


Gene mit ihren regulatorischen Elementen (Enhancern) verbinden, auf die Bildung von RNAPII 

angewiesen sind und sich in dessen Abwesenheit auflösen. Wir fanden auch heraus, dass 

RNAPII-basierte Schleifen den durch Kohäsin gebildeten entgegenwirken. Somit bringen 

unsere Ergebnisse die jahrzehntelange Debatte über die Rolle von RNAPII bei der 

Transkription mit seiner Beteiligung an der Bildung von regulatorischen 3D-Chromatin-

Kontakten im gesamten Genom in Einklang. Dies wirft ein neues Licht auf die Genregulation, 

da die Extrusion von Schleifen und die Interaktionen zwischen Enhancer und Promotor 

anscheinend größtenteils antagonistische Prozesse zur Organisation des Genoms in 3D sind. 
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Enhancer–promoter contact formation 
requires RNAPII and antagonizes  
loop extrusion

Shu Zhang1,2, Nadine Übelmesser1,2, Mariano Barbieri1 & Argyris Papantonis�  �1 

Homotypic chromatin interactions and loop extrusion are thought to 
be the two main drivers of mammalian chromosome folding. Here we 
tested the role of RNA polymerase II (RNAPII) across di�erent scales of 
interphase chromatin organization in a cellular system allowing for its rapid, 
auxin-mediated degradation. We combined Micro-C and computational 
modeling to characterize subsets of loops di�erentially gained or lost upon 
RNAPII depletion. Gained loops, extrusion of which was antagonized by 
RNAPII, almost invariably formed by engaging new or rewired CTCF anchors. 
Lost loops selectively a�ected contacts between enhancers and promoters 
anchored by RNAPII, explaining the repression of most genes. Surprisingly, 
promoter�promoter interactions remained essentially una�ected by 
polymerase depletion, and cohesin occupancy was sustained. Together, 
our �ndings reconcile the role of RNAPII in transcription with its direct 
involvement in setting-up regulatory three-dimensional chromatin contacts 
genome wide, while also revealing an impact on cohesin loop extrusion.

Genomic functions like gene expression and DNA replication require 
a dynamic three-dimensional (3D) architecture of interphase chro-
matin1,2. Work in the last decade, combining genome wide chromo-
some conformation capture assays with the removal of different 
chromatin-binding proteins, has attributed key hallmarks of this 3D 
architecture to the interplay between the insulator factor CTCF and 
the ring-shaped cohesin complex3,4. Three-dimensional chromatin 
domains (from Mbp-sized �topologically associating domains� or 
TADs5 to kbp-sized �loop domains�6) are insulated from one another via 
CTCF-demarcated boundaries, while the chromatin in these domains 
is actively extruded into loops by cohesin7�9. Removing CTCF from 
chromatin leads to insulation loss at domain boundaries10, while 
cohesin removal eliminates CTCF-anchored loops6,11. The physical 
interaction of an extruding cohesin complex with two convergently 
oriented CTCF-bound sites, and its stabilization together via STAG 
proteins, determines the length of loops genome wide12�14.

Loops anchored at CTCF-bound sites appear as prominent dot-like 
features off the diagonal of high-resolution Hi-C contact maps14. These 

dots disappear in cells where the cohesin-loading factor, NIPBL, is elimi-
nated15 but multiply in cells lacking the cohesin-release factor, WAPL16. 
Thus, loop formation arises from regulated cohesin �load-unload� 
cycles. However, recent live-cell imaging of the mouse Fbn2 locus 
showed that full looping is rarely achieved and that, most of the time, 
cohesin-extruded loops within an active domain only partially form 
and do not bring the two CTCF anchors into proximity17. This can be 
explained by the notion that 3D genome architecture results from 
the antagonistic interplay of loop extrusion with homotypic (that 
is, active-to-active or inactive-to-inactive) compartmentalization of 
chromatin domains18,19. Then, one would predict that RNA polymerase 
II (RNAPII), a potent molecular motor capable of translocating and 
bridging DNA20,21, influences 3D genome architecture via both physical 
interactions22 and transcription23.

Earlier studies in this direction have shown that pharmacologi-
cal inhibition of transcription could neither dissolve nuclear sub-
compartments formed by active RNAPII24 nor long-range contacts 
between genes and enhancers in select loci25. Similarly, TAD formation 
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New CTCF-anchored loops emerge after RNAPII depletion
To ask how RNAPs affect 3D interactions, we used the 14-h auxin treat-
ment determined in ref. 39, and generated Micro-C data in the presence 
or absence of RNAPII. Under these conditions, the vast majority of 
RNAPII was depleted from chromatin and led to decreased H3K27ac and 
cohesin levels genome wide (assessed using CUT&Tag; Extended Data 
Fig. 1a,b). We first used our Micro-C data to assess changes in nucleo-
some positioning after RNAPII depletion. For example, nucleosomes 
around CTCF sites became markedly more ordered; this did not come 
at the expense of CTCF binding to its cognate motifs but did result in a 
more focal ATAC-seq signal, that is, to locally constrained accessibility 
(Extended Data Fig. 1c). Decrease in chromatin accessibility was also 
observed at gene promoters and enhancers genome wide (Extended 
Data Fig. 1d). Notably, these changes were not a result of reduced avail-
ability of proteins like CTCF or cohesin as their levels on chromatin 
remained unaffected (Extended Data Fig. 1e), consistent with what we 
showed for this system before39.

We next surveyed Micro-C contact maps to discover the wide-
spread emergence of new and longer loops (Fig. 2a). These new loops 
typically arose in and around domains with active genes that became 
silenced upon RNAPII depletion. A total of 11,032 loops were gained or 
strengthened to surpass the detection threshold in RNAPII-depleted 
data. These were substantially longer than either transcription-or 
CTCF-anchored loops of control cells (Fig. 2b), and involved at least one 
CTCF-bound anchor in ~75% of cases, as well as increased local insula-
tion (Fig. 2c�e). Looking into loops that have one �CTCF only� anchor 
(for example, the left one) and one �RNAPII only� (for example, the right 
one), we found that they specifically rewired the latter. From a total 
of 1,134 such loops, 74% rewired to a new anchor further downstream 
that almost invariably contained a CTCF-bound site (Fig. 2f). Rewiring 
often gave rise to nested loop structures (that is, 795 unchanged CTCF 
anchors gave rise to 1,134 new loops; Fig. 2a,f). The orientation of CTCF 
motifs in the new anchors was convergent with respect to that in the 
unchanged anchor (Fig. 2f). Interestingly, new CTCF anchors were 
disproportionately located at the TSSs and bodies of genes that were 
longer than average (Extended Data Fig. 1f) and became depleted of 
active RNAPs (Fig. 2g). In the absence of RNAPII and transcription, these 
anchors obtained more canonically spaced nucleosomes around them 
(Fig. 2h) but showed less reduction in SMC1A occupancy (Fig. 2i) than 
what was seen genome wide (Fig. 2a and Extended Data Fig. 1b,c,e).

Finally, we asked whether any loops gained after RNAPII depletion 
form via H3K27me3-mediated interactions (there were hints of ~200 
such loops in our previous Hi-C data39). Despite no discernible changes 
of H3K27me3 levels in CUT&Tag (Extended Data Fig. 2a) and chroma-
tin fractionation blots in control and auxin-treated cells (Extended 
Data Fig. 1e), 2,197 new loops with H3K27me3 peaks in at least one 
anchor arose. This increased to 3,184 when we considered anchors 
with H3K27me3 peaks in the next 5-kbp bin (Extended Data Fig. 2b,c). 
Such new loops typically emerged in bundles within facultative het-
erochromatin domains, often without CTCF association (Extended 
Data Fig. 2a). Therefore, our Micro-C data now explain that thousands 
of new and longer loops emerge after RNAPII depletion via CTCF- and 
Polycomb-driven interactions.

RNAPII depletion leads to selective loss of enhancer loops
Next, we asked which loops and contacts are lost or weakened below 
the detection threshold upon RNAPII depletion. Lost loops were almost 
always found within CTCF loop-domain or TAD structures (Fig. 3a and 
Extended Data Fig. 3a). This is in line with transcription-anchored loops 
being the smallest (Fig. 3b); with the overall reduced contact frequency 
of loci separated by <1�Mbp upon RNAPII depletion (Extended Data  
Fig. 3b); and with gene regulatory domains being encompassed by 
CTCF loops14. The anchors of these 5,332 lost loops were substan-
tially less likely to contain CTCF than those of unchanged loops 
(<25% have CTCF at both anchors; Fig. 3c). Following stratification 

in zygotes does not rely on transcriptional genome activation26 and 
RNase A treatment of cell nuclei does not compromise TAD structure 
but does eliminate specific enhancer�promoter interactions27,28. On 
the other hand, Hi-C maps generated upon depletion of Mediator 
complex subunits or inhibition of RNAPII elongation while reexpressing 
cohesin in RAD21-depleted cells had no discernible effect on CTCF loop 
formation6,29. This also held true when depleting the basal transcrip-
tion factor TAF12 or RNAPII and using promoter-capture Hi-C or Hi-C, 
respectively30,31. Moreover, haploid human cells depleted of Mediator 
could not sustain a transcription-permissive chromatin architecture32. 
However, even kbp-resolution Hi-C contact maps do not prominently 
feature loops other than those anchored by CTCF. This was remedied 
by the introduction of Micro-C, a Hi-C variant using micrococcal nucle-
ase (MNase) to fragment chromatin and reveal tens of thousands of 
transcription-based loops along mammalian chromosomes33,34. In fact, 
its capture-based adaptation, Micro-Capture-C (MCC), allowed the 
mapping of 3D contacts between different cis-regulatory elements at 
near-base-pair resolution35. Still, pharmacological inhibition of tran-
scription coupled to Micro-C did not affect looping and only reduced 
by ~1.25-fold the signal of �stripes�, which are thought to indicate asym-
metric extrusion of loops33.

This and other such data highlight the need for a conclusive dis-
section of whether and how core components of the transcriptional 
apparatus, like RNAPII and Mediator36,37, contribute to the formation 
of 3D chromatin contacts. To this end, we applied Micro-C to a dip-
loid human cell line allowing for the near-complete auxin-mediated 
degradation of the largest subunit of RNAPII, RPB1 (refs. 38,39). We 
identified thousands of transcription-anchored and CTCF loops chang-
ing upon RNAPII depletion. We combined experiments with in silico 
models to interpret the interplay between cohesin loop extrusion and 
RNAPII-mediated looping.

Results
Transcription-based architecture of human chromosomes
Previously, we used in situ Hi-C to identify changes in 3D genome 
architecture upon RNAPII depletion from human diploid cells39. For 
these Hi-C experiments, we used asynchronous G1-sorted DLD-1 cells 
allowing for the quantitative degradation of RNAPII upon auxin addi-
tion for 14�h37,39. Effects at the level of TADs and compartments were 
small (as also seen after RNAPII depletion in asynchronous mESCs30), 
but we did identify ~800 CTCF loops that emerged in RNAPII-depleted 
cells and were substantially larger than the loops in untreated cells39. 
However, interactions between RNAPII-bound sites were scarce in that 
data, hence our incomplete understanding of how RNAPs contribute 
to 3D chromatin folding.

To address this and obtain a comprehensive view of the 
transcription-based architecture of human cells, we performed Micro-C. 
We generated contact maps containing >1.25 billion pairwise interac-
tions (Supplementary Table 1), which revealed fine intradomain archi-
tecture compared to matching Hi-C data (of comparable sequencing 
depth; Fig. 1a,b). This detailed view of 3D chromatin folding allowed the 
detection of 31,913 loops, encompassing >80% of the loops detected 
by Hi-C (Fig. 1c). The anchors of these loops mapped predominantly to 
the A (active) compartment, suggesting that multiple RNAPII-anchored 
loops could be detected (Fig. 1d). Indeed, when we stratified these 31,913 
loops by the presence or absence of RNAPII and/or H3K27ac or CTCF at 
their anchors, ~25% could be classified as transcription anchored. This 
increases to 40% once we consider anchors that have CTCF in addition 
to RNAPII/H3K27ac. Moreover, the 8,178 loops shared between Hi-C 
and Micro-C are featured more prominently in Micro-C contact maps  
(Fig. 1e). Finally, our highly resolved contact maps allowed the detec-
tion of thousands of cases where directional loop extrusion gives rise to 
stripes emanating by a CTCF and a transcriptional anchor (Fig. 1f). Thus, 
Micro-C allows us to study how transcription-anchored 3D interactions 
are remodeled upon RNAPII depletion.
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into promoter�promoter (P�P) and enhancer�promoter loops (E�P), 
we discovered that enhancer-anchored ones were most sensitive to 
RNAPII depletion (Fig. 3d). Moreover, E�P loops that did not contained 
CTCF in either anchor were almost fully lost, compared to those that 
did (Extended Data Fig. 3c). This selective loss was reflected in the 
reduced cohesin occupancy at E�P compared to P�P loop anchors 
(that was even more pronounced at the 590 superenhancers; Fig. 3e 
and Extended Data Fig. 3d). Surprisingly, much like their looping pro-
pensity, H3K27ac levels around promoters remained unaffected, while 
those at enhancers dropped by >50% (Extended Data Fig. 3e). In total, 
~900 E�P loop domains (together spanning >700�Mbp) dissolved upon 
RNAPII depletion, which involved >40% (557/1,360) of all genes sub-
stantially downregulated upon auxin treatment (|log2FC| > 2, Padj�<�0.05; 
RNA-sequencing (RNA-seq) data from ref. 39).

We also stratified loops not according to the type of elements in 
their anchors (that is, enhancers versus promoters), but on whether 
their anchors were marked by CTCF, transcription or both. Fifty-nine 
percent of loops lost upon RNAPII depletion were anchored solely by 
RNAPII/H3K27ac at both anchors, while CTCF-only loops were only 
18% of the total number lost (Fig. 3f). For an additional 1,675 loops, 

where only one anchor could be annotated, transcription anchors 
also predominated. Notably, CTCF-bound anchors displayed less 
reduction in cohesin occupancy than transcription-only anchors 
(that is, 28�35% compared to 48%; Fig. 3g). Together, we found that 
transcription-anchored loops are most sensitive to RNAPII depletion. 
This is selective for loops involving enhancers in at least one anchor 
and moderately influenced by CTCF presence.

Finally, even Micro-C features that at first appeared unaffected 
by auxin treatment did respond to RNAPII depletion. For instance, 
loop-like signal at the edges of stripes was enhanced in the absence 
of RNAPII (Extended Data Fig. 3f), likely due to the weakening of 
transcription in one of the anchors. Also, looking more carefully 
into loops that did not seem to change between the two conditions, 
we discovered that many rewired one anchor by <20�kbp (that is, 
by <4 bins in 5�kbp-resolution contact data). When we used control 
loop coordinates and auxin-treated Micro-C signal to plot aggregate 
plots, the signal appeared weaker. However, when we used matching 
auxin-treated coordinates (that is, shifted by <4 bins for the rewired 
anchor) and auxin-treated Micro-C signal, we noticed strengthening 
of these loops too (Extended Data Fig. 3g). This suggests that RNAPII 
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Fig. 1 | Micro-C enhances high-resolution views of 3D genome folding.  
a, Comparison of exemplary Hi-C (left) and Micro-C 5-kbp resolution contact 
maps (right) from DLD1-mAID-RPB1 cells in two 2-Mbp segments from chr1.  
b, Hi-C and Micro-C interaction frequencies decaying as a function of genomic 
distance (top) and their first derivative (bottom). c, Venn diagram showing 

overlap of loops detected in Hi-C and Micro-C contact maps. d, Bar plot  
showing percent of Micro-C loops with anchors in the A- or B-compartment.  
e, Aggregate plots showing Hi-C (left) and Micro-C signal (right) around shared 
and unique loops. f, Aggregate Micro-C signal of stripes with one CTCF and one 
transcriptional anchor.
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depletion from chromatin also allows for such fine-scale changes, 
presumably due to the absence of engaged polymerases that influ-
ence anchor selection.

Modeling the interplay between loop extrusion and RNAPII
A key observation in our data was the overall reduced cohesin occu-
pancy at RNAPII loop anchors (Fig. 3a,e,g), which nevertheless coin-
cided with the emergence of new prominent CTCF-anchored loops 
(Fig. 2a�g). To test the interplay between RNAPII engaged to chromatin 
and cohesin loop extrusion, which would be challenging to do experi-
mentally, we used computational modeling of 3D chromatin folding.

We first considered a synthetic 460�kbp-long polymer containing 
two genes transcribed in the sense direction, a cluster of eight enhanc-
ers between the genes, plus three CTCF binding sites (two encompass-
ing the genes/enhancers and one located inside the downstream gene; 
Fig. 4a). Each bead in the polymer represented 2�kbp of chromatin, and 
we implemented two scenarios using established molecular dynamics 
approaches40,41. The first model approximated conditions in untreated 
DLD-1 cells (control), where RNAPs have specific affinity for promoters 
and enhancers, and can also transverse gene bodies at expected speeds 
to simulate transcription. In parallel, the model considers cohesin com-
plexes able to bind the polymer and extrude loops at experimentally 
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Fig. 2 | Loops forming upon RNAPII degradation engage new CTCF anchors. 
a, Micro-C contact maps from control (left) and auxin-treated cells (right) 
showing emerging loop at 2-kbp resolution in an exemplary genomic region of 
chr22 aligned to H3K27ac, CTCF, and SMC1A CUT&Tag tracks. Gene models are 
depicted by arrows, and loops for each condition by spider plots (bottom). b, Box 
plots of the lengths of control loops with transcription-, CTCF- or transcription/
CTCF anchors, and loops gained upon auxin treatment. In the plots, center 
lines represent the median value, box limits the 25th and 75th percentiles, and 
whiskers extend 1.5× the box�s interquartile range. *P�<�0.01, two-sided Wilcoxon�
Mann�Whitney test. c, Aggregate plots for loops gained in auxin-treated cells.  

d, Plots of mean insulation at the anchors of loops gained in auxin-treated cells. 
e, Bar plots showing percent of loops with none, one or two CTCF anchors that 
are shared or gained by auxin-treated cells. *P�<�0.01, two-sided Fischer�s exact 
test. f, Bar plots showing the fraction of convergent versus divergent CTCF motifs 
in gained loop anchors (n). g, Bar plots showing percent of gained loop anchors 
located in different genomic locations. *P�<�0.01, two-sided Fischer�s exact test.  
h, Heatmaps of nucleosome occupancy around gained CTCF anchors from  
f. i, Line plots of mean CTCF and SMC1A signal in the 6�kbp around gained loop 
anchors from f.
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deduced speeds (Methods; Supplementary Table 2). Based on the docu-
mented co-association of cohesin with RNAPII39,42, we introduced a weak 
interaction potential between the two molecules. Thus, cohesin is allowed 
to bind any position in the polymer with a probability of 0.1 but binds 
promoters or enhancers with a 0.9 probability (as recently suggested 
experimentally39,43�45). In the model approximating RNAPII depletion (like 
in auxin-treated cells), all RNAPs are removed from the simulation and 
cohesin can now bind any position in the polymer with equal probability.

Control contact maps displayed a ~300�kbp-long CTCF loop 
that encompasses the two genes, and compartment-like interactions 
between the genes and enhancer cluster (Fig. 4a,b). Cohesin occupancy 
in this model showed the expected accumulation at the two distal, but 
not at the intragenic CTCF site (in line with transcribing RNAPs relocat-
ing cohesins42,46,47; Fig. 4a). Interestingly, despite loading being equally 
favored at promoters and enhancers, cohesin-loading rates are highest 
at the enhancer cluster (Fig. 4a, bottom). This agrees with what has been 

����

�
��

��
��

��
��

��
�

��

���� 
��
	�
����

����

����

�
���

��	���������������������

� �

�

��

��

��
�� ����

›����

�����
�

��
��

��
�	

��
��

� �

��
��

��
��

�

���

�
�����������	����

���

���

�

����

���� ����

�
��

�

�

�

	�

�����������
�

���
›�

��
��

�›
�

�
��

��
	�

��
�

�����

����

��

�������

�

��

��

��

��

���

������

����
����

���
����

��
����
������

›�
��

��

��
��

�

�

���
�����������

���
�����������

����

� �

�
��

�

�

�

	�

�����

����
��

����

����
�����������

����
�
�
�����������

����

���

�
�����������	����

���

���

���� ����

���� ����

����

����

����
���������

�����������
�

���

›�
��

��
�›

�
�

��
��

	�
��

�

���

�
�
�����������

����

����
�
�
�����������

�
�
�����������

���

�����

��
��

���
��

��
���

��
��

��
��

��

��

��

���

�
��

�

�


�

��
���

��
�

�
��

�

�

�

����� ���������� �����

�

�›

������

������
������

���
�����������

���
�����������

Fig. 3 | RNAPII depletion selectively affects enhancer–promoter and 
enhancer–enhancer loops. a, Micro-C contact maps from control (left) and 
auxin-treated cells (right) showing loop loss in an exemplary genomic region on 
chr8 at 4-kbp resolution aligned to H3K27ac, CTCF and SMC1A CUT&Tag tracks. 
Loops called for each condition are depicted by spider plots (bottom). b, Box 
plots of lengths of control loops with transcription-, CTCF- or transcription/
CTCF anchors and of loops lost upon auxin treatment. In the plots, center lines 
represent the median value, box limits the 25th and 75th percentiles and whiskers 

extend 1.5× the box�s interquartile range. *P�<�0.01, two-sided Wilcoxon�Mann�
Whitney test. c, Bar plot showing percent of loops with none, one or two CTCF 
anchors shared or lost by auxin-treated cells. *P�<�0.01, two-sided Fischer�s exact 
test. d, Aggregate plots for promoter�promoter (P�P) or enhancer�promoter 
loops (E�P) before (ctrl) and after RNAPII depletion (+auxin). e, Line plots of 
mean SMC1A signal around the loop anchors from d. f, As in d, but for loops with 
transcriptional (txn), CTCF or both anchors (CTCF�+�txn). g, As in e, but for loop 
anchors from f. NS, not significant.
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recently experimentally deduced43�45. RNAP depletion in our model 
leads to the elimination of all contacts between genes and enhancers, 
and to the emergence of a new CTCF loop anchored at the intragenic 
CTCF site (Fig. 4a,b). This matches our Micro-C findings of intragenic 
CTCF sites being engaged in de novo looping following RNAPII deple-
tion (Fig. 2e�g). These simulations also allow us to monitor the flow of 
cohesin along the polymer. We saw that RNAP presence on the polymer 
hindered cohesin-driven extrusion, especially around promoters. This 
was alleviated in the RNAP-depletion model (Fig. 4c; also suggested by 
recent preprints in refs. 48,49).

Finally, we used the same parameters to simulate the folding of 
a 1.2-Mbp locus on chr2 containing a number of enhancers and vari-
ously oriented CTCF sites, as well as two convergent active genes. In 
silico-generated contact, maps showed good agreement with Micro-C 
data (Fig. 4d; SCC�>�0.6) and allowed us to simulate different extents 

of RNAP depletion. In the presence of RNAPs, the intragenic CTCF site 
overlapping the two gene bodies did not engage in loop formation 
in vivo or in silico. Upon depletion of 75% of RNAPs, diffuse interac-
tion signal was observed, but full depletion was needed in order for 
a focal looping interaction to form (Fig. 4d). This was accompanied 
by increased cohesin occupancy at that CTCF anchor, and by reduced 
occupancy at active promoters. As before, the net flow of cohesin along 
the polymer was markedly less obstructed. Interestingly, under condi-
tions of 75% RNAP depletion, the effects on cohesin loading and flow 
are not closer to the full depletion than to the control model (Fig. 4d, 
bottom). This suggests that the near-complete RNAP depletion from 
chromatin is required to obtain experimentally discernible changes. 
Taken together, the competition between active RNAPs and cohesin 
loaded preferentially, but not exclusively, at promoters and enhancers 
was what gave rise to most contact patterns seen by Micro-C.
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Fig. 4 | Models of 3D chromatin folding in the presence or absence of 
RNAPII. a, Average contact maps from 800 configurations of a toy model 
including (control) or not polymerases (RNAP depletion) are shown aligned to 
plots of absolute cohesin occupancy and loading. The positions of enhancers 
(diamonds), genes (arrows) and CTCF-bound site orientations are denoted 
(arrowheads). b, Plot of looping frequency per configuration as a function of 
distance in the models from a. c, Plot of the net flow of cohesin molecules along 

the polymer in each scenario. Positive and negative values represent extrusion 
in the sense and antisense direction, respectively. d, Average contact maps from 
800 configurations of models simulating the presence (ctrl) or absence of RNAPs 
(75% or 100% depletion) in a 1.2-Mbp locus on chr2 compared to Micro-C data (far 
left and far right) aligned to plots of absolute cohesin occupancy, loading and 
flow.
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Discussion
In previous work, we established the necessity of RNAPII for reestab-
lishing interphase chromatin folding after exiting from mitosis by a 
human cell line. We did not only show domain and compartment erosion 
in the absence of RNAPII, but also a dependency for cohesin loading 
onto chromatin39. However, in that same study, we could not identify 
3D architecture changes of comparable magnitude by Hi-C applied to 
nonsynchronized cells. This remained perplexing until we obtained the 
Micro-C data analyzed here. Our high-resolution contact maps show 
that the transcription-based 3D architecture of interphase chromatin 
is markedly perturbed by RNAPII depletion. We could document both 
loss/weakening and gain/strengthening of specific loop-like interac-
tions that beg the following questions.

First, how do longer and more pronounced CTCF loops arise in 
the absence of RNAPII? The data we present here, as well as recent 
preprinted work49, see RNAPs as physical �moving� barriers to loop 
extrusion. Along the same lines, recent studies found that transcrib-
ing RNAPII complexes can reposition cohesin complexes42,46,47 or give 
rise to new spatial interactions50. Thus, depletion of the RNAPII bar-
riers should allow for a more efficient extrusion of loops anchored 
at CTCF-bound sites, and facilitate the de novo engagement of CTCF 
anchors located inside of previously-active promoters and gene bod-
ies (as also corroborated by our simulations). In parallel, a subset of 
loops that involved interactions between Polycomb-bound regions 
emerged in the absence of RNAPII. H3K27me3-marked regions are 
considered transcriptionally inert, but often bind �poised� RNAPII51, 
the removal of which might contribute directly or indirectly to the 
observed effects. Directly by a competitive interplay of RNAPII with 
Polycomb proteins and indirectly by RNAPs affecting cohesin load-
ing (as cohesin depletion was shown to enhance contacts between 
Polycomb-bound regions52). A somewhat similar effect is now described 
in ref. 53 for promoter-proximal paused RNAPs maintaining local 3D 
chromatin architecture in erythrocytes.

Second, why did promoter- and enhancer-anchored interac-
tions respond differently to RNAPII depletion? Here we observed two 
unforeseen results. H3K27ac levels dropped genome wide following 
RNAPII depletion but were substantially more reduced at enhancers 
compared to promoters. At the same time, enhancer-anchored loops 
were selectively weakened upon RNAPII depletion, but promoter�pro-
moter ones remained essentially unaffected. This was independent of 
whether these interactions involved CTCF at their anchors and showed 
decreased cohesin occupancy in a pattern similar to H3K27ac. This was 
striking, given that promoters and enhancers are thought to be vari-
ants of a single class of cis-elements54. Nevertheless, our data suggest 
that spatial communication between promoters relies on a different 
set of factors (perhaps STAG1 versus �2 (ref. 55)) than that between 
enhancers and their target promoters. Identifying these factors and 
their attributes represents the next challenge in the field.

Third, how is cohesin chromatin occupancy affected by the 
absence of RNAPII? In the M-to-G1 transition, reduced cohesin load-
ing correlated with the depletion of RNAPII from chromatin despite 
the fact that chromatin accessibility was not reduced (and, thus, could 
not be solely responsible for any reduction in cohesin loading39). Here 
we documented a similar reduction in chromatin-associated NIPBL and 
cohesin levels following RNAPII depletion from interphase cells. This 
was most apparent at enhancers�promoter loops and in line with (1) 
the binding of cohesin loaders at promoters42 (although the specific-
ity of some of this data is now debated49), (2) the fact that the loader 
NIPBL and unloader WAPL copurify with RNAPII complexes39 and (3) 
recent work pointing to enhancers as cohesin-loading sites for the 
formation of 3D interactions43�45. Moreover, we should revisit studies 
where pioneer transcription factors (like OCT4 and SOX2 (ref. 56)) and 
chromatin remodelers (like SNF2h57) affected the loading/unloading 
cycles of cohesin onto chromatin. Still, distinguishing between cohesin 
loading or stalling at a given position remains challenging in vivo, due 

to the processive nature of extruding complexes. However, our simula-
tions show that, by introducing a weak interaction between RNAPII and 
cohesin, the latter is predominantly directed to active promoters and 
enhancers. Disfavoring cohesin loading at promoters (by competition 
with RNAPII) generates contacts rarely seen by Micro-C.

Cohesin, its loader NIPBL and the Mediator complex were pro-
posed to co-associate to physically and functionally connect active 
enhancers and promoters58. Hi-C studies that followed this work 
found Mediator and RNAPII to be dispensable for 3D chromatin fold-
ing29,30. This is now challenged by our data, MCC data showing loss of 
enhancer�promoter contacts following acute depletion of Mediator37 
and decreased cohesin binding to RNAPII-transcribed genes following 
depletion of the yeast Med14 subunit59. For RNAPII specifically, a previ-
ous attempt to deplete it from chromatin via triptolide inhibition (for 
45�min) only resulted in the reduction of �stripes� genome wide and not 
in any loss of E�P loops33. This difference in our data can be attributed 
to the inefficiency of short-term triptolide treatments in removing 
most RNAPII from chromatin; in contrast, our �degron� approach can 
achieve strong (>90%) depletion39. In summary, our observations 
put the still-debated role of RNAPII in 3D chromatin folding under a 
different light: they provide definitive evidence for the necessity of 
RNAPII in sustaining enhancer�promoter interactions, as well as for 
direct antagonism during the formation of CTCF loops. The former 
appears to require the presence of RNAPII on chromatin, whereas the 
latter likely also implicate ongoing transcription. Nonetheless, there 
remain aspects of polymerase-based 3D chromatin architecture to be 
elucidated, like the differential dependency of promoter- compared to 
enhancer-anchored interactions or the mechanistic details of RNAPII 
influence on cohesin loading.
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Pearson�s and stratum-adjusted correlation coefficients from HiCRep 
ver. 1.5.0 (ref. 72) with h�=�5 were used as metrics.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.
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Extended Data Fig. 1 | Effects of RNAPII depletion on chromatin organization 
and protein levels. a, Left: Schematic of the biallelic tagging strategy in the 
endogenous POLR2A loci. Right: Fractionation blots showing the levels of RPB1 
and Ser5-phosphorylated RNAPII, Mediator subunit 24, and Lamin B1 from 
DLD1-mAID-RBP1 cells treated or not with auxin to deplete RNAPII. HSC70 levels 
provide a control. Blots have been replicated at least twice. b, Representative 
tracks of CUT&Tag signal for H3K27me3, H3K27ac, SMC1A, and CTCF from 
control (left) and auxin-treated DLD1-mAID-RBP1 cells (right) along 0.55 Mbp 
of chr1. c, Heatmaps of nucleosome occupancy deduced from Micro-C data, 
of chromatin accessibility deduced from ATAC-seq, and of CTCF and SMC1A 

occupancy deduced from CUT&Tag around CTCF loop anchors before (ctrl) 
and after RNAPII degradation (+auxin). d, As in panel c, but showing scaled 
ATAC-seq signal around gene promoters and enhancers. e, As in panel a, but for 
Ser5-phosphorylated RNAPII, NIPBL, SMC1A, CTCF, and H3K27me3 levels in the 
soluble and chromatin fractions of DLD-1 cells. HSC70 levels provide a control. 
Blots have been replicated at least twice. f, Boxplots depicting the distribution 
of genes containing (genes with +aux loops) or not (ctrl genes) gained loop 
anchors upon RNAPII depletion. In the plots, center lines represent the median 
value, box-limits the 25th and 75th percentiles, and whiskers extend 1.5x each box�s 
interquartile range. *P�<�0.01, two-sided Wilcoxon-Mann-Whitney test.
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Extended Data Fig. 2 | Effects of RNAPII depletion on the 3D organization of 
facultative heterochromatin. a, Micro-C contact maps from control (left) and 
auxin-treated cells (right) in two exemplary genomic regions of chr1 at 2-kbp 
resolution aligned to H3K27me3, H3K27ac, CTCF, and SMC1A CUT&Tag signal 
tracks. Loops called for each region and condition are also shown by spider 

plots (bottom). b, Aggregate plots of all H3K27me3-anchored loops emerging 
in auxin-treated cells. c, Bar plot showing per cent of gained loops with one or 
two H3K27me3 anchors or with H3K27me3 in the next-door genomic bin (that is, 
within <10 kbp from the anchor).
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