Allan, 2014). As cohesin complexes embrace the chromatin
fiber tightly, they can slow the dissipation of the torsional stress, maintaining high
levels of negative supercoiling. Finally, supercoiling is released when cohesin
complexes reach TAD borders that are enriched for Topoisomerase 2 (Top2)
(Canelaetal., 2017; Gothe et al., 2019; Racko et al., 2018, 2019; Uuskula-Reimand
et al., 2016), which alleviates the torsional tension. Top2 inhibition leads to an
accumulation of positive supercoiling and knots (Fernandez et al., 2014; Joshi et
al., 2012; Valdes et al., 2019; Valdes et al., 2018), which results in a net decrease
of negative supercoiling. Likewise, Topoisomerases 1 (Topl) regulates the level of
supercoiling in eukaryotic cells (Bjorkegren and Baranello, 2018; Pommier et al.,
2010; Pommier et al., 2016). Topl localizes at the front of RNAP Il and
preferentially relaxes positive supercoiling, leading to a net increase of negative
supercoiling, which allows transcription (Baranello et al., 2016; Fernandez et al.,
2014). Therefore, after inhibiting Topl, one would expect a reduction of negative

supercoiling.

Motivated by previous work and our observations, we reasoned that an excess of
cohesin could interfere with supercoiling dissipation, so we asked if WAPLA cells
showed altered levels of supercoiling. We therefore imaged WAPLA and control

cells that had incorporated biotinylated trimethylpsoralen (bTMP) to probe the
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levels of DNA negative supercoiling (Bermudez et al., 2010; Ljungman and
Hanawalt, 1992, 1995; Naughton et al., 2013; Sinden et al., 1980). WAPLA cells
showed greater bTMP signals than controls, indicating higher levels of negative
supercoiling (Figure 6A and S7A). As previously reported in vitro for the bacterial
looping mediating factor Lac | (Yan et al., 2018), here we infer that cohesin limits
the dissipation of torsional tension of DNA in WAPLA cells, which accumulate
negative supercoiling forming longer loops than control cells. Thus, our results
suggest that in WAPLA cells negative supercoiling cannot be efficiently resolved

and therefore increases.

To further investigate the role of transcriptionally-derived supercoiling and the
contribution of fiber torsional tension on genome organization and loop formation,
we inhibited Topl and Top2 with b-lapachone and Doxorubicin, respectively. We
reasoned that inhibiting topoisomerase activities, thus perturbing the supercoiling
state of the fiber, should recapitulate the effects of transcriptional inhibition. Using
confocal imaging and quantification of the DNA CV, we found that b-lapachone and
doxorubicin triggered DNA compaction (Figure S7B, C). DNA STORM imaging and
Voronoi tesselation analysis confirmed this observation (Figure 7B-D). As observed
for ActD treatment and relative to controls, b-lapachone treatment led to decreased
overlap of SMC1A and DNA, showing altered cohesin distribution on DNA (Figure
TE, F).

Next, we asked whether topoisomerase inhibition could affect vermicelli formation,
we treated WAPLA cells with b-lapachone and Doxorubicin. Both topoisomerase
inhibitors significantly decreased the percentage of nuclei displaying vermicelli,
similar to ActD treatment (Figure 6G, S7D, E). These results further support that
aberrant supercoiling impairs cohesin activity and looping likely due to altered
torsional stress of the fiber. Lastly, to confirm this observation, we determined that
inhibition of both transcription and topoisomerase comparably affects the levels of
DNA supercoiling in control and WAPLA cells. For this we performed bTMP
incorporation and imaging quantification in ActD-, Flavopiridol- and b-lapachone-

treated cells. Upon treatment, control and WAPLA cells displayed decreased levels
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of bTMP incorporation indicating decreased accumulation of negative supercoiling,
thereby even counteracting the formation of long loops (Figure S7F). These results
indicate that transcription and topoisomerase activities cooperate, likely by altering
torsional tension in the fiber, regulating the level of supercoiling to control cohesin

activity and loop formation (Figure 7).

DISCUSSION

Over the last few years both super-resolution microscopy and Hi-C technologies
showed that 3-D spatial organization of the interphase chromosomes has profound
consequences for the transcriptional activity of the genome (Bintu et al., 2018;
Cardozo Gizzi et al., 2019; Lakadamyali and Cosma, 2020; McCord et al., 2020;
Nir et al., 2018; Su et al., 2020). In parallel, growing experimental and modelling
data carried out in a variety of organisms suggest that transcription itself can shape
genome architecture and might have a role in loop extrusion (Barutcu et al., 2019;
Busslinger et al., 2017; Davidson et al., 2016; Grubert et al., 2020; Hug et al., 2017;
Le et al., 2013; Lengronne et al., 2004, Li et al., 2015; Ocampo-Hafalla et al., 2016;
Olan et al., 2019; Racko et al., 2018, 2019; Rowley et al., 2019; Stigler et al., 2016;
Tran et al., 2017; Vian et al., 2018; Wang et al., 2017).

Using advanced SMLM techniques, we studied in single cells at unprecedented
resolution the cross-talk between transcription and cohesin and how this cross-talk
shapes the genome structure in interphase cells. Previous work showed that
cohesin is three times more abundant in the transcriptionally active A compartment
than in the B compartment (Schwarzer et al., 2017), and it has been suggested that
increased transcriptional activity might favour cohesin loading (Gassler et al., 2017;
Kagey et al., 2010). Here, we provide direct evidence that transcription regulates
cohesin, since blocking transcription alters cohesin distribution on DNA and
cohesin mobility (Busslinger et al., 2017; Kagey et al., 2010; Zuin et al., 2014).
Overall, our results indicate that transcriptional activity regulates the
movement/translocation of cohesin along chromatin. Most importantly, in WAPLA

cells inhibition of RNAP Il abolishes chromatin blending and the formation of

16



vermicelli-structured chromosomes. Previous work, which reported chromatin
compaction upon a-Amanitin or Flavopiridol treatments, also suggest that
transcription regulates chromatin organization (Naughton et al., 2013; Vian et al.,
2018) and ActD inhibition was shown to decrease TAD boundaries (Barutcu et al.,
2019). Notably, recent work revealed that transcription could rewire loops at
specific genes, showing that transcription-dependent de novo cohesin peaks
disappear upon transcriptional inhibition with DRB (Olan et al., 2019). Here, we
show that preserving cohesin dynamics, rather than its abundance, is key to
maintaining the organization of the genome and cohesin mediated loops. In
summary, we show that transcription promotes cohesin activity on chromatin and
that inhibition of transcription results in chromatin compaction and impaired cohesin

function.

Super-resolution microscopy revealed that the increased level of loop extrusion in
WAPLA cells generates chromatin blending, Lamin A/C dissociation from the
nuclear edge, and relocation of H3K9me3-marked heterochromatin from the
nuclear periphery to the nuclear interior. Collectively, these phenotypes likely
reflect an altered segregation of heterochromatin and euchromatin. Accordingly,
previous Hi-C experiments estimated that longer loops identified in WAPLA and
PSD5A cells correlate with decreased segregation of A and B compartments and
preferential compartmental switch from B to A (Haarhuis et al., 2017; Wutz et al.,
2017). Our observation of the loss of the Lamin A/C fibrillar structure at the nuclear
periphery let us to speculate that the blending of DNA, i.e. excess of looping, could
pull heterochromatin regions towards the nuclear interior. It will be interesting in the
future to evaluate the impact this phenomenon has on the possible activation of
heterochromatic regions and how looping affects the interaction between chromatin
and subnuclear structures. Overall, our findings about DNA blending and the global
reorganization of chromatin support the growing evidence that loop extrusion is an
opposing force to phase separation in defining hetero- and euchromatin
compartments (Gassler et al.,, 2017; Haarhuis et al., 2017; Hilbert et al., 2021,
Nuebler et al., 2018; Rowley et al., 2019).
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Transcription and supercoiling are intimately related. Transcription generates
torsional stress at both sides of the transcription bubble and topoisomerases are
essential to relieve this torsional stress to allow transcriptional elongation (Pommier
et al., 2016). Additionally, maintaining basal levels of negative supercoiling at
promoters is essential to ensure transcriptional initiation (Pommier et al., 2016).
Therefore, the tight control of the topological state of the chromatin fiber by
topoisomerases is key to sustain transcription. The potential link between
supercoiling and global genome organization has gradually emerged, especially in
bacteria and lower eukaryotes (Gilbert and Allan, 2014; Marinov et al., 2020).
Recently, cohesin has been proposed to play an important role in this picture, as
cohesin could contribute to control genome topology by confining and channelling
torsional stress (Orlandini et al., 2019). Accordingly, loop anchors and TAD
boundaries are enriched for topoisomerases (Canela et al., 2019; Canela et al.,
2017; Gothe et al., 2019; Uuskula-Reimand et al., 2016). In agreement with
previous evidence, we show that blocking topoisomerases phenocopies
transcriptional inhibition. Topl and Top2 inhibition led to global chromatin
compaction, decreased overlap of cohesin with DNA and reduced formation of
vermicelli. Furthermore, inhibition of topoisomerase and transcription decreased
negative supercoiling in WAPLA cells where the excess of cohesin decreases the
efficiency of supercoiling dissipation thus leading to longer loops. This finding,
together with the observation that RNAP |l accumulates at the edge of the loops,
physically decoupled from cohesin, led us to conclude that transcription acts on

cohesin activity through transcription-derived supercoiling.

The genome is pervasively transcribed and even heterochromatin has a basal level
of transcription (Djebali et al., 2012; Hangauer et al., 2013; Saksouk et al., 2015),
which can generate supercoiling. Supercoiling can propagate through tens or
hundreds of kilobases (Kramer et al., 1999; Kramer and Sinden, 1997; Matsumoto
and Hirose, 2004; Naughton et al., 2013; Postow et al., 2004), Although in one
study the maximum level of supercoiling was seen at TSS (Kouzine et al., 2013),
this does not exclude that multiple rounds of abortive transcription or frequent

transcription over short stretches of DNA, such as enhancer RNAs, could in
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principle introduce multiple waves of supercoiling boosting the torsional state of a
region far away from the protein-coding genes (Arner et al., 2015; Kim et al., 2010;
Kim et al., 2015; Racko et al., 2018).

Increasing experimental evidence strongly indicates that the establishment of
genome organization is not governed by a single control mechanism but rather by
a combination of synergistic and antagonistic factors (McCord et al., 2020; Nuebler
et al., 2018; Rowley and Corces, 2018; van Steensel and Furlong, 2019). Recent
studies have shown that the ATPase activity of cohesin mediates loop extrusion in
vitro (Davidson et al., 2019; Kim et al., 2019). In addition, ATP was shown to be
essential to establish loop domains (Vian et al., 2018). Thus, cohesin-mediated
extrusion and supercoiling-mediated extrusion could act as complementary forces

regulating cohesin distribution.

In conclusion, super resolution microscopy allowed us to visualize DNA loops, and
determine that transcription-mediated supercoiling shapes genome architecture
and has a key role in loop extrusion by controlling cohesin activity. In the next years,
the combination of super-resolution imaging approaches with genomic methods will
fully unveil how the cross talk between transcription and 3-D genome organization
controls gene and cell function (Lakadamyali and Cosma, 2020).

Limitations of the Study

In the absence of a unifying principle governing genome folding, transcription- and
supercoiling-mediated control of cohesin can be contributing factors. Moreover,
although we excluded that DNA intercalation per se has an effect on loop formation,
it might also be that structural alterations of DNA folding can have an additive
contributing effect. We cannot exclude that transcription impacts genome
organization in additional ways and that alternative mechanisms promote folding at
non-transcribed regions. For instance, RNA itself was shown to promote
compartment segregation and recruitment of CTCF to chromatin (Barutcu et al.,
2019; Saldana-Meyer et al., 2019). However, while nuclear RNA was reported to

influence compartment segregation and CTCF function, it did not affect TAD
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boundary formation, which was instead influenced by transcription activity and was
CTCF independent (Barutcu et al., 2019). We thus speculate that the impact of
transcription on cohesin that we demonstrate here is independent of the impact of
transcription on CTCF activity. We cannot exclude however that transcription-
induced supercoiling in cooperation with the effect of RNA transcripts on CTCF
have a combined activity on genome folding, an interesting topic for further

investigation in the future.
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MAIN FIGURE TITLES AND LEGENDS

Figure 1. The organization of loops revealed in WAPLA cells

A. Super-resolution (SR) images of DNA (EdC-AF647 labeling, magenta) and
SMC1A (DNA-PAINT immunolabeling, green) in WAPLA cells. Zoom in
longitudinal view of a vermicelli. Yellow arrows: DNA extruding from SMC1A
clusters. White asterisks: SMC1A positions within vermicelli.

B. Normalized mean number of SMC1A per cluster in Control Cytosol, Control
Nuclei, WAPLA Nuclei Vermicelli, and WAPLA Nuclei out Vermicelli (n = 10
cytosolic areas, and 35, 20 and 19 nuclei respectively). Values are
normalized by Control Cytosol average value. Mean and standard deviation
(SD); Kruskal-Wallis test with Dunn’s correction for multiple comparisons, **
p = 0.0075 and 0.0059, **** p < 0.0001, ns > 0.9999.

C. Normalized mean area of clusters of SMC1A in Control Cytosol, Control
Nuclei, WAPLA Nuclei Vermicelli, and WAPLA Nuclei out Vermicelli (n = 10
cytosolic areas, and 35, 20 and 19 nuclei respectively). Values are
normalized by Control Cytosol average value. Mean and SD; Kruskal-Wallis
test with Dunn’s correction for multiple comparisons, * p = 0.0314, **** p <
0.0001, ns p > 0.9999.

D. 3D SR images of DNA (magenta) and RNAP Il phSer2 (green), and
conventional image of SMC1A (cyan) in WAPLA cells.

E. Zoom in examples of vermicelli from D in axial (i) and longitudinal orientation
(ii); (iii) Axial cut of longitudinal vermicelli, DNA (white) and RNA Pol Il
phSer2 (color-coded in z).

See also Figure S1 and Movie 1.

Figure 2. Inhibition of transcription triggers global and locus specific DNA
compaction

A. Heatmap density rendering of super-resolution images of DNA (EdC-AF647

labeling) in Control (DMSO) and Actinomycin D (ActD) treated HelLa cells.

Full nuclei (left panels) and zoomed views (right panels) are shown.
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. Percentage of DNA-free area per nucleus quantified from super-resolution
images of EAC-AF647 labeled DNA in DMSO and ActD-treated HelLa cells,
n =21 and 19 nuclei respectively. Mean and SD; unpaired two-tailed t test,
%% 0 < 0.0001.

. Cumulative distribution of Voronoi polygons’ densities of DNA in DMSO
(purple) and ActD-treated (green) cells (n = 21 and 19 nuclei respectively).
Median (thick line) and standard error of the mean values (SEM) (shaded
area, which is not visible due to low values of the standard error: 1.745 for
DMSO and 1.188 for ActD); unpaired two-tailed t test, **** p < 0.0001.

. Cumulative distribution of Voronoi polygons’ densities of DNA in H20
(purple) and Hoechst-treated (pink) cells (n = 17 and 15 nuclei respectively).
Median (thick line) and standard error of the mean values (SEM) (shaded
area, which is not visible due to low values of the standard error: 2.331 for
H20 and 2.793 for Hoechst); unpaired two-tailed t test, ns p = 0.0881.

. OligoSTORM images of GAPDH-IFFO1 gene locus (24.5 kb) in IMR90
fibroblasts in Control (DMSO) and ActD-treated IMR9O0 fibroblasts. Gaussian
rendering (magenta) and heatmap density rendering (color scale) of super-
resolution imaging of the locus.

. Cumulative distribution of Voronoi polygons’ densities of OligopSTORM
GAPDH-IFFO1 locus (24.5 kb) in DMSO (n = 38 loci) and ActD-treated cells
(n = 36 loci). Median and SEM; two-tailed Mann-Whitney test, ** p = 0.0047.
. Radius of gyration quantification of GAPDH-IFFO1 OligoSTORM loci (24.5
kb) in DMSO- and ActD-treated cells (n = 47 and 40 loci respectively). Mean
and SD; two-tailed Mann-Whitney test, * p = 0.0331.

. OligoSTORM images of OCT4-TCF19 gene locus (78 kb) in IMR90
fibroblasts in Control (DMSO) and ActD-treated IMR90 fibroblasts. Gaussian
rendering (magenta) and heatmap density rendering (color scale) of super-
resolution imaging of the locus.

Cumulative distribution of Voronoi polygons’ densities of OligopSTORM
OCT4-TCF19 loci (78 kb) in DMSO (n = 30 loci) and ActD-treated cells (n =
30 loci). Median and SEM; two-tailed Mann-Whitney test, ns p = 0.5422.
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J.

Radius of gyration quantification of OCT4-TCF19 loci (78 kb) in DMSO (n =
31 loci) and ActD (n = 30 loci). Mean and SD; two-tailed Mann-Whitney test,
ns p = 0.3622.

See also Figure S2.

Figure 3. Inhibition of transcription affects cohesin distribution and mobility

A.

SR images of DNA (magenta) and SMC1A (green) in DMSO and ActD-
treated HelLa cells.

Colocalization index of SMC1A with DNA in DMSO and ActD in individual
nuclei (n = 17 nuclei each). Mean and SD; unpaired two-tailed t test, **** p
< 0.0001.

Super-resolution images of DNA (EdC-AF647 labeling, in magenta) and
H3K9me3 (DNA-PAINT immunolabeling, in green) in Control (DMSO) and
ActD-treated HelLa cells. Full nuclei (left panels) and zoomed views (right
panels) are shown.

Colocalization index of H3K9me3 with DNA in DMSO and ActD-treated cells
(n = 8 and 9 nuclei respectively). Mean and SD; unpaired two-tailed t test,
ns p = 0.8802.

Residence times in seconds of RAD21 molecules determined by SMT in
DMSO and ActD-treated U20S. N = 9230 and 4715 tracks, respectively.
Mean and 95% CI; unpaired two-tailed t test, **** p < 0.0001.

Radius of confinement in nanometers of RAD21 molecules determined by
SMT in DMSO and ActD-treated U20S cells, n = 1284 and 446 confined
tracks, with 89162 and 27206 jumps, respectively. Mean and 95% ClI,
unpaired two-tailed t test, **** p < 0.0001.

Dual-color super-resolution images of SMC1A (magenta) and H3K4me2
(green) in DMSO and ActD-treated HelLa cells. Representative zoomed
nuclear areas are shown.

Nearest Neighbor Distance (NND) distribution plot of the distance between
H3K4me2 and SMC1A clusters in DMSO and ActD-treated HelLa cells; n =
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31 and 24 nuclei respectively. Experimental data are shown as continuous
lines, random simulated data are displayed as dotted lines.

Nearest Neighbor Distance (NND) distribution between H3K4me2 and
SMCI1A clusters in DMSO (purple) and ActD (green) HelLa cells. Values
corresponding to the difference between experimental and random
simulated data are plotted.

See also Figure S3 and Table S1.

Figure 4. WAPLA cells display chromatin blending and altered Lamin A/C

organization

A.
B.

Schematic representation of experimental workflow.

Heatmap density rendering of super-resolution images of DNA (EdC-AF647
labeling) in Control and WAPLA HelLa cells upon DMSO (upper panels) and
ActD (lower panels) treatment. Right panels display zoom in views of the
nuclear regions indicated with squares of the corresponding colors.
Cumulative distribution of the Voronoi polygon densities of DNA in DMSO,
WAPLA DMSO, ActD and WAPLA ActD cells (n = 12, 8, 9 and 9 nuclei
respectively). Median (thick line) and SEM (shaded area); one-way ANOVA
with Tukey’s test for multiple comparisons, **** p < 0.0001.

Percentage of H3K9me3 at nuclear edges quantified in Controls (n = 21)
and WAPLA cells (n = 21 and 14 nuclei respectively). Mean and SD;
unpaired two-tailed t test, **** p < 0.0001.

SR images of DNA (magenta) and Lamin A/C (green) in Controls and
WAPLA cells. Right panels display zoom in views of the nuclear regions
indicated with white squares.

Percentage of Lamin A/C at nuclear edges quantified in Controls and
WAPLA cells (n = 7 nuclei each). Mean and SD; unpaired two-tailed t test,
*** n = 0.0008.

See also Figure S4.
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Figure 5. Inhibition of transcription counteracts chromatin blending and

blocks the formation of vermicelli

A.

SR images of DNA (magenta) and SMC1A (green) in WAPLA cells upon
DMSO and ActD.

Percentage of vermicelli nuclei per experiment in WAPLA cell populations,
n = 6 independent experiments. Mean and SD; two-tailed Mann-Whitney
test, ** p = 0.0022.

Mean number of localizations per Voronoi cluster of SMC1A in DMSO,
WAPLA DMSO, ActD and WAPLA ActD cells (n = 32, 19, 28 and 28 nuclei
respectively). Mean and SD; one-way ANOVA with Tukey’s test for multiple
comparisons, **** p < 0.0001.

Mean area of Voronoi clusters of SMC1A in DMSO, WAPLA DMSO, ActD
and WAPLA ActD cells (n = 32, 19, 28 and 28 nuclei respectively). Mean

and SD; one-way ANOVA with Tukey’s test for multiple comparisons, **** p
< 0.0001.

Heatmap density rendering of SR images of DNA (EdC-AF647) in Control
ShRNA (NS), SMC1A kd and SMC3 kd HelLa cells.

Cumulative distribution of the Voronoi polygon densities of DNA in NS,
SMC1A kd and SMC3 kd cells (n = 17, 14 and 15 nuclei respectively).
Median (thick line) and SEM (shaded area); one-way ANOVA with Tukey’s
test for multiple comparisons, * p = 0.0122 and **** p < 0.0001.

Percentage of cells with vermicelli per field in DMSO and ActD treated
WAPLA NS and WAPLA SMC3 kd cells, n >10 fields. Mean and SD; Kruskal-
Walllis test with Dunn’s correction for multiple comparisons, *** p = 0.0001,
**p =0.0011 and ns p > 0.9999.

See also Figures S5 and S6 and Tables S2 and S3.

Figure 6. Topoisomerase inhibition triggers DNA compaction and

counteracts vermicelli formation in WAPLA cells

A.

Mean Fluorescence intensity in arbitrary units (Steptavidin-AF488) of b-TMP

treated control and WAPLA cells and of mock controls to test negative
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supercoiling levels. Mean and SD, n > 52 nuclei; two-tailed Mann-Whitney
test, *** p < 0.0001.

. Heatmap density rendering of SR images of DNA (EdC-AF647) in DMSO,
b-lapachone (b-Lap) and Doxorubicin (Doxo) treated (5h) HelLa cells.

. Percentage of DNA-free area per nucleus quantified from SR images of DNA
in DMSO, b-Lap and Doxo-treated (5h) HeLa cells, n = 15, 14 and 16 nuclei
respectively. Mean and SD; one-way ANOVA with Tukey’s test for multiple
comparisons, **** p < 0.0001.

. Cumulative distribution of Voronoi polygons’ densities of DNA in DMSO, b-
Lap and Doxo-treated (5h) cells (n = 16, 14 and 16 nuclei respectively).
Median (thick line) and SEM (shaded area, which is not visible due to low
values of the standard error: 2.646 DMSO, 1.952 b-Lap and 1.631 Doxo);
two-tailed Mann-Whitney test, **** p < 0.0001.

. SR images of DNA (magenta) and SMC1A (green) in DMSO and b-Lap-
treated Hela cells.

. Colocalization index of SMC1A with DNA in DMSO and b-Lap (5h) in
individual nuclei (n =12 and 10 nuclei respectively). Mean and SD; unpaired
two-tailed t test, **** p < 0.0001.

. Percentage of cells with vermicelli per experiment in DMSO and b-Lap- and
Doxo-treated (5h) WAPLA cell populations, n > 4 independent experiments.
Mean and SD; unpaired two-tailed t test, ** p = 0.0010 and *** p = 0.0009.

See also Figure S7.

Figure 7. Proposed model.

Schematic cartoon depicting how inhibition of topoisomerases and of RNAP Il leads

to global chromatin compaction and decreased levels of negative supercoiling,

thereby impairing cohesin activity and loop extrusion. Chromatin (in blue) displays

segregation and balance between euchromatin and heterochromatin in wt cells,

while chromatin blending and increased negative supercoiling is observed in

WAPLA cells. Cohesin (in magenta) is enriched at the base of the loops while

RNAP Il (in green) is preferentially found at the edges of the extruded DNA loops.
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STAR METHODS

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to

and will be fulfilled by the Lead Contact: Maria Pia Cosma (pia.cosma@crg.es).

Materials availability
All unigue/stable reagents generated in this study are available from the Lead

Contact with a completed Materials Transfer Agreement.

Data and code availability

RNA-seq and ChIP-seq datasets are deposited under accession number
(GSE169492). Data for imaging and western blot figures in the paper is available
(Mendeley Data - DOI: 10.17632/pbnc4zhcwd.1). Other datasets and custom-made

scripts used in this work are available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines used and culture conditions

HelLa, IMR90 (ATCC, #CCL-186) and RAD21-Halotag SNAP-H3.3 U20S (Rhodes
et al., 2017b), all female cells, were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Thermo Fisher Scientific, #41965039) supplemented with 10% Fetal
Bovine Serum (FBS, Thermo Fisher Scientific, #10270106), 1% Penicillin-
Streptomycin (Thermo Fisher Scientific, #15140122), 1% GlutaMAX (Thermo
Fisher Scientific, #35050038). Cells were grown in humidified incubator at 37°C,
5% CO2 and 5% O2. DLD-1 expressing mAID-mClover-POLR2A and Tet-
OsTIR1cells (Nagashima et al., 2019), were grown at 37°C in 5% CO2z in RPMI-
1640 (Sigma-Aldrich, #R8758) medium supplemented with 10% FBS.

METHOD DETAILS
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Inhibition of transcription and topoisomerase

Inhibition of transcription experiments were performed as described (Busslinger et
al., 2017). Briefly HeLa, IMR90 and U20S cells were plated at high confluence
(30.000 - 40.000 cells/cm?) and growth medium was replaced with resting medium
(2% FBS, 1% Penicillin-Streptomycin in DMEM) for 24h before treatment. Inhibitory
drugs were diluted in resting medium at the final concentrations listed in Table S4,
treatments were performed from 0.5 to 7.5h. Unless specified, treatments were
performed for 5h. For DRB washout experiment, medium containing DRB was
removed, cells were washed with PBS and were incubated for 24h with fresh
resting medium. For RNAP | inhibition, after incubation of the cells with resting
medium for 24h, cells were treated with CX-5461 for 2h as described (Nagashima
et al.,, 2019). For acute degradation of RPB1, cells were incubated in growth
medium supplemented with 1 pg/ml doxycycline and with 500 pM indole-3-acetic
acid for 24 h; solvent, concentration and product codes are listed in Key Resource
Table and Table S4. For topoisomerase 1 and 2 inhibition, cells were treated with
b-lapachone and Doxorubicin respectively, concentrations and codes are listed in
Table S4. For both inhibitors, cells were growth in resting medium for 24h prior to
addition of inhibitors, treatments were performed from 1 to 5h. For all inhibitors,
specific time of treatments are specified at corresponding figures.

For OligoSTORM and experiments requiring simultaneous imaging of DNA and
proteins in super-resolution, fluorescent amino-yellow beads were added (1:800
dilution, Spherotech, #AFP-0252-2) during the last hour of treatment. Beads were
later used for drift correction and further adjustments (see section STORM
imaging).

For imaging purposes cells were plated in borosilicate glass bottom 8-well
chambers (Nunc Lab-Tek, #155411 or pSlide Ibidi, #80827) and for gene or protein
expression analyses the cells were plated in 6-well plates or 10 cm dishes.
Immediately after treatment, cells were fixed in PFA 4 % (Alfa Aesar, #43368)
diluted in PBS for imaging purposes or harvested by scraping for gene and protein

expression analyses.
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EdC incorporation and DNA labeling

To label DNA, a 48h incorporation of EdC (Sigma-Aldrich, #T511307) at 5 uM
concentration was performed in HeLa and DLD-1 cells. Cells were plated in
chambered coverglass (Nunc Lab-Tek, #155411 or uSlide Ibidi, #80827) at a
concentration of 24.000 cells/cm? in growth medium supplemented with EdC for 24
h. The following day growth medium was replaced by resting medium
supplemented with EAC and incubated for another 24 h. For DLD-1 cells
Doxycycline was added together with EdC for the last 24 h. At the end of EdC
incorporation, cells were treated with the different inhibitors as previously described
(see section Inhibition of transcription and topoisomerase). Cells were fixed with
PFA 4% (Alfa Aesar, #43368) for 10 min at room temperature and then rinsed with
PBS three times for 5 min each. Cells were permeabilized with 0.3% Triton X-100
in PBS for 15 min and rinsed with PBS three times for 5 min each. Click chemistry
reaction was performed by incubating cells for 30 min at room temperature in click
chemistry buffer [150 mM Hepes pH 8.2, 50 mM Amino Guanidine (Sigma-Aldrich,
#396494), 100 mM L-Ascorbic Acid (Sigma-Aldrich, #A92902), 1 mM CuSO4
(Sigma-Aldrich, #C1297), 2% Glucose (Sigma-Aldrich, #G8270), 0.1 % Glox
solution (described in STORM imaging) and 20 uM AF647 azide (Thermo Fisher
Scientific, #A10277)] protected from light. After three washes with PBS, we directly
proceeded with STORM imaging for single color DNA imaging experiments (see
section STORM imaging) or with immunolabeling for combined DNA and protein
imaging experiments (see section Immunolabeling for confocal, STORM and DNA-
PAINT).

EU incorporation and nascent RNA labeling

To label RNA, a 1h of EU incorporation at 1 mM concentration was performed in
HeLa cells, using the Click-iT RNA Alexa Fluor 488 Imaging Kit (Thermo Fisher
Scientific, #C10329). Cells were plated in chambered coverglass (uSlide Ibidi,
#80827) at a concentration of 30.000 cells/cm? in growth medium for 24 h. The
following day growth medium was replaced by resting medium and incubated for
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other 24 h. The third day, cells were cultured in resting medium and treated with
ActD at multiple time points or with DMSO for 5h as mock control. During the last
hour of treatment, medium was replaced with new treatment medium
supplemented with EU working solution.

Cells were fixed with PFA 4% (Alfa Aesar, #43368) for 10 min at room temperature
and then rinsed with PBS three times for 5 min each. Cells were permeabilized with
0.3% Triton X-100 in PBS for 15 min and rinsed with PBS three times for 5 min
each. Click-iT reaction was performed following manufacturer’s instructions by
incubating cells with 1X Click-iT reaction cocktail freshly prepared with Alexa Fluor
488 azide for 30 min at room temperature, protected from light. Cells were washed
once with Click-iT reaction rinse buffer and then with PBS. For DNA staining, cells
were incubated with Hoechst 33342 at a 1:1000 dilution, for 15 min at room
temperature. Cells were washed twice for 5 min each with PBS buffer and then
imaged by confocal microscopy (see confocal imaging section).

Immunolabeling for confocal, STORM and DNA-PAINT

Cells were fixed with PFA 4% (Alfa Aesar, #43368) for 10 min at room temperature
and then rinsed with PBS three times for 5 min each. Cells were permeabilized with
0.3% Triton X-100 in PBS and blocked in blocking buffer (10% BSA — 0.01 % Triton
X-100 in PBS) for one hour at room temperature. Cells were incubated with primary
antibodies (see Key Resource Table) in blocking buffer at 1:50 dilution for super-
resolution imaging (STORM and DNA-PAINT) and at 1:100 dilution for confocal
imaging. Cells were washed three times for 5 min each with wash buffer (2 % BSA
— 0.01 % Triton X-100 in PBS) and incubated in secondary antibody (see Key
Resource Table). For confocal imaging, commercial AlexaFluor conjugated
secondary antibodies (Thermo Fisher Scientific, see Key Resource Table) were
added at a 1:500 dilution in blocking buffer and were incubated for 45 min at room
temperature. For STORM imaging, home-made (Bates et al., 2007) dye pair
labeled secondary antibodies (see Key Resource Table) were added at a 1:50
dilution in blocking buffer and were incubated for 45 min at room temperature. For
DNA-PAINT imaging, docking strand labeled secondary antibodies (Ultivue-2, or
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Massive Photonics, see Key Resource Table) were added at a 1:100 dilution in
Antibody dilution (Ultivue-2 plex or Massive Photonics) and were incubated for 1.5
h at room temperature. Cells were washed three times for 5 min each with wash
buffer. For confocal imaging, DAPI was added for 10 min at room temperature

before washes.

STORM imaging

Single molecule localization microscopy (SMLM) imaging was performed on a N-
STORM 4.0 microscope (Nikon) equipped with a CFI HP Apochromat TIRF 100x
1.49 oil objective and an iXon Ultra 897 camera (Andor) and using Highly Inclined
and Laminated Optical sheet illumination (HILO).

For single color STORM imaging of proteins (Figure S1E S41 and S5G), sequential
imaging acquisition was performed (1 frame of 405 nm activation followed by 3
frames of 647 nm reporter) with 10 ms exposure time for 60000 frames. 647 nm
laser was used at constant ~2 kW/cm? power density and 405 nm laser power was
gradually increased over the imaging.

For dual color STORM imaging of two different proteins (Figure S1G, 3G, S4B and
F), double activator and single reporter strategy was used by combining
AF405 AF647 anti-Mouse secondary with Cy3 AF647 anti-Rabbit secondary
antibodies. Sequential imaging acquisition was performed (1 frame of 405 nm
activation followed by 3 frames of 647 nm reporter and 1 frame of 560 nm activation
followed by 3 frames of 647 nm reporter) with 10 ms exposure time for 120000
frames. 647 nm laser was used at constant ~2 kW/cm? power density and 405 nm
and 560 nm laser powers were gradually increased over the imaging.

For single color STORM imaging of DNA (Figure 2A, 4B, 5E, 6B and Figure S3A,
C), continuous imaging acquisition was performed with simultaneous 405 and 647
nm illumination of the sample, 10 ms exposure time for 60000 frames. 647 nm laser
was used at constant ~2 kW/cm? power density and 405 nm laser power was
gradually increased over the imaging.

To image DNA together with proteins in two-colors, combined STORM and DNA-
PAINT approach was used. For combined STORM and DNA-PAINT imaging
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(Figure 1A, D, E, 3A, C, 4B, E, 5A, 6E and Figure S3E) a Dual View system
(Optosplit-1l Cairn Research housing with a T647lpxr dichroic beamsplitter from
Chroma) was used in combination with the imaging strategy described in
Otterstrom et al (Otterstrom et al., 2019). The dual view allowed to split the image
on the full chip of the camera based on emission wavelength. 647 nm laser was
used to excite the DNA labeled with AlexaFluor 647 using a power density of ~2
kW/cm?. Simultaneously, to perform DNA-PAINT, the 560 nm laser was used with
~1 kW/cm? power density to excite Atto-568 (Massive Photonics) or Cy3-equivalent
dye (Ultivue) attached to the imager strands. The 488 nm laser at ~0.05
kW/cm? power density was used to illuminate the fiduciary beads, which were used
for drift correction and chromatic alignment. Images were acquired at 20 ms per
frame in continuous mode. The imaging cycle was composed by 100 frames of
simultaneous, 560 nm and 647 nm activation interspersed with one frame of 488
nm illumination. The yellow beads imaged with the 488 nm laser were visible in
both the red and orange channel, albeit dimly in the red channel.

The N-STORM cylindrical lens adaptor was used for STORM+DNA-PAINT data
acquisition to obtain 3D localization data (Figure 1D, E), as previously described
(Huang et al., 2008). Briefly, calibration data was first acquired by imaging sub-
diffraction limit size beads (100 nm Tetraspeck, Thermo Fisher Scientific, #T7279)
in PBS adsorbed borosilicate chamberslides. Using the NIS software STORM
module, Z-calibration data was recorded as the microscope stage was moved in
10 nm steps over a 1.6 m range and through the objective focal plane to image the
elliptically shaped beads as they first elongated vertically, then horizontally.
Imaging buffer composition for STORM imaging was [100 mM Cysteamine MEA
(Sigma-Aldrich, #30070) - 5% Glucose (Sigma-Aldrich, #G8270) — 1% Glox
Solution (0.5 mg/ml glucose oxidase, 40 mg/ml catalase (Sigma-Aldrich, #G2133
and #C100)] in PBS.

Imaging buffer composition for combined STORM and DNA-PAINT imaging was
100 mM Cysteamine MEA, 5% Glucose, 1% Glox Solution, 0.75 nM Imager strand
(11-560 and 12-560 for mouse and rabbit secondary antibodies respectively, Ultivue)
in Ultivue Imaging Buffer or 100 mM Cysteamine MEA, 5% Glucose, 0.1% Glox
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Solution, 1 nM Imager strand (Atto-568-ImagerStrand for rabbit secondary,
Massive Photonics) in PBS 500 mM NacCl.

Super-resolution images were analyzed and rendered in Insight3 (kind gift of Bo
Huang, UCSF) as described (Bates et al., 2007; Rust et al., 2006). Specifically,
Point Spread Functions (PSFs) from the emission from single fluorophores were
identified at individual frames of the acquired videos, based on a set threshold of
intensity. They were fit to a two-dimensional Gaussian. From it, the centroid of the
PSF was obtained, and from it the x and y positions for 2D STORM imaging were
obtained. For 3D STORM images (Figure 1D, E), 3D localizations were obtained
using the procedure already described by fitting the PSFs obtained during imaging
with a 2D elliptical Gaussian function, from which we obtained the x and y positions
as well as the peak widths wx and wy, which in turn allowed the z coordinate of the
fluorophore to be determined based on our calibrations. As the precision is reduced
from the distance to the focal plane, 200 nm thick z-slices centered in z=0 were
selected. Sample drift during acquisition was calculated and subtracted by cross-
correlation drift correction. The cross-correlation function between subsets of
frames (typically 1000 frames per subset) were obtained and the transformation
function was calculated. From this, the localizations positions were corrected based
on its frame of acquisition. 2D images were rendered by representing each
localization (i.e. x-y positions) as a two-dimensional Gaussians with fixed width. For
3D images, localizations were rendered using a three-dimensional, fixed size
Gaussian. DNA data was uniformly colored in white. RNA Pol Il phSer2
localizations were colored based on their z-position relative to the focus point (z=0).
For combined STORM and DNA-PAINT imaging both 2D and 3D, we followed the
analysis workflow described in Otterstrom et al (Otterstrom et al., 2019).
Specifically, the localization lists for the STORM signal (DNA) and the bead
emission in the < 647 nm half of the image were obtained in Insight3 from the
original movie. To obtain DNA-PAINT and 647-nm-emission bead signals, we first
performed a frame summation for every five frames of DNA-PAINT imaging, and
another frame summation for every five frames of beads. From the DNA-PAINT
summated movie, we obtained the DNA-PAINT list in Insight3. From the summation
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of the beads we obtained the bead list in the 647 nm half of the image in Insight3.
The trajectory of the beads was used to calculate the drift over time and correct the
localizations independently for each channel. The drift-corrected beads were then
paired between the two spectral halves of the image to obtain a 2D affine
transformation to overlap the spectrally separated signals. For 3D STORM DNA-
PAINT, we also performed a final axial (z) alignment using the fiduciary beads z-

position.

Confocal imaging and quantification

Confocal images were taken on a Leica TCS SP8 confocal microscopy equipped
with HC Plan-Apochromat CS2 63x/1.40 oil lens, using LAS X Software (Leica).
Full nuclear volumes or single stacks were acquired at 400 Hz, Pinhole 1, and
optimized z stack steps of 300 nm. Fluorescence intensity quantification has been
performed in ImageJ (2.0.0) by generating masks for each nucleus using
Hoechst/DAPI signal as reference and registering the mean intensity of the proteins
of interest (Figure S6C) or of EU-AF488 signal (Figure S2G). For Pearson
correlation analysis (Figure S1F) and 3D volume renderings (Movie 1), images of
100 nm Tetraspeck beads (Thermo Fisher Scientific, #T7279) were acquired for
every channel to be used as reference for chromatic aberration correction
performed with Huygens 17.10.0p5 software (see section Pearson correlation and
3D Rendering).

Oligopaint probe design and probe synthesis

Oligopaint probes were designed in silico by using Oligominer balanced setting
(blockParse.py with balanced flag ‘-1 35 -L 41 -t 42 -T 47’) (Beliveau et al., 2018) to
a repeat-masked hg19 human genome assembly against the following coordinates
Chr12: 6,641,500-6,666,000 (24.5 kb) and Chr6: 31,095,000-31,173,000 (78 kb),
corresponding to GAPDH-IFFO1 and OCT4-TCF19 loci, respectively. 286 probes
targeting GAPDH-IFFO1 and 384 probes against OCT4-TCF19 were generated.
Oligominer scripts are available through Github
(https://github.com/brianbeliveau/OligoMiner).
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Oligopaint libraries were synthesized as 12K oligopools (CustomArray - Genscript)
and after a quality check assessment by qPCR (seeTable S5), they were amplified
as previously described (Beliveau et al., 2017). Briefly, probes for GAPDH-IFFO1
and OCT4-TCF19 loci were amplified from the library by PCR (Kapa Taq PCR Kkit,
Kapa Biosystems, #BK1002) and T7 promoter sequences were added to the
amplicons by touch up PCR (see Table S5). Amplicons were then subjected to T7
RNA polymerase mediated in vitro transcription (HiScribe T7 High Yield RNA
Synthesis Kit, NEB, #E2040S) followed by a reverse transcription reaction (Maxima
H Minus RT, Thermo Fisher Scientific, #£EP0752) using 5’ AF405 labeled primers
(see Key Resource Table and Table S5). Reverse transcription reaction products
were mixed with 0.5 M NaOH and 0.25 M EDTA solution (1:1 v/v) and incubated at
95° C for 10 min to degrade RNA by alkaline hydrolysis. Probes were finally purified
and concentrated with DNA Clean & Concentrator-100 kit (Zymo Research,
#D4030) to obtain ssDNA probes.

Sample preparation and OligoSTORM labeling

IMR9O0 fibroblasts were plated and treated with ActD or DMSO as previously
described (see section Inhibition of transcription). After fixation with 4% PFA, cells
were prepared for OligoSTORM as previously described (Beliveau et al., 2017).
Briefly, cells were permeabilized with 0.5% Triton X-100 in PBS for 10 min and with
0.1 % Tween in PBS for 2 min at room temperature. Cells were then incubated for
5 minin 0.1 N HCI and washed twice with 2xSSCT for 1 min each, followed by a 5
min wash at room temperature in 2x SSCT - 50% Formamide (Sigma-Aldrich,
#F9037) and stored for up to one week in 2x SSCT - 50% Formamide at 4° C or
used immediately for imaging. Before hybridization, the samples were incubated in
2x SSCT - 50% Formamide at 60° C for 20 min. Then, the hybridization mix is
prepared (2x SSCT, 50% Formamide, 10% (w/v) dextran sulfate (Sigma-Aldrich,
#S4030), 0.4 pg/uL of RNase A (Thermo Fisher Scientific, #EN0531), 50 pmoles
of 5 AF405 labeled primary probes and 1ul 100 uM 3’ AF647 labeled secondary
probes) (see Key Resource Table and Table S5), added to the samples, denatured
at 78° C for 3 min and subsequently incubated at 42° C for 16 h. Samples were
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washed twice with 2x SSCT at 60°C for 10 min each, once with 2x SSCT for 10

min at room temperature and once with 2x SSC.

OligoSTORM imaging

OligoSTORM samples were imaged on a N-STORM 4.0 microscope (Nikon)
equipped with a CFI HP Apochromat TIRF 100x 1.49 oil objective and an iXon Ultra
897 camera (Andor) and HILO illumination mode. Conventional fluorescence
images were taken at the beginning of each imaging cycle to register the position
of loci and fiduciary beads. STORM images were acquired using continuous
imaging acquisition mode with simultaneous 405 and 647 nm illumination of the
sample with 16 ms exposure time for 60000 frames. 647 nm laser was used at
constant ~2 kW/cm? power density and 405 nm laser power was gradually
increased over the imaging. Every 100 frames, one frame of 488 nm illumination
was taken to image fiduciary beads used for drift correction.

The imaging buffer composition for STORM imaging was 100 mM Cysteamine
MEA (Sigma-Aldrich, #30070) — 1% Glox Solution (0.5 mg/ml glucose oxidase,
40 mg/ml catalase (Sigma-Aldrich, #G2133 and #C100) - 5% Glucose (Sigma-
Aldrich, #G8270) in PBS. A diffraction limited image was taken at the beginning of
each imaging session.

OligoSTORM images were analyzed and rendered in Insight3 as previously
described (Bates et al., 2007; Rust et al., 2006). Localizations were identified based
on a threshold and fit to a simple Gaussian to determine the x and y positions.
Conventional and STORM images were overlapped to verify the position of
GAPDH-IFFO1 and OCT4-TCF19 loci. Loci areas were manually selected in
ImageJ and were used for Voronoi tessellation and Radius of gyration analysis (see

sections Voronoi tessellation and Radius of gyration).

Voronoi tessellation and cluster analyses
Voronoi Tesselation Analysis was performed in Matlab as previously described
(Andronov et al., 2016). A Voronoi diagram was computed using the list of STORM

localizations (voronoin.m). Then the areas of the Voronoi polygons were
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determined from the Voronoi vertices and the Voronoi cells of the Voronoi diagram
(polyarea.m). The local density in each data point was defined as the inverse value
of the area of the corresponding Voronoi polygon. Cumulative distribution functions
of the density values were plotted.

To assess the size and morphology of SMC1A clusters as individual clusters and
as vermicelli structures (Figure 5C, D, and S5G) Voronoi tessellation was followed
by cluster identification. After Voronoi tessellation, a threshold based on polygon
area is established. Localizations having polygon areas below the threshold belong
to clusters. This threshold is obtained by intersecting the experimental Voronoi area
distribution with that of an averaged distribution obtained from Monte Carlo
simulations of randomized localizations drawn from an area corresponding to the
original data. A minimum number of 5 localizations per cluster was used. The area
of clusters was obtained by summation of the polygon areas of the localizations
that comprise a cluster.

To analyze cohesin clusters in terms of size of individual clusters (Figure 1B, C and
S3H, 1), cluster analysis was performed as previously described (Ricci et al., 2015).
Specifically, the localization lists were binned to construct discrete localization
images with a pixel size of 10 nm and pixel intensity equal to the number of
localizations falling in the corresponding pixel. These images were convoluted with
a 5x5 pixels kernel to obtain density maps and transformed into binary images by
applying a constant threshold, such that each pixel has a value of either 1 if the
density surpasses the threshold value and O if not. Localizations falling inside a 0-
value area of the image were discarded. Cluster centroids were obtained from local
maxima of the density map, and localizations were assigned to clusters using a
distance-based algorithm. New cluster centroids were then calculated as the
average of the localizations previously assigned to the cluster. This process was
repeated iteratively until convergence of the sum of the squared distances of the
localizations belonging to the cluster and the centroid. Final centroid position and
number of localizations were obtained for each cluster. Cluster sizes were
calculated as the standard deviation of x-y coordinates from the centroid of the

cluster.
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Quantification of DNA-free areas

DNA-free area was quantified from DNA STORM images by applying a binary
threshold on a Gaussian filtered density map (imbinarize.m Matlab function, with
adaptive threshold, sensitivity of 0.001, pixel size 20 nm, sigma 2). Percentage of

DNA-free areas over the imaged nuclear area were estimated for each nucleus.

Coefficient of variation analysis

For the assessment of chromatin compaction through the Coefficient of Variation
(CV) analysis, DAPI stained cells (see section Immunolabeling for confocal,
STORM and DNA-PAINT) treated with the different inhibitory drugs were imaged
on a Leica TCS SP8 confocal microscope (see section Confocal imaging). Central
sections of the nuclei were used to measure the CV. We generated a work-flow in
ImageJ 2.0.0 consisting of the creation of masks corresponding to the nuclei which
were then applied to the raw image to allow the selection of single nuclei. The
coefficient of variation (CV) of individual nuclei was calculated in Matlab, with
CV=c/u, where c represents the standard deviation of the intensity values and p

representing the mean value of intensity of the nucleus.

Radius of gyration analysis
Radius of gyration (Rg) of loci obtained by OligopSTORM was calculated with Matlab
as the root-mean square distance of localization positions in each domain from the

centroid of these positions in the domain (Boettiger et al., 2016).

Colocalization index analysis — STORM imaging

Pixel colocalization was quantified by calculating the percentage of overlaying
pixels between binary masks of the protein of interest (EZH2, H3K9 or SMC1A)
with the binary mask of DNA. First, binary masks were derived from the density
maps of DNA and proteins using imbinarize.m Matlab function (with adaptive
threshold and sensitivity of 0.1). Then, the colocalization was calculated as number

of overlapping pixels. In order to correct for the different values of DNA area, we

40



have weighted the percentage of overlying pixels considering the distribution of
DNA areas for the different cells.

Colocalization

Colocalizationeigntea = Coll DNA Area-Max_DNA_Area

Gene expression analysis

RNA extraction was performed with RNeasy Mini Kit (QIAGEN) and reverse
transcription was carried out with iScript cDNA Synthesis Kit (BIO-RAD, #1708891).
gPCR was performed with Lightcycler 480 SYBR green | master (Roche,
#4887352001) and the primers listed in Table S6 and plates were run on a
Lightcycler 480 (Roche) gPCR instrument.

For RNA-seq, we used ribosomal depletion to remove rRNAs from total RNA
samples, then proceed with library construction using Illumina TruSeq chemistry.
Libraries are then sequenced using lllumina NovaSeq 6000 at Columbia Genome
Center. We multiplexed samples in each lane, which yields targeted number of
paired-end 100bp reads for each sample. We used RTA (lllumina) for base calling
and bcl2fastg2 (ver. 2.20) for converting BCL to fastq format, coupled with adaptor
trimming. Reads were pseudoaligned to a Kallisto index created from GRCh38

Ensembl v92 transcriptome using Kallisto (ver. 0.44.0) (Bray et al., 2016).

Protein extraction, WB and protein quantification

Cells were harvested by scraping with a cell lifter and collected into microcentrifuge
tubes. Samples were processed as previously described (Beringer et al., 2016).
Specifically, cell pellets were washed with cold PBS and resuspended in 2.5x
packed cell volume of PBS and an equal volume of 2x SDS lysis buffer (50 mM Tris
HClpH 7.5, 2 mM EDTA, 2 % SDS). Samples were boiled for 10 min and sonicated
for 5 min (High power, 30 sec ON — 30 sec OFF cycles). Protein extracts were
quantified with Pierce BCA Protein Assay Kit. Protein extracts (1 to 10 ug) were
loaded on 4-15% precast protein gels (Mini-PROTEAN TGX, Bio-Rad, #4561084).
Membranes were incubated with rabbit cell cycle WB cocktail (Cdk pTyrl5, H3
pSerl0, actin) (Abcam, #ab136810), rabbit anti-SMC1A (Abcam, #ab133643),
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rabbit anti-SMC3 (Abcam, #ab128919), and mouse anti-vinculin 1:1000 (Sigma,
#V9131) and with secondary antibodies sheep anti-Mouse IgG HRP-linked 1:1000
(GE Healthcare, #NA931), Donkey anti-Rabbit IgG HRP-linked 1:2000 (GE
Healthcare, #NA934). HRP-derived signal was detected with Pierce ECL Western
Blotting Substrate kit (Thermo Fisher Scientific, #32106) on an Amersham Imager
600 (GE Healthcare Life Sciences, # 29083461). Quantification of western blots
was performed by Image Studio Lite 5.2 software (LI-COR), protein levels were

normalized to Vinculin.

Single molecule tracking imaging and analysis

SMT experiments for RAD21 cohesin subunit were performed in SNAP-H3.3 +
RAD21-Halo U20S cells previously described by (Rhodes et al., 2017b) and kindly
provided by Dr. Kim Nasmyth (University of Oxford). After ActD or DMSO
treatments (see section Inhibition of transcription), cells were labeled with 1 nM
JF549-SNAP ligand and 4 pM (for studying the dissociation kinetics) or 10 pM (for
studying the fast dynamics) JF646-Halo ligand diluted in phenol red free resting
medium for 30 min in the incubator. Cells were washed once for 15 min in the
incubator with fresh medium and then once for 5 min. Cells were imaged
immediately after staining or fixed after labeling and subsequently imaged. JF549
SNAP ligand and JF646 Halo ligand were a kind gift from Dr Luke Lavis (Janelia
Research Campus) (Grimm et al., 2015).

Imaging was performed using a N-STORM 4.0 microscope (Nikon) equipped with
an Okolab cage incubator system set at 37C, 5% CO2 and controlled humidity.
Images were taken with a 100X 1.49 oil objective, an iXon Ultra 897 camera
(Andor), using HILO illumination and a quad-band emission filter. RAD21-Halo’F646
cells labeled with 4 pM JF646-Halo ligand were imaged for 600 frames with 500 ms
of exposure time at 1% power of 647 nm laser. RAD21-Halo ™46 cells labeled with
10 pM JF646-Halo ligand were imaged for 10000 frames with 15 ms exposure time
at 8% power of 647 nm laser. In both cases, the area occupied by nuclei was
determined by imaging four frames of J/*SNAP-H3.3 at the beginning and at the
end of each SMT video. Fixed samples were acquired under the same
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experimental conditions and used as reference for photobleaching correction (see
details below).

For the data analysis, first, the images were segmented by manually selecting the
nuclear areas from SNAP-H3.3 signal, corresponding to each cell nucleus. The
localization of the single molecules and the connection of the trajectories was done
using TrackMate, an open source ImageJ plugin (Tinevez et al., 2017). For the
detection, the LoG detector with sub-pixel localization was used and the Simple
LAP tracker was used for the tracking, with a maximum frame gap of 4 and 2 frames
for 500 and 15 ms data respectively. The intensity threshold for the localizations
was defined to minimize false localizations: 70 for the 500 ms data, and 30 for the
15 ms data. The trajectories were analyzed using a custom written Matlab code,
that makes use of some functions from @msdanalyzer (Tarantino et al., 2014).
For the analysis of the trajectories from 15 ms exposure time. The trajectories were
classified into different motion types: confined, Brownian and directed. This was

done by fitting a power law function to each individual T-MSD curve:
MSD =4-D - tf,

Where D is the diffusion coefficient and tiag is the time lag between the different
time points of the track. Trajectories with a<0,8 were considered as confined, with
0,8<a<1,2 as Brownian, and with a>1,2 as directed. In addition, the trajectories
performing confined motion and free diffusion together were identified, separated
and segmented in multiple parts.

The radius of confinement of the whole population of trajectories was estimated by
fitting a confined circle diffusion model to the ensemble of confined trajectories with
average frame-to-frame jumps below 150 nm (Wieser and Schutz, 2008):

—4Dtjqg
MSD = R?>-(1—¢e RZ +0
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Where R is the radius of confinement and D, the diffusion coefficient at short term
mobility. O is an offset value that comes from the localization precision limit of
SMLM techniques. In this case, we have estimated a localization precision of
around 35 nm from the fitting of the experimental data.

For the 500 ms data, all the trajectories were analyzed, considering that a
one-frame localization is a binding event which has a residence time of 500 ms.
The dissociation kinetics were estimated from the track length of each individual
trajectory, by fitting a two-component exponential decay function to the survival
function defined by: (1 — Cumulative Distribution Function) (Ball et al., 2016; Chen
et al., 2014; Mazza et al., 2012):

Fit)= f-e Mty (1 —f) ekt

Where f is the fraction belonging to each population, k1 the short-live component
associated with unspecific chromatin binding and k2 the long-live component
associated with specific chromatin binding.

This residence time measurements are affected by photobleaching. In order to
correct for it, we fixed the cells and then imaged and tracked them under the same
experimental conditions (Hansen et al., 2017). Then we fitted an exponential decay
function to their survival fraction:

F,(t) = et

Where kb is a constant that estimates the photo-bleaching rate in s for a certain
fluorophore and imaging conditions. The corrected dissociation rates are obtained

from:

kmeasured = kcorrected + kbleaching

Where Kmeasured COrresponds to kz and Koieaching t0 kb, from previous equations.

Finally, the bleaching corrected residence times were obtained by:

1
Residence_Time =
kcorrected
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Note that the dissociation rates for fixed cells were smaller than those of live cells,
assuring that measured residence times are related with protein unbinding due to

live cell activity.

Nearest neighbor distance (NND) analysis

Cluster analysis of individual channels was performed as described in detail in
section “Voronoi tessellation and cluster analyses” with the clustering method
previously published (Ricci et al., 2015). NND between clusters’ centroids was
calculated by knnsearch.m Matlab function and the NND histogram of experimental
data was obtained by considering all the NNDs of individual nuclei (histogram bin,
from 0 to 500 nm, 5 nm steps). Simulated NNDs recapitulating random spatial
distribution of cluster centroids were first obtained for each nucleus separately and
then merged to calculate the simulated NND histogram (histogram bin, from 0 to
500 nm, 5 nm steps). The difference plot reports the difference between

experimental NND and simulated NND.

Cross pair correlation analysis

STORM data consist of two-dimensional spatially distributed centroids of the
molecule’s diffraction limited spot, conforming a map of point locations. Hence,
exploratory analysis of spatial point patterns (Baddeley et al., 2016; Shivanandan
et al., 2016) is performed to seek evidences for possible stochastic dependence
between SMC1A and H3K4me2, and SMC1A and SMC3, by computation of cross
pair correlation functions of a so-called bivariate point pattern. Two to three regions
of interest of size 2 — 10 ym? were selected for every nucleus, and the empirical
cross pair correlation G(r) was computed from r= 0 to 200 nm interpoint distances
at 3.2 nm step size. If G(r) > 1, it exists a stochastic dependency between points at
distance r, which can be consistent with clustering behavior. At distances where
G(r) = 1, the points are not correlated. Note that at r=0 there is a missing value, as
the cross pair correlation is infinity at the origin.

All simulations were done in R (RCoreTeam, 2014), using the spatstat module

(Baddeley et al., 2016) and custom functions.
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Generation of SMC1A and SMC3 knockdown cells

HeLa SMC1A, SMC3 knockdowns and non-silencing (NS) controls were generated
by transduction of pLKO.1 puro lentiviral vectors containing shRNA for SMC1A,
SMC3 and control (Sigma-Aldrich, SMC1A NM_006306, TRCN0000299517;
SMC3 NM_005445, TRCN0000234318; NS #SHC002). Lentiviral production has
been performed following The RNAi Consortium (TRC) low throughput viral
production protocol
(https://portals.broadinstitute.org/gpp/public/resources/protocols). Transduced
cells were selected for puromycin resistance (Sigma-Aldrich, #540141). Efficiency
of knockdowns was verified at the level of RNA (Figure S6B) by gPCR (see section
Gene Expression Analysis) and at the level of protein abundance (Figure S6A, C)
by WB (section Protein extraction, WB and protein quantification) and

immunofluorescence.

Generation of WAPLA cells

Cells were transfected with pX458 plasmid encoding for Cas9, GFP and a sgRNA
targeting M1116 codon of WAPL gene (5’- GCATGCCGGCAAACACATGG -3)
(Rhodes et al., 2017a) or without sgRNA as negative controls. pSpCas9(BB)-2A-
GFP (pX458) was a gift from Feng Zhang (Addgene plasmid #48138).
Transfections were performed in a 3:1 ratio with Fugene HD (Promega, #E2311)
and GFP positive cells were isolated by cell sorting (Influx and FACS Aria) 48 h
post transfection. For generation of clonal populations, GFP*/DAPI- cells were
sorted as single cells and collected in 96 well plates while for the remaining cases,
cells were sorted as bulk GFP*/DAPI- populations. Sorted cells were subsequently
expanded and screened by sequencing to identify the type of mutations generated
on WAPL gene (Figure S1D). Since HelLa cells are triploid, selected clones
displayed mutations on the three alleles.

When specified, grown in EdC-supplemented medium and treated with specific
inhibitors (see sections EdC labeling and inhibition of transcription, acute RNAP I
degradation and inhibition of topoisomerases). To assess the percentage of cells
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with vermicelli (Figure 5B, G, 6G and S5A-F, S7E), cells were labeled against
SMC1A or SMC3 and DAPI (see section Immunolabeling) and imaged by confocal
microscopy (see section Confocal imaging and quantification). Vermicelli
morphology was determined as previously described (Tedeschi et al., 2013).
Specifically, the percentage of nuclei with vermicelli morphology (i.e. elongated
worm-like signal of SMC1A/SMC3) over the total number of nuclei was quantified
manually by visual analysis of SMC1A/SMC3 and DAPI staining, in ImageJ.

Lamin A/C and H3K9me3 quantification at nuclear edge

The percentage of Lamin A/C and H3K9me3 localizations at the edge of nucleus
was calculated using a custom Matlab script, according to the following procedure.
First a Gaussian filtered density map of Lamin A/C and H3K9me3 STORM
coordinates was generated (pixel size 20 nm, sigma 3), then an edge of 400 nm
was drawn around the nuclear rim. The percentage of localization falling in this
edge was calculated as the number of localizations inside the edge region divided

by the total number of localizations inside the nucleus.

Pearson correlation analysis

In order to analyze the colocalization between DNA and RNAP Il phSer2 and
between DNA and SMC1A we performed confocal imaging of entire nuclear
volumes of WAPLA cells with vermicelli morphology stained for SMC1A, RNAP I
phSer2 and DAPI (see sections Immunolabeling and Confocal imaging and
quantification). To avoid biases derived from chromatic aberration we first
performed chromatic aberration correction (CAC) with the CAC module of Huygens
software. To establish the correction parameters, we used as reference Tetraspeck
beads imaged in the same experimental conditions than our biological samples.
After CAC, we deconvolved the images with the Deconvolution express module of
Huygens with conservative deconvolution profile. Next, we proceeded with
colocalization analysis by estimating the Pearson correlation coefficient for DNA vs
RNAP Il phSer2 and DNA vs SMC1A within the nuclei volumes using the Huygens
colocalization wizard with optimized thresholding mode.
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ChIP-seq experiments and analysis

Chromatin immunoprecipitation (ChlP) for HeLa cells was performed as described
(Neguembor et al., 2013) with the following modifications. For each IP, 50 ug of
chromatin were incubated with 30 ug of H3K4me2 (Millipore, #07-030) antibody. IPs
were washed twice with wash buffer 1 (20 mM Tris-HCI pH 8, 2 mM EDTA pH 8, 1
% Triton-X100, 150 mM NacCl, 0.1 % SDS), twice with wash buffer 2 (20 mM Tris-
HCI pH 8, 2 mM EDTA pH 8, 1 % Triton-X100, 500 mM NaCl, 0.1 % SDS), twice
with wash buffer 3 (10 mM Tris-HCI pH 8, 1 mM EDTA pH 8, 0.5 % NP-40, 0.5 %
Deoxycholate), and twice with TE (10 mM Tris-HCI| pH 8, 1 mM EDTA pH 8).
Chromatin was eluted twice by incubating beads in elution buffer (25 mM Tris-HCI
pH 8, 5 mM EDTA pH 8, 0.5 % SDS) for 20 min at 65C in agitation. Samples were
then incubated with RNase A (Sigma-Aldrich, #R5503) and Proteinase K (Sigma-
Aldrich, #P2308) for 1 h at 37C and crosslinking was reverted by incubating samples
overnight at 65C. DNA was purified by phenol-chloroform extraction and ethanol
precipitation. DNA was resuspended in 10 mM Tris-HCI pH 8 and processed for
sequencing. Libraries were prepared using the NEBNext Ultra DNA Library Prep for
lllumina kit (#E7370) according to the manufacturer's protocol. Briefly, input and
ChIP enriched DNA were subjected to end repair and addition of “A” bases to 3'
ends, ligation of adapters and USER excision. All purification steps were performed
using AgenCourt AMPure XP beads (Beckman Coulter, #A63882). Library
amplification was performed by PCR using NEBNext Multiplex Oligos for Illumina.
Final libraries were analyzed using Agilent Bioanalyzer or Fragment analyzer High
Sensitivity assay (#5067-4626 or #DNF-474) to estimate the quantity and check size
distribution, and were then quantified by gPCR using the KAPA Library
Quantification Kit (KapaBiosystems, #KK4835) prior to amplification with Illumina’s
cBot. Libraries were sequenced 1 x 50 bp on Illumina’'s HiSeq2500.

Reads were filtered for low quality ones using fastp (Chen et al., 2018) and were
aligned to the GRCh38 human genome using STAR ver. 2.5.21 in end-to-end mode
and using ‘--alignintronMax 1’ to prohibit splicing and ‘--outFilterMultimapNmax 1’ to

keep only uniquely mapping read (Dobin et al., 2012). After removing duplicated
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reads and pooling the replicates, peaks were called against the Input control sample
using MACS ver. 3.0.0a5 with default parameters (Zhang et al., 2008).

H3K4me2 ChIP-seq peaks were annotated and classified using the ChiPseeker tool
(Yu et al., 2015). Coordinates of active TSS were obtained from our RNA-seq
dataset considering genes having an average detected expression > 2 Transcript
Per Million (TPM) mapped reads. Number of active TSS with > 1 H3K4me2 peak
was obtained by overlapping active TSS with H3K4me2 ChlP-seq peaks.

Loop domains and expressed genes overlap estimation

Genomic coordinates for loop domains were obtained from Hi-C datasets (Rao et
al., 2014) for GM12878, Hela, K562, IMR90, HUVEC and NHEK cells, and from
Micro-C (Krietenstein et al., 2020) for H1 cells. Gene coordinates and expression
datasets for each of the abovementioned cell lines were obtained from ENCODE
(GRCh37, Gencode v19 genes, see Key Resource Table).

First, the complete list of genes from Gencode v19 was intersected with loop
coordinates (Krietenstein et al., 2020; Rao et al., 2014) from each corresponding
cell line from. Genes were considered inside a loop if at least 50% of their annotated
length was inside its genomic coordinates, otherwise genes were considered
outside. Next, for each cell line, we calculated the transcript per million (TPM)
values at each percentile of expression level (excluding genes with 0 TPM) by
taking the mean TPM between the 2 replicates, and we counted the number of
genes inside or outside loops (as previously defined) that were above the TPM
threshold (expressed) or below (not expressed).

Fisher's exact test (Table S2) was performed to calculate the significance of
preferential enrichment of expressed gene within loop domains.

The percentage of loops containing expressed genes at different expression levels
(Table S3) was calculated by dividing the number of loops containing genes above
the minimum threshold and over the 25, 50 and 75 percentiles of expression by the

total number of loops in the corresponding cell type.

3D rendering - confocal imaging
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Nuclei of WAPLA HelLa cells described in the previous section (Pearson correlation
analysis) were rendered in 3D with Imaris 8.3.0 software (Oxford Instruments).
After confocal imaging, CAC and deconvolution, the nuclear area was rendered in
3D. SMC1A signal (magenta) was rendered as a solid volume to highlight vermicelli
structures, RNAP |l phSer2 (green) was shown as sphere objects indicating the
areas of accumulation of RNAP Il phSer2 signal, DNA was represented in blue with

partial transparency. Videos were created in Imaris with the animation module.

bTMP incorporation, imaging and quantification

bTMP incorporation and staining have been done as previously described
(Naughton et al.,, 2013). Briefly, HelLa cells were plated in borosilicate
chamberslides (uSlide Ibidi, #80827) and treatments with inhibitors were performed
as described in the corresponding section (Inhibition of transcription, acute RNAP
Il degradation and inhibition of topoisomerases). At the end of treatments, cells
were rinsed with 3xPBS and incubated with bTMP (1 mg/ml in PBS) for 20 min at
room temperature in the dark followed by 10 min of UV crosslinking at 360 nm (UV
1800 Stratalinker, Stratagene). Stock solution of bTMP (kind gift of Dr Nick Gilbert)
was prepared freshly (30 mg/ml in methanol) and further diluted in PBS to the final
concentration just before use. As Mock controls DMSO-treated cells were
incubated with methanol diluted in PBS. After three washes with PBS, cells were
fixed with 4% PFA and washed again three times with PBS. Cells were
permeabilized with 0.2% Triton X-100 in PBS for 10 min, blocked for 15 min with
5% Horse Serum (Gibco, #26050088) in PBS and incubated overnight at 4C with
Streptavidin-AF488 (Thermo Fisher Scientific, #511223) or NeutrAvidin-OG488
(Thermo Fisher Scientific, #A6374). DAPI was added for 10 min followed by three
washes in PBS. Cells were imaged on N-STORM 4.0 microscope (Nikon) equipped
with a CFl HP Apochromat TIRF 100x 1.49 oil objective and an iXon Ultra 897
camera (Andor) in epifluorescence illumination mode. The fluorescence signal
derived from AF488-Streptavidin labelled bTMP was measure with ImageJ. We first
used the DAPI signal to generate masks corresponding to the nuclear areas. We
then applied the masks to the green channels to measure the mean intensity bTMP
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value for each nucleus. We plotted the average intensity values for controls and
WAPLA cells treated with bTMP as well as mock treated samples to establish levels

of background signal.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and analysis have been performed in ImageJ (2.0.0), Matlab, R and
Huygens (17.10.0p5) as previously specified for each case.

Statistical analysis has been performed in Graphpad Prism. For every dataset,
normality tests (D’Agostino-Pearson and Shapiro-Wilk) were run to assess normal
distribution. For datasets with Gaussian distribution of values, parametric tests
were applied. In all cases two-tailed test were run and multiple comparison
corrections were applied for datasets with more than two groups and multiple
comparisons. For datasets with no Gaussian distribution, non-parametric tests
were applied. The type of statistical test is specified in each case. Statistical
significance is represented in the following manner: ns p > 0.05, * p < 0.05, ** p <

0.01, ** p <0.001, **** p < 0.0001.
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SUPPLEMENTAL VIDEO LEGENDS

Movie 1. RNA polymerase Il preferentially localizes at the periphery of
vermicelli structures, Related to Figure 1.

3D rendering of confocal images of WAPLA cells immunolabeled for SMC1A
(magenta), RNAP Il phSer2 (green) and DAPI-stained DNA (blue). Vermicelli
structures are represented as volumes (magenta) and RNAP Il phSer2 (green)
points of local maximum intensity are rendered as spherical objects (green),

confocal signal from DNA was shown with partial transparency (blue).
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to Figure 1



. Representative Western Blots for proliferative (Prolif) and serum starved
(Arrest) HelLa cells. Vinculin, Cdk2 phospho Tyrl5 (Cdk2 pTyrl5) and
Histone H3 phospho Serl0 (H3 pSerl0) blots are shown.

. Western Blot quantification of Cdk2 phospho Tyrl5 (Cdk2 pTyrl5) and
Histone H3 phospho Serl0 (H3 pSerl0) of proliferative (Prolif) and serum
starved (Arrest) HelLa cells normalized by Vinculin. Mean and SD values are
shown for n = 3 independent experiments; one sample t test, ** p = 0.0018
and ns p = 0.2335 respectively.

. Schematic representation of experimental workflow.

. Sequencing tracks showing the mutations created on WAPL gene in HeLa
cells. Since Hela cells are triploid, mutations on the three alleles of WAPL
gene are shown for clone 1 (lines 1-3) and clone 2 (lines 4-6). Mixed WAPLA
cell populations displayed mutations on 100 % of the sequences screened
(lines 7 onwards).

. Representative Gaussian renderings (multiple arbitrary colors) of clusters
identified by cluster identification described in Ricci et al. (Ricci et al., 2015)
of SMC1A in Control and WAPLA cells. SMC1A signal detected at the
cytosol and nucleus in Control cells, vermicelli structures and SMC1A
outside vermicelli have been segmented and analyzed separately. Lower
panels display zoomed views of the nuclear regions indicated with white
squares.

. Pearson correlation analysis of DNA-SMC1A and DNA-RNA Pol Il phSer2
colocalization in 3-D confocal nuclei. Mean and SD values are plotted, n =
14 and 13 nuclei respectively; two-tailed unpaired t test, **** p < 0.0001.

. Dual-color super-resolution images of SMC1A (magenta) and RNA
polymerase Il phSer2 (RNAP Il phSer2, green) in HelLa cells.
Representative zoomed nuclear area is shown.

. Nearest Neighbor Distance (NND) distribution plot of the distance of RNAP
Il phSer2 clusters to SMC1A clusters and of SMC3 to SMC1A as positive
control in HelLa cells; n = 19 and 30 nuclei respectively. SMC3-SMC1A
dataset is also displayed in Figure S4B-E. Experimental data are shown as
continuous lines, random simulated data are displayed as dotted lines.
Nearest Neighbor Distance (NND) distribution between RNAP Il phSer2 and
SMCI1A, and between SMC3 and SMC1A (positive control) clusters in HeLa
cells. SMC3-SMC1A dataset is also displayed in Figure S4B-E. Values
corresponding to the difference between experimental and random
simulated data from panel H are plotted.
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Figure S2. Inhibition of transcription causes specific and reversible DNA
compaction, related to Figure 2

A. DAPI stained HelLa cells treated with DMSO as mock control, Triptolide,

Flavopiridol and DRB for 5 h, and DRB followed by 24h washout (DRB



washout) as rescue control. Confocal stacks of representative images and
zoomed individual nuclei are shown.

. Coefficient of variation of DAPI signal in HeLa cells treated with DMSO
(mock control) Triptolide, Flavopiridol, DRB, and DRB followed by 24h
washout (DRB washout). Confocal stacks were quantified in n > 100 nuclei.
Mean and SD values are shown; Kruskal-Wallis test with Dunn’s correction
for multiple comparisons, **** p < 0.0001, ns p = 0.1858.

. DAPI stained Hela cells treated with a-amanitin and H20 as mock control
for 7.5 h. Confocal stacks of representative images and zoomed individual
nuclei are shown.

. Coefficient of variation of DAPI signal in HelLa cells treated with H20 (mock
control) and a-amanitin. Confocal stacks were quantified in n > 150 nuclei.
Mean and SD values are shown; unpaired two-tailed t test, **** p < 0.0001.
. DAPI stained HelLa cells treated with ActD at multiple timepoints and DMSO
as mock control. Confocal stacks of representative images are shown.

. Coefficient of variation of DAPI signal in HeLa cells treated with DMSO
(mock control) and ActD at multiple timepoints (indicated in the plot).
Confocal stacks were quantified in n > 68 nuclei. Mean and SD values are
shown; Kruskal-Wallis test with Dunn’s correction for multiple comparisons,
****x n < 0.0001, ns p = 0.5818.

. Nuclear intensity quantification of Click-iT-AF488 stained HelLa cells treated
with Actinomycin D at multiple timepoints (indicated in the plot) and DMSO
in which EU has been incorporated the last hour of treatment to measure
nascent RNAs. Confocal stacks were quantified in n > 117 nuclei. Mean and
SD values are shown; Kruskal-Wallis test with Dunn’s correction for multiple
comparisons, *** p = 0.0001, **** p < 0.0001.

. DAPI stained Hela cells treated with Hoechst and DMSO as mock control
for 5h. Confocal stacks of representative images and zoomed individual
nuclei are shown.

Coefficient of variation of DAPI signal in HelLa cells treated with DMSO
(mock control) and Hoechst. Confocal stacks were quantified in n > 360
nuclei. Mean and SD values are shown; unpaired two-tailed t test, ns p =
0.9350.

. qRT-PCR in IMR9O fibroblasts shows transcriptional expression of GAPDH
and IFFO1 and repression of OCT4 and TCF19 genes. dCt expression
relative to B-Actin. Mean and SD values are shown for n = 3 independent
experiments.

. gRT-PCR for nascent transcripts (unspliced pre-mRNA) shows
transcriptional repression of GAPDH and IFFO1 transcripts upon ActD
treatment compared to DMSO controls. dCt expression relative to B-Actin



and normalized to DMSO controls. Mean and SD values are shown for n=3
independent experiments; two-tailed unpaired t test, ** p = 0.0001, ** p =
0.0049.
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Figure S3. DNA compaction is specifically due to RNA polymerase Il
inhibition, related to Figure 3
A. Heatmap density rendering of super-resolution images of DNA (EdC-AF647
labeling) in Control (DMSO) and CX5461 RNAP | inhibitor (CX5461) treated
HeLa cells. Full nuclei and zoomed views (inset panels) are shown.
B. Cumulative distribution of Voronoi polygons’ densities of DNA in DMSO
(purple, n = 15 nuclei) and CX5461-treated cells (ochre, n = 12 nuclei).



Median (thick line) and standard error of the mean values (SEM) (shaded
area) are plotted; two-tailed Mann-Whitney test, ns p = 0.4559.
. Heatmap density rendering of super-resolution images of DNA (EdC-AF647
labeling) in Control (Mock) and 24h Indole Acetic Acid (IAA) treated mAID-
mClover-RPB1 DLD1 cells. Full nuclei and zoomed views (inset panels) are
shown.
. Cumulative distribution of Voronoi polygons’ densities of DNA in Mock
(violet, n = 30 nuclei) and 24h Indole Acetic Acid (IAA) treated (dark green,
n = 24 nuclei) mAID-mClover-RPB1 DLD1 cells. Median (thick line) and
standard error of the mean values (SEM) (shaded area) are plotted; two-
tailed Mann-Whitney test, ** p = 0.0017.
. Super-resolution images of DNA (EdC-AF647 labeling, in magenta) and
EZH2 (DNA-PAINT immunolabeling, in green) in Control (DMSQO) and ActD-
treated HelLa cells. Full nuclei (left panels) and zoomed views (right panels)
are shown.
. Colocalization index of EZH2 with DNA in DMSO and ActD-treated cells (n
= 20 and 15 nuclei respectively). Mean and SD are plotted; two-tailed
unpaired t test, ns p = 0.1891.
. Colocalization index of SMC1A or RAD21 with DNA in HelLa cells (n = 12
and 7 nuclei respectively); SMC1A nuclei plotted here are also included
among nuclei plotted in panel 3B. Mean and SD are plotted; two-tailed
unpaired t test, ns p = 0.1561.
. Mean area of SMC1A and RAD21 clusters in HeLa cells (n = 10 and 8 nuclei
respectively). Mean and SD are plotted; two-tailed unpaired t test, ns p =
0.1702.
Mean number of localizations per cluster of SMC1A and RAD21 proteins in
HelLa cells (n = 10 and 8 nuclei respectively). Mean and SD are plotted; two-
tailed unpaired t test, ns p = 0.4490.
. Representative example SNAP-H3.3 RAD21-Halotag U20S cells labeled
with JF549-SNAP ligand under DMSO and ActD-treated conditions. H3.3
labeling in living cells shows chromatin compaction upon ActD treatment.
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ure S4. Inhibition of transcription does not affect SMC1A-SMC3 and

C1lA-H3K27me3 proximity, related to Figure 4

A. Cross pair correlation curves between H3K4me2 and SMC1A localizations
in DMSO (purple) and ActD (green) HelLa cells. N = 30 and 23 nuclei
respectively with 2-3 ROI analyzed per nucleus. Median (thick line) and SD
(shaded area) values are plotted.



. Dual-color super-resolution images of SMC1A (magenta) and SMC3 (green)
in DMSO and ActD HelLa cells. Representative zoomed nuclear areas are
shown.

. Nearest Neighbor Distance (NND) distribution plot of the distance of SMC3
clusters to SMC1A clusters in DMSO and ActD HelLa cells; n = 30 and 25
nuclei respectively. DMSO dataset is also displayed in Figure S1H, I.
Experimental data are shown as continuous lines, random simulated data
are displayed as dotted lines.

. Nearest Neighbor Distance (NND) distribution between SMC3 and SMC1A
clusters in DMSO (purple) and ActD (green) HeLa cells. DMSO dataset is
also displayed in Figure S1H, |. Values corresponding to the difference
between experimental and random simulated data from panel C are plotted.
. Cross pair correlation curves between SMC3 and SMC1A localizations in
DMSO (purple) and ActD (green) HelLa cells; n = 30 and 24 nuclei
respectively with 2-3 ROI analyzed per nucleus. Median (thick line) and SD
(shaded area) values are plotted.

. Dual-color super-resolution images of SMC1A (magenta) and H3K27me3
(green) in DMSO and ActD Hela cells. Representative zoomed nuclear
areas are shown.

. Nearest Neighbor Distance (NND) distribution plot of the distance of
H3K27me3 clusters to SMC1A clusters in DMSO and ActD Hela cells; n =
13 nuclei each. Experimental data are shown as continuous lines, random
simulated data are displayed as dotted lines.

. Nearest Neighbor Distance (NND) distribution between H3K27me3 and
SMCI1A clusters in DMSO (purple) and ActD (green) HelLa cells. Values
corresponding to the difference between experimental and random
simulated data from panel G are plotted.

Super-resolution images of H3K9me3 (green) in Controls and WAPLA cells.
Right panels display zoom in views of the nuclear regions indicated with
white squares.

Percentage of H3K9me3 at nuclear interior quantified in Controls and
WAPLA (n = 21 and 14 nuclei respectively). Mean and SD values are
plotted; unpaired two-tailed t test, **** p < 0.0001.
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Figure S5. Inhibition of RNAP Il specifically abrogates the formation of
vermicelli in WAPLA cells, related to Figure 5

A. Percentage of cells with vermicelli per field in DMSO and ActD-treated at
multiple timepoints in WAPLA cell populations, n > 19 fields. Mean and SD

are plotted; Kruskal-Wallis test with Dunn’s correction for multiple
comparisons, *** p = 0.0002, **** p < 0.0001.
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. Percentage of cells with vermicelli per field in DMSO and ActD-treated
WAPLA clones, n > 11 fields. Mean and SD are plotted; two-tailed Mann-
Whitney test, **** p < 0.0001.

. Percentage of cells with vermicelli per field in DMSO as mock control,
Triptolide, Flavopiridol and DRB for 5 h treated WAPLA cell populations, n
=17 fields. Mean and SD are plotted; two-tailed Mann-Whitney test, **** p <
0.0001.

. Percentage of cells with vermicelli per field in Mock and IAA-treated WAPLA
cell populations, for IAA treated cells, % vermicelli nuclei among mClover
negative cells (RNAP Il degraded) is shown, n > 21 fields. Mean and SD are
plotted; two-tailed Mann-Whitney test, **** p < 0.0001.

. Percentage of cells with vermicelli per experiment in DMSO and CX5461-
treated WAPLA cell populations, n = 3 independent experiments. Mean and
SD are plotted; two-tailed Mann-Whitney test, ns p = 0.700.

. Percentage of cells with vermicelli per field in H20 and Hoechst-treated
WAPLA cell populations, n = 17 fields. Mean and SD are plotted; two-tailed
Mann-Whitney test, ns p = 0.6762.

. Representative Gaussian renderings (multiple arbitrary colors) of clusters
identified by Voronoi tessellation analysis of SMC1A in DMSO, WAPLA
DMSO, ActD and WAPLA ActD cells. Lower panels display zoomed views
of the nuclear regions indicated with white squares.
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Figure S6. Cohesin knockdown does not abrogates the formation of
vermicelli in WAPLA cells, related to Figure 5

A. Representative Western Blots for total protein extracts of Control non-
silencing shRNA (NS), SMC1A and SMC3 knockdown (kd) HelLa cells.
SMCI1A, SMC3 and vinculin blots are shown. Densitometric quantification of
blots is shown above each band normalized by NS; reduction of protein
signal of 76 and 74 % for SMC1A kd and SMC3 kd, respectively.

B. qPCR for SMC1A and SMC3 expression in non-infected (NI), non-silencing
control shRNA (NS), SMC1A kd and SMC3 kd HelLa cells. dCt expression
relative to GAPDH and normalized to NS controls. Reduction of RNA signal
of 78 and 68 % for SMC1A kd and SMC3 kd respectively; mean and SD
values are shown for n > 2 independent experiments.

C. Quantification of SMC3 fluorescence intensity in Control shRNA (NS),
SMC1A kd and SMC3 kd Hela cells. n > 15 nuclei; one-way ANOVA with
Tukey’s test for multiple comparisons, **** p < 0.0001.

D. Representative confocal images for SMC3 in WAPLA NS control and
WAPLA SMC3 kd, DMSO and ActD-treated HelLa cells.
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Figure S7. Topoisomerase inhibition leads to DNA compaction, reduced level
of negative supercoiling and loss of vermicelli formation, related to Figure 6
A. Representative images of control and WAPLA Hela cells incubated with
bTMP or mock controls (-bTMP) and stained with AF488 conjugated
Streptavidin. DNA was stained with DAPI.
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. DAPI stained HelLa cells treated with DMSO, b-lapachone (b-Lap) and
Doxorubicin (Doxo), 5 h treatments. Confocal stacks of representative
images are shown.

. Coefficient of variation of DAPI signal in HeLa cells treated with DMSO, b-
Lap and Doxo, 2 and 5 h treatments. Confocal stacks were quantified in n >
187 nuclei. Mean and SD values are plotted; Kruskal-Wallis test with Dunn’s
correction for multiple comparisons, **** p < 0.0001.

. Representative confocal images for SMC1A in DMSO, b-Lap- and Doxo-
treated WAPLA Hela cells (2 and 5 h treatments).

. Percentage of cells with vermicelli per field in DMSO and b-Lap- and Doxo-
treated WAPLA cell populations (2 and 5 h treatments), n > 10 fields. Mean
and SD are plotted; Kruskal-Wallis test with Dunn’s correction for multiple
comparisons, *** p = 0.0003, **** p < 0.0001.

. Mean Fluorescence intensity in arbitrary units (Neutravidin-OG488) of bTMP
treated control and WAPLA cells, treated with DMSO, ActD, Flavopiridol
(Flavo), b-Lap and Doxo and of mock controls (-bTMP) of both cell types.
Mean and SD, n > 85 nuclei; Kruskal-Wallis test with Dunn’s correction for
multiple comparisons, **** p < 0.0001.

15



SUPPLEMENTAL TABLES and LEGENDS

cells

Genomic enrichment H3K4me2 ChlIP-seq peaks at active TSS in HeLa

Number of active TSS (> | Number of active TSS | % of TSS with
2 tpm) with > 1 H3K4me2 peak

H3K4me2 peak

>

1

37952 27136

71.5%

Genomic distribution of H3K4me2 ChlP-seq peaks in HelLa cells

Genomic elements

% of H3K4me2

Promoter 19.59

5 UTR 0.38

3 UTR 1.84

First exon 1.62

Other exons 2.32

First intron 30.72

Other introns 23.25
Downstream (< 300 bp) 1.03
Distal intergenic 19.25

Table S1. Genomic distribution of H3K4me2 ChlP-seq peaks in HelLa cells,

related to Figure 3.

Upper part: Enrichment of H3K4me2 across active Transcription Start Sites (TSS).
Coordinates of active TSS were obtained from our RNA-seq dataset considering
genes having an average detected expression > 2 TPM. Number of active TSS with
> 1 H3K4me2 peak was obtained by overlapping active TSS with H3K4me2 ChIP-

seq peaks.

Lower part: H3K4me2 ChIP-seq peaks were annotated and classified using the

ChiPseeker tool (Yu et al., 2015).
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Fisher’s Exact Test
Cell type p value
GM12878 | 4.19E-17
HelLa 4.51E-22
NHEK 5.25E-23
HUVEC 8.41E-09
IMR90 2.94E-17
K562 1.27E-32
H1 6.96E-55

Table S2. Enrichment

Figure 5.

of expressed genes within loop domains, related to

p values for Fisher Exact Test are reported, showing statistically

significant enrichment of expressed genes within loop domains across seven cell
types. Loop domain coordinates were obtained from Rao et al., 2014 Hi-C datasets
for GM12878, HeLa, NHEK, HUVEC, IMR90, K562 cells and from Krietenstein et al.,
2020 Micro-C dataset for H1 cells.
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Percentage (%) of loops with expressed genes in:
Level of GM12878 | HeLa | NHEK | HUVEC H1 | IMR90 | K562
expression
Above 83.13 85.84 | 79.49 87.74 | 70.57 | 83.69 | 85.57
threshold
Top 75 % 75.01 78.99 | 69.95 81.03 |63.38| 77.35 | 77.12
Top 50 % 63.09 66.39 | 55.69 70.35 |52.80 | 65.21 | 64.55
Top 25 % 39.66 40.43 | 32.16 4298 | 33.26 | 38.79 | 40.65

Table S3. Percentage of loop domains containing expressed genes, related to
Figure 5.

Genes were classified based on their level of gene expression for every given cell
type, expression levels were classified in percentiles (RNA-seq data from Gencode).
Loop domain coordinates were obtained from Hi-C datasets (Rao et al., 2014) for
GM12878, HeLa, NHEK, HUVEC, IMR90, K562 cells and from Micro-C (Krietenstein
et al., 2020) dataset for H1 cells.
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Drug
Actinomycin D
(ActD)

DRB
Flavopiridol
Triptolide
o-amanitin
Hoechst
CX-5461

b-lapachone
Doxorubicin
Doxycycline
IAA

Concentration
4 uM

100 pMm
10 uM
200 nM
50 pg/ml
5 pg/ml
1uM

10 uM
5 UM

1 pg/ml
500 uM

Solvent
DMSO

DMSO
DMSO
DMSO
H20

DMSO
DMSO

DMSO
DMSO
DMSO
DMSO

Brand — Code
Sigma-Aldrich, #A9415

Sigma-Aldrich, #D1916
Sigma-Aldrich, #F3055
Tocris, #3253
Sigma-Aldrich, #A2263
Thermofisher, #H1399
Sigma-Aldrich,
#5092650001
Sigma-Aldrich, #L2037
Sigma-Aldrich, #324380
Sigma-Aldrich, #D9891
Sigma-Aldrich, #15148

Table S4. List of drugs used to inhibit transcription and topoisomerases,
related to Star Methods
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Region/Name Forward Reverse Application
GAPDH- CAAGGAGCC GGTCGGGTTTGGCGA Quality check
IFFO1 GTCGAGGCA GGAAC / Library
AG amplification
OCT4-TCF19 GATACGCGA CGCACGCATAGCGTC
GCTCACGCC TACCG
AG
GAPDH- CAAGGAGCC TAATACGACTCACTAT T7 touch up
IFFO1 GTCGAGGCA AGGGTCGGGTTTGGC PCR
AG GAGGAAC
OCT4-TCF19 GATACGCGA TAATACGACTCACTAT T7 touch up
GCTCACGCC AGCGCACGCATAGCG PCR
AG TCTACCG
GAPDH- /SAF405N/GGA RT
IFFO1 GGACGAGGC
GTCTACCG
OCT4-TCF19 /SAF405N/GAG RT
GAAGCGTAC
CAGCACGG
GAPDH- CGGTAGACG OligoSTORM
IFFO1 CCTCGTCCTC secondary
C/3AF647N/ probe
OCT4-TCF19 CCGTGCTGG OligoSTORM
TACGCTTCCT secondary
C/3AF647N/ probe

Table S5. Primers and sequences used for Oligopaint synthesis and

detection, related to Star Methods.
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Gene Forward primer Reverse primer

B-ACTIN ATAGCAACGTACATGGCTG | CACCTTCTACAATGAGCTGC
G

GAPDH AGCCACATCGCTCAGACAC | GCCCAATACGACCAAATCC

premRNA CCCATCCCTTCTCCCCACA | CCCCTAGTCCCAGGGCTTTG

GAPDH C

IFFO1 GACGTGCAGATGGAGACCT | CGCAGTGAAAGCAGGAGACT
G T

premRNA CAGAATCAATGGCACCTCC | AAAGGGGCCCAATCCTCTTA

IFFO1 A

OCT4 GCTGGAGCAAAACCCGGA | TCGGCCTGTGTATATCCCAGG
GG GTG

TCF19 CCACTGGAAATCGACGTGG | GCAACAAGGAGCTGCACAGG
C

SMC1A ACCCAATGGCTCTGGTAAG | CCCGCAGGTTGCTGGTTTTT
TCA

SMC3 CCAGATGGCAACAGCACCA | TCCCGTTTGCCCTCTGTTTC
G

Table S6. List of oligos used for gPCR, related to Star Methods.
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