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Cohesin folds mammalian interphase chromosomes by extruding the chromatin fiber
into numerous loops. “Loop extrusion” can be impeded by chromatin-bound factors,
such as CTCE, which generates characteristic and functional chromatin organization
patterns. It has been proposed that transcription relocalizes or interferes with cohesin
and that active promoters are cohesin loading sites. However, the effects of transcription
on cohesin have not been reconciled with observations of active extrusion by cohesin. To
determine how transcription modulates extrusion, we studied mouse cells in which we
could alter cohesin abundance, dynamics, and localization by genetic “knockouts” of the
cohesin regulators CTCF and Wapl. Through Hi-C experiments, we discovered intricate,
cohesin-dependent contact patterns near active genes. Chromatin organization around
active genes exhibited hallmarks of interactions between transcribing RNA polymerases
(RNAPs) and extruding cohesins. These observations could be reproduced by polymer
simulations in which RNAPs were moving barriers to extrusion that obstructed, slowed,
and pushed cohesins. The simulations predicted that preferential loading of cohesin at
promoters is inconsistent with our experimental data. Additional ChIP-seq experiments
showed that the putative cohesin loader Nipbl is not predominantly enriched at promot-
ers. Therefore, we propose that cohesin is not preferentially loaded at promoters and that
the barrier function of RNAP accounts for cohesin accumulation at active promoters.
Altogether, we find that RNAP is an extrusion barrier that is not stationary, but rather,
translocates and relocalizes cohesin. Loop extrusion and transcription might interact
to dynamically generate and maintain gene interactions with regulatory elements and
shape functional genomic organization.

cohesin | loop extrusion | transcription | chromatin organization | genome organization

The cohesin protein complex organizes mammalian interphase chromosomes by reeling
chromatin fibers into dynamic loops in a process known as “loop extrusion” (1-5). While
cohesin is bound to chromatin, it can progressively grow chromatin loops until extrusion
is obstructed. Obstructions to loop extrusion, such as properly oriented CTCF proteins
(6-12), generate characteristic patterns of chromatin organization, such as insulating
domains (e.g., topologically associating domains, “TADs”) (13-17). Within insulated
regions, genomic contacts are enriched, while contacts across CTCF boundaries are sup-
pressed (13—17). Extrusion barriers can thus facilitate or suppress functional interactions,
such as enhancer—promoter contacts, which can impact differentiation, disease, and other
physiological processes (8, 18-24). Other factors that do not occupy specific genomic
positions, such as the replicative helicase MCM, can also act as barriers to loop extrusion
(25). These observations raise the question of how chromatin organization by loop-ex-
truding cohesins is shaped by other chromatin-bound factors, some of which may them-
selves be mobile. We thus investigated how transcription affects loop extrusion and thereby
modulates the 3D organization of mammalian genomes.

It has been proposed that transcription relocalizes (6, 26-29) or interferes (27, 30-34)
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with cohesin and that active transcription start sites (TSSs) function as cohesin loading
sites (6, 28, 31, 35-37). Induction of genes redistributes cohesin downstream (i.e., in the
direction of transcription) (26, 29, 38), and cohesin has been observed to accumulate
between active convergently transcribed genes away from putative cohesin loading sites
(e.g., TSSs and centromeres) (6, 26-29). The emergence of these intergenic “cohesin (CC BY-NCNDY,

islands” is particularly prominent in cells in which the cohesin regulators CTCF and Wapl TEJB, W.T. and AAvdB contributed equally to this
have been depleted (6, 39), but similar accumulation can also occur under physiological work.

conditions, such as senescence (40). In addition, transcription can interfere with cohesin
by disrupting its localization at CTCF sites (32), obstructing the growth of cohesin-me-
diated loops (31, 33), and altering cohesin clustering in 3D (41, 42). Furthermore, sin-
gle-molecule experiments demonstrated that RNA polymerase (RNAP) can push a
passively diffusing cohesin complex along DNA in vitro (43). However, it is not known
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how transcription-driven cohesin relocalization can be reconciled
with now well-established observations of active loop extrusion
by cohesin (3-5, 44, 45) and what patterns of chromatin organ-
ization can emerge from transcription—extrusion interactions.

The hypothesis that cohesin loads at active promoters is indi-
rectly supported by ChIP-seq experiments for Nipbl (called Scc2
in yeast), which putatively loads cohesin onto chromatin (46).
Nipbl is preferentially detected at the promoters of active genes
(6, 35-37, 47-49), which has been interpreted as cohesin prefer-
entially loading at these sites. Similarly, CUT & Tag experiments
and computational modeling suggest that promoter-mediated
cohesin loading may explain cohesin accumulation at active pro-
moters after mitotic exit (31). However, it is unclear whether
preferential loading of cohesin at active TSSs by Nipbl is the pri-
mary mechanism accounting for observed cohesin localization
and cohesin-mediated genomic contacts.

We sought to unify these observations and determine how tran-
scription modulates loop extrusion to regulate cohesin localization
and chromatin organization around genes. We studied cells in which
we could alter cohesin abundance, dynamics, and localization. The
primary extrusion barriers could be removed by CTCF depletion,
and cohesin’s residence time and abundance on chromatin could
be increased by Wapl knockout. We found evidence that transcrip-
tion directly interacts with loop extrusion by cohesin through a
“moving barrier” mechanism, similar to how transcription is
thought to interfere with condensin in bacteria (50) and yeast (51).
Hi-C experiments showed previously unobserved, intricate, cohes-
in-dependent genomic contact patterns near actively transcribed
genes in both wild-type (WT) and mutant mouse embryonic fibro-
blasts (MEFs). In CTCE-Wapl double knockout (DKO) cells (6),
genomic contacts were enriched between sites of transcrip-
tion-driven cohesin localization (cohesin islands). Similar patterns
emerged in polymer simulations in which transcribing RNAPs acted
as moving barriers by impeding, slowing, and pushing loop-extrud-
ing cohesins. Furthermore, the model predicts that cohesin does
not load preferentially at promoters and instead accumulates at TSSs
due to the barrier function of RNAPs. We tested this prediction by
ChIP-seq experiments with tagged NIPBL. These experiments
revealed that the presumed “cohesin loader” Nipbl (46) colocalizes
with cohesin, but, unlike in previous reports (6, 35-37, 47-49),
Nipbl did not predominantly accumulate at active promoters.
Instead, cohesin and Nipbl, as an essential part of the loop-extrud-
ing cohesin complex, could accumulate at these sites due to the
function of RNAP as a barrier to loop extrusion (9, 30). We propose
that RNAP acts as a barrier to loop extrusion that, unlike CTCE
is not stationary in its precise genomic position, but rather, dynam-
ically translocates and relocalizes cohesin along DNA. In this way,
loop extrusion could enable translocating RNAPs to maintain con-
tacts with distal regulatory elements, allowing transcriptional activ-
ity to shape genomic functional organization.

Results

Depletion of Wapl and CTCF Shows How Transcription Governs
Large-Scale Genome Organization. Since dynamic positioning of
cohesin governs global genome organization (52), we investigated
whether the relocalization of cohesin by transcription results in
large-scale changes to chromatin contacts. We performed high-
throughput chromosome conformation capture (Hi-C) in CTCF-
Wapl DKO quiescent MEFs and compared it to observations
in WT, CTCF knockout (KO), Wapl KO, and Smc3 KO cells
(81 Appendix, Fig. S1 A and B).

The Hi-C experiments with DKO cells showed new genomic
contact patterns generated by cohesin accumulated in “islands”
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between sites of convergent transcription. We observed new con-
tacts between cohesin islands that appeared as Hi-C “dots” (island—
island dots) that bridged distant genomic sites, consistent with
the formation of cohesin-mediated chromatin loops (39). While
cohesin frequently colocalizes with CTCF in WT cells (6, 11, 12,
17, 53, 54), cohesin islands are not associated with CTCEF sites
(6), and contacts between CTCEF sites are reduced in DKO
(Fig. 1A). Island—island dots are insulating (comparably to
CTCEF), and insulation is weakened in Smc3 KO cells (ST Appendix,
Fig. S1 C-E). Our findings indicate that cohesins that are relocal-
ized to sites of convergent transcription continue to form large
chromatin loops, consistent with ongoing active loop extrusion.

The “island—island” contacts are clearly distinguishable only in
DKO cells (Fig. 14), possibly because they have many more cohes-
ins on chromatin that can be relocalized. CTCF KO abrogates
cohesin accumulation at CTCEF sites, increasing the quantity of
mobile cohesins, and Wapl KO increases cohesin residence time,
thus increasing the number of cohesin complexes on chromatin
(55) and allowing time for accumulation in islands. Nonetheless,
insulation of genomic contacts, and to a lesser degree cohesin
accumulation, also emerges at sites of convergent transcription in
WT cells (ST Appendix, Fig. S1D). Dots, cohesin accumulation,
and insulation at cohesin islands depend on transcription. Cohesin
accumulation is greater for higher levels of transcription (6), and
both dots and insulation at cohesin islands are partially suppressed
in DKO by treatment with the transcription elongation inhibitor
DRB (S Appendix, Fig. S1 Fand G). Suppression of these features
may be only partial due to incomplete inhibition of transcription
and that DRB primarily stalls transcription elongation in promot-
er-proximal regions without degrading RNAP (56). Based on these
observations, we hypothesize that active transcription may alter
genome organization through its effects on loop extrusion by
cohesin.

Cohesin Dynamics and Transcriptional Activity Spatially
Organize Chromatin around Genes. To directly study how
the genome is organized by the interplay of transcription and
extrusion, we computed average Hi-C contact maps and Sccl
(cohesin) ChIP-seq tracks centered on transcription start sites
(TSSs) of genes, oriented, and stratified by transcription activity
and gene length (Fig. 1 B and C and SI Appendix, Figs. S2 and
S3 A-D).

In WT and CTCF and Wapl mutants, this revealed that indi-
vidual genes are insulating, and active genes generate stronger
insulation than inactive genes (Fig. 1B and SI Appendix, Fig. S2
and S3 A and (). Contact enrichment and insulation correspond
to cohesin accumulation at TSSs (Fig. 1Cand ST Appendix, Fig. S3
A-D). Insulation is abolished in Smc3 KO, while CTCF KO or
lack of proximal CTCF only partially weakens insulation (Fig. 18
and S7 Appendix, Figs. S2 and S3 E and F). Insulation is also weak-
ened in Wapl KO and DKO cells (Fig. 1B), where increased res-
idence time presumably allows loop-extruding cohesins to traverse
the gene and bring regions upstream and downstream of the gene
into contact. Thus, active genes are insulating boundaries in both
the presence and absence of CTCE and their effects on local
genome organization depend on the dynamics of loop-extruding
cohesins.

Near long active genes, we discovered intricate patterns of
genomic contacts and cohesin accumulation, which were modu-
lated by perturbations of cohesin dynamics. Features are better
distinguished in long genes than in short genes at least in part due
to the resolution of the Hi-C data. Across WT and all mutants
(except Smc3 KO; SI Appendix, Fig. S3E), we observed five major

features in these average gene contact maps (Figs. 18 and 24 and
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Fig. 1. Transcription and cohesin generate characteristic patterns of contacts and cohesin accumulation near active genes. (A) Top, ChIP-seq tracks for CTCF in
WT (black) and Scc1 (cohesin) in WT, CTCF KO, Wapl KO, and DKO cells (purple, blue, red, and orange, respectively) for a 5-Mb region of chromosome 1, with the
corresponding gene track below. Bottom, Hi-C contact maps for the corresponding region. Boxes in DKO identify examples of island-island dots, with arrows
pointing to the corresponding cohesin islands in the ChIP-seq tracks. /nsets, Averages of observed-over-expected contacts (Materials and Methods) centered on
island-island dots separated by genomic distances 50 kb <s <350 kb (n = 1314) and plotted with a log,, color scale. Numbers indicate dot strengths (Materials
and Methods). (B) Average observed-over-expected Hi-C contact maps centered and oriented on the TSS for long genes (80 kb < L < 120 kb) and stratified by
GRO-seq transcripts per million (TPM; top three rows; TPM < 0.6, 0.6 < TPM < 3.6, and 3.6 < TPM, respectively) and short active genes (bottom row; length 10
kb < L <30 kb; TPM > 3.6). n = 184, 139, and 176, respectively, for long genes except for DKO, where n = 123, 233, and 143; n = 407 for short genes except for
DKO, where n =592. (C) Cohesin (Scc1) ChIP-seq heat maps and average tracks near long genes stratified by TPM (top three rows) or short active genes (bottom
row) oriented and aligned at their TSSs. Heat maps depict the longest 50% of genes in the group sorted by decreasing length from top to bottom. Dotted lines
in average plots indicate the length of the longest gene in the respective set.

SI Appendix, Figs. S2 and S3A): 1) insulation (as described above), near the 3’ end, 4) high contact frequency within the gene and
2) lines (or “stripes”) of high contact frequency that extend insulation of the gene, and 5) dots indicating high contact fre-
upstream and downstream from the TSS, 3) lines of high contact ~ quency between the 5" and 3’ ends of the gene. These Hi-C fea-
frequency that extend upstream from the gene body that originate ~ tures appeared with sharp ChIP-seq peaks of cohesin accumulation
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Fig. 2. Transcription as a moving barrier for loop extrusion recapitulates the major features of genome organization and cohesin accumulation around active
genes. (A) Observed-over-expected contact maps around long active genes for CTCF KO and DKO with five major features identified and illustrated. (B) Schematics
of the moving barrier model. Cohesins (yellow and pink) bind to chromatin and extrude loops until unbinding. RNAPs (open ellipses) are loaded at the promoter,
translocate through the gene (purple), and are unloaded at the 3’ end. (C) Arch diagrams and schematic trajectories illustrating time series of two types of collisions
between extruding cohesins and translocating RNAP that may occur in genes in the model. Yellow circles depict the two genomic positions at the base of the extruded
loop bridged by a cohesin. During head-on collisions, RNAP pushes cohesin until the cohesin bypasses the RNAP, the RNAP stops translocating (beyond the 3’ end),
or either the RNAP or cohesin unbinds. During codirectional collisions, extrusion by cohesin translocation is slowed by the RNAP barrier moving toward 3'. In both
cases, interactions between RNAP and cohesin only alter extrusion on one side of cohesin; collisions do not affect growth of the other side of the extruded loop or
RNAP translocation. The trajectory plots show genomic position versus time for RNAP (black) and cohesin’s two sides (yellow). The filled circles indicate the time points
and positions corresponding to the illustrations. (D) Average observed-over-expected maps and cohesin accumulation tracks near active genes in CTCF KO and DKO
simulations. Results shown for simulations with either active extrusion or passive, diffusive loop extrusion, each with either uniform cohesin loading or preferential
loading at TSSs. Gene positions are indicated by purple bars on the x-axes. The illustrations depict cohesin loading and translocation.
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at the TSS, broader cohesin accumulation at the 3’ end of the
gene, and a low background level of cohesin within the gene body
(Fig. 1Cand SI Appendix, Fig. S3B). The emergence of lines, dots,
and insulation, along with the accumulation of cohesin at the ends
of genes, is reminiscent of similar features around CTCF sites and
suggests that TSSs and 3’ ends of active genes are barriers to loop
extrusion.

Consistent with this interpretation, contact patterns are weaker
for inactive genes and in cells treated with DRB, especially in
DKO (Fig. 1B and SI Appendix, Figs.S2 and S3 C and G).
Furthermore, ChIP-seq shows sharp accumulation of RNAP II at
the TSS and a smaller, broad accumulation near the 3’ end
(81 Appendix, Fig. S3H), similar to cohesin ChIP-seq (Fig. 1Cand
SI Appendix, Fig. S3B). These observations suggest that RNAPs
serve as barriers to loop extrusion but raise the question of how
the spatiotemporal dynamics of RNAP impacts loop extrusion to
produce the observed genomic contact patterns.

The lines emanating from 3’ ends of active genes and extending
upstream (Fig. 24, feature 3) suggest that 3’ ends are effectively
asymmetric extrusion barriers. This asymmetry is reminiscent of
the lines that emanate from directionally oriented CTCF extrusion
barriers (9, 22, 57-59). However, unlike with CTCF barriers,
cohesin accumulation is broad (Fig. 1Cand SI Appendix, Fig. S3B).
Together with broad, asymmetric RNAP accumulation at 3" ends
(SI Appendix, Fig. S3H), these observations suggest that direc-
tional RNAP translocation in genes is central to both cohesin
accumulation and asymmetric patterns of genomic contacts.

Our findings suggest that transcribing RNAPs are directionally
translocating barriers to loop-extruding cohesins, stimulating us
to consider a broad class of models for the dynamics and interac-
tions of transcription and loop extrusion.

The Moving Barrier Model for Active Loop Extrusion Can
Reproduce Gene Contact Maps.

Moving barrier model. We developed a model to determine how
loop-extruding cohesins and their interactions with transcribing
RNAPs can generate the major features of contact maps and
cohesin accumulation around genes (Fig. 2B and Materials
and Methods). We modeled each cohesin as a two-sided loop-
extruding complex that bridges two regions of the chromatin
fiber, which are independently and continuously extruded into
a chromatin loop (9, 10, 60-62). We considered CTCF KO and
DKO scenarios to focus on how transcription affects extrusion
without complications from other strong extrusion barriers
(i.e., CTCF). In DKO simulations, cohesin residence time was
increased tenfold, and linear density was increased twofold due
to Wapl depletion, as suggested by previous experiments (11, 55,
63, 64) and simulations (64, 65).

For extrusion—transcription interactions, we extended the mov-
ing barrier model for interactions between bacterial condensins
and RNAPs (Materials and Methods and ref. 50). RNAPs load at
TSSs, transiently pause, and slowly translocate through the gene
[~0.01 to 0.1 kb/s (66, 67)] and interact with more rapidly trans-
locating loop-extruding cohesins [0.1 to 1 kb/s (1, 3-5)] (Fig. 20).
When RNAP encounters a cohesin in a head-on collision, it
pushes this cohesin along the chromatin fiber in the direction of
transcription, shrinking the loop from one side, while the other
side of the loop continues to grow at its normal rate (Fig. 2C, left).
RNAP pushing cohesin is consistent with the large difference in
the stall forces of cohesin [0.1 to 1 pN; (4, 5, 68)] and RNAP
[~10 pN; (66)]. Alternatively, when an extruding cohesin pro-
gressing toward the 3" end encounters RNAP, extrusion of that
side of the loop continues more slowly behind the slower RNAP,
while extrusion continues as normal on the other side of the loop

PNAS 2023 Vol.120 No.11 2210480120

(Fig. 2C, right). In both types of collision, cohesin may stochas-
tically bypass RNAP after a characteristic waiting time, similar to
in vitro observations of cohesin bypassing obstacles on DNA (69)
and predictions for bacterial condensins in vivo (50). Thus, in this
model, RNAP is a weakly permeable moving barrier to loop
extrusion.

We considered four models for cohesin loading and extrusion
dynamics (Fig. 2D). In our models, cohesin was loaded either uni-
formly on all chromatin or preferentially at promoters. The latter
was suggested by ChIP-seq experiments showing cohesin and Scc2/
Nipbl enrichment at TSSs (6, 35-37, 47-49). For each type of
cohesin loading, we considered two modes of cohesin extrusion:
1) diffusive growth or shrinking on each side of the extruded loop
(70, 71), similar to the earlier hypothesis that RNAPs push passive
cohesins to sites of convergent transcription (26, 27) and in vitro
observations (43), and 2) active, directed loop extrusion of each of
the two chromatin strands, as recently observed on DNA in vitro
(3-5) and suggested by active extrusion models (9, 10, 62).

Using 3D polymer simulations coupled to stochastic 1D tran-

scription and extrusion dynamics (Materials and Methods), we
simulated chromosome organization by the moving barrier mech-
anism with different cohesin loading scenarios (loading uniformly
or preferentially at the TSS), loop extrusion activities (active or
passive), and cohesin—RNAP bypassing times.
Loop extrusion with moving barriers generates experimentally
observed genomic contact patterns. The four models with
different cohesin loading scenarios and loop extrusion mechanisms
produced different contact maps around active genes, allowing us
to select the class of models that best matches the experiments.

In models with diffusively, rather than actively, extruding cohes-
ins, active genes alter cohesin accumulation patterns and the spa-
tial organization of the genome, but the simulations lacked
prominent features observed via Hi-C and ChIP-seq, irrespective
of the loading scenario, diffusion coefficient, and cohesin—-RNAP
bypassing time (Fig. 2D and S/ Appendix, Fig. S4). Cohesin accu-
mulation, where it occurred, was weak and broad because diffusive
cohesins do not remain localized after encountering an extrusion
barrier. This resulted in weak, poorly defined features in simulation
contact maps. We conclude that diffusively extruding cohesins do
not reproduce the experimental observations around active genes,
even when they are pushed by RNAPs.

In contrast, simulations with cohesins that actively extrude
loops produced genome contact maps and cohesin accumulation
patterns with well-defined features (Fig. 2D and SI Appendix,
Fig. S5). Active extrusion with a low, but nonzero, rate of cohesin—
RNAP bypassing (~1 event per cohesin lifetime, i.e., cohesin fol-
lows or is pushed by RNAP for ~100 s) gave the best agreement
with experiments. Both with and without preferential loading at
the TSS, cohesin sharply accumulated at TSSs and more broadly
accumulated at 3’ ends of genes, similar to experimental observa-
tions. TSS accumulation occurred because RNAPs that occupied
the TSS prior to initiation acted as barriers to extrusion
(SI Appendix, Figs. S6 and S7). Cohesin accumulated near 3’ ends
by two mechanisms: 1) RNAPs paused, buc still bound, at the 3’
end after transcription termination act as barriers and 2) translo-
cating RNAPs that encounter extruding cohesins head-on push
the cohesins back toward 3’ ends and slow down extrusion by
trailing cohesins (Fig. 2C and ST Appendix, Fig. S8). Consistent
with these mechanisms, cohesin accumulation at 3’ gene ends was
enhanced in DKO simulations due to the longer cohesin residence
time. In both CTCF KO and DKO simulations, cohesin accu-
mulation resulted in insulation (feature 1), lines emanating from
the TSS (feature 2), and lines running upstream from 3’ ends
(feature 3). Consistent with the experimental observations, Hi-C
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lines from 3’ ends were particularly thick in DKO simulations.
We also observed enrichment of contacts within the gene and
insulation of the gene (feature 4), as well as dots for contacts
between gene ends (feature 5). Therefore, the simple moving bar-
rier model with active extrusion reproduced the major features of
active gene organization remarkably well.

Our model also allows us to differentiate between two previ-
ously proposed (9, 28, 35) modes of cohesin loading. Extrusion
with uniform cohesin loading reproduced the experimental Hi-C
maps better than models with a strong preference for loading at
an active promoter (Fig. 2D). In contrast, simulations with tar-
geted loading had an additional strong feature that is not present
in the experiments: diagonal lines that emanate from the TSS
perpendicular to the main diagonal. These lines of enriched con-
tacts formed because cohesins loaded at the TSS brought chro-
matin on both sides of the TSS together as they progressively
extruded loops, reminiscent of patterns emerging when bacterial
condensins are loaded at parS sites (72-74). This observation sug-
gests that strong preferential loading of cohesin at all promoters
is inconsistent with genome organization around active genes.

We next investigated whether the active translocation by RNAP
is necessary to generate the genomic contact patterns observed in
experiments. We performed simulations with stationary RNAP
barriers distributed randomly throughout the genes (S Appendix,
Methods). We observed that the characteristic features of transcrip-
tion—extrusion interactions are present in these simulations, but
they are weakened compared to simulations with translocating
RNARP barriers (S Appendix, Fig. S9). These results are reminis-
cent of the subtle effects observed in experiments with DRB treat-
ment (S/ Appendix, Fig. S3G), which stalls RNAP (56).
Furthermore, these simulations demonstrate that the active shut-
tling of extruding cohesins by RNAP is an important part of the
mechanism generating genomic contact patterns around active
genes.

The moving barrier model also makes several testable predic-
tions about genomic contact patterns. First, it reproduces the
experimental observations of cohesin islands and island—island
dots at sites of convergent transcription in DKO cells (57 Appendix,
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Fig. $10). The simulations additionally predict that the TSSs of
divergently oriented genes form contacts (dots) in both CTCF
KO and DKO simulations (87 Appendix, Fig. S10). This is con-
sistent with the idea that TSSs occupied by RNAPs are barriers to
loop extrusion that can accumulate cohesin. Since cohesin also
accumulates at the 3’ ends (Figs. 1Cand 2D), the model predicts
an enrichment of contacts between two consecutive ends of active
genes, regardless of orientation. The simulations further suggest
that cohesin is uniformly loaded on chromatin in the vicinity of
genes, without a strong preference for loading at the promoter
(Fig. 2D). We next tested these two predictions by ChIP-seq
experiments and analysis of Hi-C data.

Transcription Generates Genomic Contacts between Gene
Ends. To test the prediction that nearby ends of active genes
are barriers to extrusion with enriched genomic contacts, we
computed average contact maps for contacts between gene ends
for pairs of active genes of various orientations. Across WT and all
mutants with cohesin, we observed dots of high contact frequency
between proximal TSSs (Fig. 34), and contacts between TSSs
of adjacent active genes can be observed for all proximal gene
pairs, regardless of their orientations (SI Appendix, Fig. S114).
As predicted, 3" ends of genes can also act as extrusion barriers
that enhance contacts between genes (SI Appendix, Fig. S114).
In each case, contacts are weakened when cohesin residence time
is increased by Wapl depletion, presumably because the longer
residence increases the probability of cohesin translocating through
permeable RNAP barriers and the gene. Contact enrichment
depends on transcription, as dots are not observed for inactive
genes (SI Appendix, Fig. S11B). These results demonstrate that
cohesins generate specific genomic contacts in response to the
cell’s transcriptional activity.

The ‘Cohesin Loader’ NIPBL Is not Predominantly Enriched at
Promoters. It is widely held that cohesin is loaded preferentially
at promoters of active genes, but our moving barrier model,
on the contrary, predicts that uniform cohesin loading in the
vicinity of genes better recapitulates the Hi-C data (Figs. 2D
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Fig.3. Predictions of the moving barrier model. (A) Top, Drawing showing contacts between ends of nearby genes in four pairs of orientations. Bottom, average
observed-over-expected maps centered on contacts between the nearest ends of pairs of active (TPM > 2) genes separated by 50 kb <'s < 350 kb. At least one
gene in each pair of genes is not near a CTCF site (Materials and Methods). (B) Zoomed-in views of average observed-over-expected maps for CTCF KO and DKO
in experiments and simulations with active, directed loop extrusion with and without preferential cohesin loading at TSSs. Arrows indicate the presence or lack
of an extra line of enriched genomic contacts characteristic of cohesin loading at the TSS. Gene positions are shown by purple bars on the axes.
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and 3B). The hypothesis that cohesin loading occurs at TSSs is
largely based on the notion that cohesin is loaded onto DNA
by NIPBL in complex with MAU2 (46) and that in ChIP-seq
experiments NIPBL antibodies preferentially detect TSSs (6, 35—
37, 47-49). However, there is no direct evidence that cohesin is
loaded onto DNA at sites at which NIPBL ChIP-seq signals have
been detected, and alternatively, these sites could represent the
accumulation of extruding cohesin, which also contains NIPBL
(3, 4). Furthermore, it is unclear how specific these NIPBL signals
are since active TSSs have been identified as ‘hyper-ChIP-able’
regions that some antibodies recruited even in the absence of their
antigens (75-77), and negative controls have not been reported
for NIPBL ChIP-seq experiments. We therefore reexamined the
enrichment and localization of NIPBL and MAU2 throughout
the genome.

For this purpose, we generated Hel a cell lines in which all NIPBL
or MAU?2 alleles were modified with a hemagglutinin tag (HA) and
FK506-binding protein 12-F36V (FKBP12"%) (SI Appendix,
Fig. S12A). The HA tag can be specifically recognized in ChIP-seq
experiments, and FKBP12™ can be used to induce degradation of
the resulting fusion proteins (78) to perform negative control exper-
iments (S] Appendix, Fig. S12B). The resulting HA-FKBP12"¢Y-
NIPBL (HA-NIPBL) and MAU2-FKBP12"*V-HA (MAU2-HA)
fusion proteins were functional since they supported formation of
vermicelli, axial chromosomal sites at which cohesin accumulates in
Wapl-depleted cells (55) in a manner that depends on NIPBL (63,
79) (SI Appendix, Fig. S12 Cand D).

HA-NIPBL and MAU2-HA ChIP-seq experiments identified
small numbers of peaks, most of which disappeared upon
dTAG-induced degradation (Fig. 4 Aand B and SI Appendix,
Fig. S12E). Of these “high-confidence” NIPBL-MAU?2 peaks,
which we used as a reference set (Materials and Methods), 86%
overlapped with cohesin peaks, but only 16.7% were located at
TSSs (Fig. 4C). Moreover, nearly all the latcter NIPBL-MAU2
peaks were located at TSSs at which cohesin was also enriched
(Fig. 4 Band Q).

Since NIPBL and MAU2 colocalize with cohesin, we hypoth-
esized that NIPBL-MAU2 complexes might be recruited to these
sites by binding to cohesin. To test this possibility, we analyzed
whether HA-NIPBL and MAU2-HA ChIP-seq peaks depend on
cohesin by depleting SCC1 via RNAi (Fig. 4 Dand E and
SI Appendix, Fig. $12). Both HA-NIPBL and MAU2-HA
ChIP-seq peaks were greatly reduced or undetectable after deple-
tion of SCC1. These experiments suggest that NIPBL-MAU2
complexes are not enriched at TSSs unless these are also occupied
by cohesin; rather, NIPBL-MAU2 colocalizes with a subset of
cohesin complexes on chromatin.

We also tested the specificity of two NIPBL antibodies that
have been used in previous studies by performing ChIP-seq exper-
iments with HeLa cells from which NIPBL had been depleted or
not. One of these antibodies is “133M” (37). The other one is
available from Bethyl Laboratories (“Bethyl”). In these experi-
ments, we used unmodified HeLa cells and depleted NIPBL by
RNAI to rule out the possibility that tagging NIPBL with HA and
FKBP12" would alter recognition of NIPBL by these antibod-
ies. We controlled the depletion of NIPBL by immunoblot anal-
ysis of its binding partner MAU2 (81 Appendix, Fig. S13A) because
NIPBL degradation leads to depletion of MAU2, which can be
analyzed by immunoblotting more reliably than the 316-kDa
NIPBL protein (80).

In our experiments, 133M antibodies identified 11,001 peaks,
of which 7,774 were located at TSSs, but only 4,547 overlapped
with cohesin (SI Appendix, Figs. S13 Band Cand S14 A-C), sim-
ilar to previous observations (37). However, after NIPBL depletion
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by RNAi, 9,596 (87%) ChIP-seq peaks remained (87 Appendix,
Figs. S13 Band Cand S14), suggesting that most of these peaks
did not depend on NIPBL. The Bethyl antibodies identified 6,587
peaks, of which only 2,445 were located at TSSs, but 5,008 over-
lapped with cohesin (S7 Appendix, Figs. S13 Band C and S14
D-F). Of the peaks detectable with the Bethyl antibodies, only
2,093 (32%) remained after NIPBL RNAIi. Furthermore, peaks
detected by the Bethyl antibodies covered a higher fraction (54%)
of NIPBL-MAU?2 peaks detected by tagging these proteins with
HA than those detected by the 133M antibodies (23%)
(81 Appendix, Fig. S14). These results indicate that only some peaks
detected by 133M but most peaks detected by Bethyl depend on
NIPBL, and the majority of the specific peaks overlap with cohesin.

Together with our simulations (Fig. 3B), these findings suggest
that NIPBL does not primarily accumulate at TSSs and that
cohesin complexes are not preferentially loaded onto chromatin
at these sites. Instead, cohesin accumulation at T'SSs could occur
due to the barrier function of TSSs, and in turn, NIPBL could

colocalize with cohesin at sites where loop extrusion is impeded.

Discussion

It has been hypothesized that RNAPs push cohesin complexes that
have entrapped DNA within their ring structures, displacing
cohesins from their apparent loading sites at gene promoters (35)
to the 3’ ends of genes (6, 26-29). Indeed, previous single-mol-
ecule experiments demonstrated that a transcribing RNAP could
push a passively diffusing cohesin complex along DNA in vitro
(43). However, it is now known that cohesin can translocate by
actively extruding DNA loops (3-5). Cohesin can do so without
topologically encircling DNA (3), and furthermore, it can bypass
large obstacles on DNA (69). The mechanism introduced here
can reconcile these recent developments with older observations
of the effects of RNAP on cohesin.

Our experiments and simulations indicate that RNAP acts as
a moving barrier to loop-extruding cohesin. RNAP in a head-on
collision with cohesin can push cohesin toward a gene’s 3" end as
cohesin continues to extrude at the other end of its loop.
Alternatively, RNAP can slow extrusion by cohesin trailing the
RNAP, while cohesin can continue to rapidly extrude the other
side of the loop (Fig. 2 A and B). Our simulations suggest that
extrusion should be at least 3 to 5 times faster than transcription
to obtain the experimentally observed genomic contact patterns
(SI Appendix, Fig. S8). RNAPs accumulated at TSSs and 3’ ends
also act as extrusion boundaries that enrich contacts between
nearby gene ends (Fig. 34 and SI Appendix, Fig. S11), and sta-
tionary RNAPs within the gene can also provide some degree of
organization (S Appendix, Figs. S3G and S9). These findings gen-
eralize the bacterial moving barrier model (50) to eukaryotic cells
and provide a detailed account of how transcription interacts with
extrusion (30, 31, 33, 51) to locally modulate genome organiza-
tion by stopping, hindering, and relocalizing cohesins.

The effects of transcription on extrusion are most clearly vis-
ible in CTCF-Wapl DKO cells, which in turn provide insights
relevant in WT cells. In DKO, the strong interfering signal from
CTCEF barriers is suppressed, and cohesin is long lived, allowing
it to be pushed or impeded over long distances by RNAP (up to
~10 kb in WT versus ~100-kb in DKO simulations). These
differences in cohesin dynamics strengthen some features in
DKO, particularly lines running upstream from the 3’ end of
the gene (feature 3 in Results and Fig. 24) and 3’ cohesin accu-
mulation (Fig. 1C), supporting the conclusion that RNAP can
push extruding cohesins. Other features, such as insulation (fea-
ture 1), are weakened, indicating that extruding cohesin can
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Fig.4. NIPBL and MAU2 colocalize predominantly with cohesin but not the TSS throughout the genome. (4) ChIP-seq profiles of HA-NIPBL (-/+dTAG), MAU2-HA
(-/+dTAG), HA-WAPL (-/+dTAG), GFP-WAPL, SCC1-GFP, and CTCF-GFP along an exemplary 581-kb region of chromosome 2, illustrating the typical distribution
and colocalization of sequencing read pileups. Genes within this region are depicted above. The red rectangle on the Left indicates one region of interest, and
a zoom-in view is shown on the Right. (B) Heat maps of HA-NIPBL (-/+dTAG) and SCC1 ChlIP-seq at TSSs with cohesin, TSSs without cohesin, and cohesin sites
not at TSSs. (C) Area-proportional threefold eulerAPE Venn diagram illustrating overlap between NIPBL-MAU2 cosites, SCC1, and TSS. (D) Enrichment profiles of
HA-NIPBL (-/+ SCC1 RNAi) and MAU2-HA (-/+ SCC1 RNAI) along an exemplary 185-kb region of chromosome 9, illustrating typical distribution and colocalization
of sequencing read pileups. Genes within this region are depicted above. (E) Average signal profiles of HA-NIPBL (-/+ SCC1 RNAI) or MAU2 (-/+ SCC1 RNAI)

around NIPBL-MAU?2 cosites.

traverse the gene and bypass RNAPs during its longer lifetime.
These effects are clearest in long genes due to both Hi-C resolu-
tion and the larger total probability of cohesin encountering
RNAP. Altogether, the differences between WT and DKO
demonstrate how transcription—extrusion interactions can man-
ifest differently according to the dynamics of loop extrusion by
cohesin and how they can modulate transcription-driven chro-
matin organization.

Accordingly, through moving barrier interactions, transcrip-
tion can differentially and locally shape genome architecture in
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a variety of physiological scenarios. Normal transcriptional
responses or excess read-through can disrupt cohesin- and CTCEF-
mediated looping within genes and near 3’ ends in human cells
(32, 34). Through the moving barrier mechanism, transcription
can also enrich contacts, as it does between genes in mouse cells
[Fig. 34 and (21, 81)] or between sites of convergent transcrip-
tion in both yeast cells (33, 82) and mammalian cells [Fig. 14
and (39, 40)], similar to our observations in DKO cells (Fig. 14).
Furthermore, in mammalian cells, TSSs and 3’ ends of active
genes insulate genomic contacts (21, 30, 81, 83-87) by acting as
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extrusion boundaries [Figs. 1 Band C, 2, and 34 and 87 Appendix,
Figs. S11 and S15; (30)]. Thus, transcription—extrusion interac-
tions appear to locally organize chromatin in a variety of physi-
ological scenarios.

Functionally, RNAP barriers could regulate genes through their
effects on loop extrusion. Pausing of extrusion at TSSs would allow
cohesin to linearly scan chromatin for proximal enhancers near other
boundaries, such as CTCFs, to bring them into contact with the
TSS (88). Paused RNAPs or RNAPs initiating a lower level of tran-
scription may stop extrusion on one side of cohesin while allowing
the other side to scan to an enhancer, which in turn could trigger a
higher level of expression. Subsequently, cohesin may track the tran-
scribing RNAP through the gene, maintaining continuous contact
between the enhancer and the transcription complex, as previously
observed (89). Furthermore, cohesin-mediated contacts between
nearby active promoters [Fig. 34 and (21, 81)] may mediate mutual
regulation, possibly facilitating the spreading of histone marks and
transcription factors. Linear scanning by cohesin in gene regulation
would also be consistent with cohesin’s proposed role in other con-
texts, including V(D)] recombination (23, 90-93), alternative pro-
tocadherin choice (24), and double-strand break repair (94, 95).
Furthermore, since moving RNAP extrusion barriers are transcrip-
tion dependent, chromosomal interactions could be rapidly modu-
lated in a locus-specific manner. For instance, histone marks or
transcription factors could regulate genomic contacts by locally
activating transcription, thus modulating functional interactions in
cis via extrusion. Similarly, even non-protein-coding genes could
have this effect through, for example, transcription of noncoding
RNAs and eRNAs (96, 97). Thus, while cohesin may only moder-
ately alter global transcription (6, 8-11, 98), cohesin—-RNAP inter-
actions could impact transcription of specific genes that depend on
the recruitment of nearby cis regulatory elements. Therefore, in
contrast to static barriers like CTCFs, moving RNAP barriers can
dynamically regulate loop extrusion and functional interactions.

Our modeling predicts that cohesin is not preferentially loaded
at active promoters (Figs. 2D and 3B) in contrast to previous pro-
posals (6, 31, 35-37, 48, 49). Consistent with our prediction, our
ChIP-seq experiments (Fig. 4) show that the enrichment of the
“cohesin loader” NIPBL at TSSs may have been, at least in part,
an artifact, possibly because active TSSs are ‘hyper-ChIP-able,
especially when the antibody has a limited specificity (75-77).
Furthermore, we found that NIPBL occupancy depends on the
presence of cohesin (Fig. 4 D and E), consistent with the require-
ment of NIPBL for in vitro loop extrusion (3, 4) and in vivo loop
lengthening (63, 79) (SI Appendix, Fig. S12 Cand D) by cohesin.
Peaks of NIPBL and cohesin accumulation may reflect stopping
the translocation of the entire extruding complex rather than load-
ing. In fact, we demonstrated that loading would leave a distinct
diagonal pattern not observed at TSSs (Fig. 3B). This further sug-
gests that NIPBL may serve as an extrusion processivity factor for
cohesin rather than only as a loading factor (3, 52).

Even though RNAP relocalizes and slows cohesin in our model,
cohesin that is pushed or impeded by RNAP can bypass RNAP
approximately once per 100 s (which is also the simulated WT
cohesin lifetime). This suggests that cohesin typically may trans-
locate with RNAP for distances of order 10 kb before bypassing
occurs. The ability of cohesin to bypass RNAP is consistent with
experiments indicating that cohesin does not topologically enclose
DNA while it extrudes loops (3, 69). However, our model’s
bypassing time is tenfold longer than predicted for bacterial con-
densins bypassing RNAPs (50) and measured for human SMC
complexes bypassing obstacles on DNA in vitro (69). This dis-
crepancy suggests that there may be differences between loop
extrusion on nucleosomal fibers versus DNA or that cohesin may
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have some affinity for RNAP. The former could be due to steric
interactions imposed by nucleosomes and/or large nascent RNA
molecules trailing the RNAP, while the latter could facilitate the
linear scanning processes described above. However, much like
the mechanism of extrusion itself, the molecular mechanisms of
interactions with RNAP and bypassing remain unclear.

Our results indicate that RNAP belongs to a growing list of ele-
ments that dynamically structure the genome by acting as barriers
to loop extrusion. However, while boundaries such as CTCF sites
are stationary (6, 8-12), RNAPs are mobile and can be dynamically
controlled by transcriptional regulators. Together with emerging
evidence that extrusion might also be obstructed by other mobile
complexes such as the replication machinery (25, 33), this suggests
that genomic functions such as transcription can alter the spatiotem-
poral structure of the genome through interactions with cohesin.

Materials and Methods

Descriptions of Hela cell lines, antibodies and reagents, whole-cell extract,
chromatin fractionation, immunofluorescence microscopy, RNAi, additional
details of ChIP-seq, simulations with stationary RNAP, and implementation of
3D polymer dynamics in simulations can be found in S/ Appendix, Methods.

Hi-C Protocol for MEFs. Hi-C was performed as described previously (99). Briefly,
30 x 106 cells were cross-linked in 2% formaldehyde for 10 min and quenched
with ice-cold glycine (0.125 M final concentration). Cells were snap-frozen and
stored at —80 °C before cell lysis. Cells were lysed for 30 min in ice-cold lysis buffer
(10 mM Tris-HCI, pH 7.5, 10 mM NacCl, 5 mM MgCl,, 0.1 mM EGTA, and 0.2%
NP-40)in the presence of protease inhibitors. Chromatin was solubilized in 0.6%
SDSat 37 °Cfor 2h and quenched by 3.3%Triton X-100. Chromatin was digested
with 400 units of HindIll overnight at 37 °C. Fill-in of digested overhangs by DNA
polymerase |, large Klenow fragment in the presence of 250 nM biotin-14-dATP
for 90 min was performed prior to 1% SDS-based enzyme inactivation and dilute
ligation with TADNA ligase for 4 hours at 16 °C. Cross-links of ligated chromatin
were reversed overnight by 1% proteinase K incubation at 65 °C. DNA was iso-
lated with 1:1 phenol:chloroform, followed by 30 min of RNase A incubation.
Biotin was removed from unligated ends by incubation with 15 units of T4 DNA
polymerase. DNAwas sheared using an E220 evolution sonicator (Covaris, E220)
and size selected to 150 to 350 bp by using AMPure XP beads. After end repairin
amixture of T4 polynucleotide kinase, T4 DNA polymerase, and DNA polymerase
I, large (Klenow) fragment at room temperature for 30 min, dATP was added
to blunted ends polymerase |, large fragment (Klenow 3" — 5’ exo-) at 37 °C
for 30 min. Biotinylated DNA was collected by incubation in the presence of 10
pL of streptavidin-coated MyOne C1 beads, and Illumina paired-end adapters
were added by ligation with T4 DNA ligase for 2 h at room temperature. A PCR
titration (primers PE1.0 and PE2.0) was performed prior to a production PCR to
determine the minimal number of PCR cycles needed to generate a Hi-C library.
Primers were separated from the library using AMPure XP size selection prior to
50-bp paired-end sequencing (HiSeqv4, lllumina).

Hi-C Mapping and Analysis. Hi-C data were mapped to 1-kb resolution using
the mm9 genome assembly and distiller pipeline (https:/github.com/mirnylab/
distiller-nf; version 0.0.3 for all datasets except for DRB and DRB release, which
used version 0.3.1). For wild type and each mutant, >430 million total reads were
recorded, and >320 million reads were mapped.The mapped data were converted to
coolerfiles(100) and balanced by iterative correction as described previously (101).
Contact probability scalings, P.(s), and insulation were computed using cooltools
[https://github.com/mirmylab/cooltools; (100)]. Pileups were computed from Python
scripts by collecting snippets of maps ("observed") around sites of interest (such
as ends of genes, CTCF sites, or island-island contacts), normalizing each diagonal
by the value of the scaling ("expected”) at that diagonal, and averaging "observed-
over-expected” values across the collected snippets (https://github.com/mimylab/
moving-barriers-paper). To select Hi-C regions around genes based on transcription
levels and gene length, we combined gene annotations for genes with a known
transcription status from GENCODE (https://www.gencodegenes.org/) with previously
reported GRO-seq for MEFs [(6); GEO accession number GSE76303]. Unless noted,
we considered only genes isolated from other genes by atleast 10 kb. Dot strengths
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are computed by summing observed-over-expected within a 50 kb of the dot and
dividing by the background, taken to be the mean number of contacts in two win-
dows of the same size centered 150 kb upstream and downstream of the dot. For
analyzing genomicloci, such as genes, that are "away" from CTCF sites, unless noted,
we excluded sites within 5 kb of the top 50%, by motif score, of identified CTCF sites
(see SI Appendix, Methods).

Calibrated ChIP Followed by Next-Generation Sequencing. ChIP was per-
formed as described previously (12). Before cross-linking, 10 million Hela cells
were spiked in with 5% MEF cells (except for RNA polymerase Il S2 ChiP, which
used only 10 million MEF cells, without spike-in). Cells were cross-linked with 1%
formaldehyde atroom temperature for 10 min and subsequently quenched with 125
mM glycine for 5 min. Cells were washed with PBS and then lysed in lysis buffer (50
mM Tris-HCl, pH 8.0, 10 mM EDTA, pH 8.0, 1% SDS, and protease inhibitors) on ice
for 10 min. DNAwas sonicated by 6 cycles (30-s on/off) using Bioruptor. 10 volumes
of dilution buffer (20 mM Tris-HCI, pH 8.0, 2 mM EDTA, pH 8.0, 1% Triton X-100,
150 mM NaCl, and 1 mM PMSF) were added to the lysate, followed by a preclear
with 100 pLAffi-Prep protein A beads at 4 °C. Immunoprecipitation was performed
with rabbit IgG or antibody overnight, followed by a 3-h incubation with Affi-Prep
protein A beads. Beads were washed twice with wash buffer 1(20 mM Tris-HCI, pH
8.0, 2 mM EDTA, pH 8.0, 1% Triton X-100, 150 mM NaCl, 0.1% SDS, and 1 mM
PMSF), twice with wash buffer 2 (20 mM Tris-HCI, pH 8.0, 2 mM EDTA, pH 8.0, 1%
Triton X-100, 500 mM NaCl, 0.1% SDS, and 1 mM PMSF), twice with wash buffer 3
(10 mM Tris-HCI, pH 8.0, 2 mM EDTA, pH 8.0, 250 mM LiCl, 0.5% NP-40, and 0.5%
deoxycholate), twice with TE buffer (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA, pH
8.0), and eluted twice with 200 pL elution buffer (25 mM Tris-HCI, pH 7.5, 5 mM
EDTA, pH 8.0,and 0.5% SDS) by shaking at 65 °Cfor 20 min. The eluates were treated
with RNase A at 37 °C for 1 h and proteinase K at 65 °C overnight. Addition of 1 l
glycogen (20 mg/mL)and 1/10th volume sodium acetate (3 M, pH 5.2) was followed
by extraction with phenol/chloroform/isoamyl alcohol (25:24:1) and precipitation
with ethanol. DNAwas resuspended in 100 LH,0, and ChiP efficiency was gPCR. The
DNAsamples were submitted for library preparation and lllumina deep sequencing
to the Campus Science Support Facility. Depth of sequencing was 50 bp. For Pol I
ChIP-seq, >46 million total reads were recorded, and over >39 million reads were
uniquely mapped for each condition. For NIPBL, HA-NIPBL, HA-WAPL, and MAU2-HA
ChIP-seq, >71 million total reads and >56 million uniquely mapped reads were
recorded for each condition.

Polymer Simulations with Loop Extrusion. Polymer simulations with loop
extrusion were performed using OpenMM (102, 103) and the openmm-poly-
mer library (https://github.com/mimylab/openmm-polymer-legacy), as described
previously (9, 62, 104). The simulation code implementing the moving barrier
model with these packages is freely and publicly available (https://github.com/
mirnylab/moving-barriers-paper). Loop extrusion dynamics with RNAP moving
barriers are computed through the 1D model described below. Genomic positions
of loop extruders as a function of time determine which monomeric subunits of
the polymer are bridged at any particular instant in 3D simulations.
Computation of loop extrusion dynamics.

Cohesin dynamics. The chromosome is modeled as a 1D array of L = 10*
genomic (lattice) sites, each of which represents 1 kb of chromatin. Cohesin com-
plexes are modeled as loop-extruding factors (LEFs) with two linked components.
Each component of a LEF occupies a distinct, single lattice space. A LEF is loaded
onto a pair of adjacent lattice sites that is not occupied by another LEF or RNAP.
At each subsequent timestep, each component of the LEF may translocate to an
unoccupied adjacent site with a probability determined by the type of extrusion
dynamics simulated. Each of the two components in an individual LEF translo-
cates (or not) independently of the other. For active, directed extrusion, each LEF
component translocates away from its initial loading site (growing the loop) onto
the next adjacent site with probability v = 1, provided that the new lattice site is
unoccupied; LEF components stop when they encounter another LEF component.
For passive, diffusive extrusion, a LEF component may translocate in either direc-
tion along the chromosome lattice with equal probability, again provided that the
new lattice site is unoccupied. Each component translocates in a single direction
during each timestep, with probability v = 0.5 per possible move. In both cases,
extrusion proceeds in this manner (modulated by interactions with RNAPs; see
below) until unbinding from the chromosome, which occurs with probability
1/z pertimestep, where z is the mean residence time. Upon unbinding, the LEF
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is instantaneously reloaded to another pair of lattice sites. Loading biases (i.e.,
preferential loading) are implemented by increasing the probability of binding
to the TSS to 100-fold that of other lattice sites.

For active extrusion, z = 100 for CTCF KO and z = 1,000 for DKO simulations,
giving mean LEF processivities of 2 = 200 kb and 2,000 kb, respectively, similar to
previous studies (62, 65). In passive extrusion simulations, the standard parame-
terwas == 5,000 or 50,000 for CTCF KO or DKO, respectively. Setting the extrusion
speed to v =1kb/s, sets 1 timestep = 1 s in directed extrusion simulations. In
simulations with passive extrusion, rescaling the lifetimes to match the directed
case sets 1 timestep = 0.02 s and the LEF diffusion coefficient to D = 12.5 kb?/s
consistent with previous simulations (62) and experimental measurements (43,
105, 106). For simulations with slow diffusive extrusion, z = 100 for CTCF KO and
7= 1,000 for DKO and v = 0.07 kb/s (D = 0.005 kb?/s).

Simulations are performed with N = L/d = 50 LEFs in CTCF KO and N = 100
LEFsin DKO (65), giving a mean separation d = 200 kb and 100 kb, respectively.

RNA polymerase dynamics. RNAP barriers were incorporated by adapting the
moving barrier model for bacteria (50). To simulate contact patterns near genes,
we simulated chromosomes with 9 genes, with TSSs located at s = 950, 1950,
2950, ...,8950 kb and polyadenylation sites (near the 3’ gene ends) located 110
lattice sites (110 kb) downstream. For simulations of genes in convergent orien-
tations, convergently oriented gene pairs had TSSs at (s;, s,) = (840 kb, 1160 kb),
(1640 kb, 1960 kb), (2440 kb, 2760 kb), ..., (8840 kb, 9160 kb); thus, the sites
of convergent transcription used for pileups were located at s = 1000, 1800,
2600, ..., 9000 kb. RNAP may be loaded onto an unoccupied TSS at rate ki,,q. It
remains paused at the TSS until it unpauses at rate kyqp,,q- After unpausing, the
RNAP stochastically translocates by at most one lattice site per timestep toward the
3" end at rate v,,, provided the site is unoccupied by another RNAP. After passing
the polyadenylation site, the RNAP stalls at rate kg, and subsequently unbinds
at rate kyping- Only one RNAP may occupy a single lattice site.

In simulations with directed extrusion, kip,q = 0.001, kypauee = 0.002,v,=0.1,
Ky = 0.001, and k ing = 0.002, unless noted. These correspond to &, = 0.001
S Kunpase = 000257, v, = 0.1 Kb/ (66, 67), kg = 0.001 5", and K, o =

1 7tun ause
0.002 sp .Times (and thus rates) are rescaled in standard passive extrusmn simu-
lations accordmg to the cohesin re5|dence time, so that kig,q = 2 x 107 Kunpause =
4x107° Vo =0.002, kg =2 x 107>, and Ky, = 4 x 107°. Simulations with
different Koy and v,, are shown in SIAppend/x Figs. S6 and S8.

Cahesin-polymerase interactions. \When a RNAP and a LEF arrive at adjacent
lattice sites and the RNAP is translocating toward the LEF, they are in a head-on
collision (Fig. 2C). The LEF may translocate past the RNAP at rate k., However,
at any timestep for which LEF remains in the site adjacent to the RNAP and the
RNAP translocates toward the LEF, the LEF is pushed by one site along the lattice
in the direction of RNAP translocation. If one or more LEF components are on
the lattice immediately behind the pushed LEF component, those LEFs are also
pushed in the direction of RNAP translocation. In the case where a LEF component
is at a lattice site adjacent to the RNAP and the RNAP is translocating away from
the LEF (e.g., they are both moving toward 3; Fig. 2C), the LEF component may
only translocate if it bypasses the RNAP (at rate ki, ;) or if the RNAP vacates (by
translocation or unbinding) the lattice site. We focus on results for simulations
with characteristic bypassing time fy 56 = 1/ky 05 = 100 s, €., we present k.
pass = 0.01 (active) and ki, ;.. = 0.0002 (passive), but results for other bypassing
rates are shown in S/ Appendix, Figs. S4 and S5.

Data, Materials, and Software Availability. Hi-C, Pol || ChIP-seq, and NIPBL
ChIP-seq data have been deposited to the Gene Expression Omnibus (GEO),
accession number GSE196621. GRO-seq and Scc1 and CTCF ChiP-seq data were
previously reported in ref. 6, and they are available in the GEO, accession number
GSE76303. Codes used for analysis of ChIP-seq and Hi-C data and moving barrier
model simulations are freely and publicly available at https://github.com/mir-
nylab/moving-barriers-paper. Other relevant analysis and simulation codes were
previously published and are available as described in Materials and Methods
and SI Appendix, Methods.
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