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Abstract

How enhancers control target gene expression over long genomic distances remains an important
unsolved problem. Here we investigated enhancer-promoter communication by integrating data
from nucleosome-resolution genomic contact maps, nascent transcription, and perturbations
affecting either RNA polymerase 11 (Pol Il) dynamics or the activity of thousands of candidate
enhancers. Integration of Micro-C and CRISPRi experiments demonstrated that enhancers spend
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more time in close proximity to their target promoters in functional enhancer-promoter pairs
compared to non-functional pairs, which can be attributed in part to factors unrelated to genomic
position. Manipulation of the transcription cycle demonstrated a key role for Pol Il in enhancer-
promoter interactions. Notably, promoter-proximal paused Pol Il itself partially stabilized
interactions. We propose an updated model in which elements of transcriptional dynamics shape
the duration or frequency of interactions to facilitate enhancer-promoter communication.

Introduction

Much of metazoan cellular diversity is encoded by cis-regulatory elements known as
enhancers, which regulate the rate of MRNA production from distal promoters®. Since the
landmark discovery of the SV40 enhancer more than 40 years ago? a key goal has been to
understand the molecular basis by which enhancers and promoters communicate across long
stretches of DNA sequence. The prevailing model proposes that enhancers and promoters
loop into close physical proximity in the nucleus®. Classical looping models (which we
collectively refer to as the structural bridge model) represent these enhancer-promoter
interactions as a physical bridge by which the enhancer and promoter are connected

via highly stereotyped protein-protein interactions between transcription factors, Pol Il,
mediator, cohesin and other proteins®=9. Indeed, chromosome conformation capture (3C)
based methods such as /7 situ Hi-C10 and Micro-C11, which measure the frequency of
ligation between DNA sequences that are close together in 3D space?, can be used to
predict the functional impact of enhancers on a target gene3-15. Moreover, changes in
enhancer-promoter loops!6:17, including preestablished loops!3-18, are associated with the
activation of target promoters.

Despite some support, however, several recent observations are not compatible with the
structural bridge model. A key tenet of this model is that enhancer-promoter DNA sequences
must come close enough together to establish a continuous protein bridge between the
enhancer and promoter. However, measurements of enhancer-promoter distances in several
fly and mouse developmental loci, using microscopy in both living and fixed cells, have
suggested that enhancers and promoters are, on average, hundreds of nanometers apart at the
time of gene activation®-21, At one well-characterized locus, the physical distance between
the Shh promoter and several developmental enhancers actually /increased following gene
activationl®. Finally, conflicting results exist regarding the effect of depletion of proteins
proposed to constitute a physical bridge, such as mediator and cohesin, on either 3C contact
maps or transcription?2-26, These studies have demonstrated that we still lack complete
answers to long-standing questions about enhancer-promoter communication: Do enhancer-
promoter pairs spend more time in close physical proximity as the enhancer activates
transcription? Are these interactions necessary, longer-lived, or more frequently established
at enhancers that functionally impact expression from their target promoter? And which
molecules play a role in facilitating enhancer-promoter communication?

Here we leverage a high-resolution 3C method, Micro-C11:27-29 nascent RNA
sequencing3%-32, and perturbations to Pol 11 and thousands of candidate enhancers33:34,
to study the interplay between transcription and enhancer-promoter contact dynamics.
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Integration of new Micro-C data with CRISPR interference (CRISPRI) experiments testing
nearly six thousand candidate enhancers33:34 revealed that functional enhancer/ promoter
pairs spent more time at very short 3D distances, driven in part by macromolecular
interactions that were independent of genomic position. Manipulation of transcription-
related proteins revealed a key role for Pol 11 and its transcriptional dynamics in
establishing the frequency of enhancer-promoter contacts. Notably, paused Pol 11 stabilized
enhancer-promoter interactions, suggesting a role for paused Pol Il in enhancer-promoter
communication. These observations lead us to an updated model that incorporates the effect
of transcription on enhancer-promoter communication.

Enhancer function and TSS-proximal enhancer-promoter contact

We asked whether functional enhancer-promoter pairs, where the enhancer elicits a change
in expression from its target promoter, spend more time in close proximity. Functional
enhancers display more frequent interactions with their target promoter in 3C methods, like
Hi-C and Micro-C13.14.33.34 However, since these functional enhancer-promoter pairs are
also much more likely to be located within ~50kb than non-functional pairs#33, it is unclear
whether these differences in Hi-C\Micro-C unique paired-end reads (which we will refer to
as contacts throughout the manuscript) simply result from the effect of genomic distance, as
was recently proposed®, or whether they reflect additional structural or functional aspects of
enhancer-promoter communication. We first defined a set of functional enhancer-promoter
pairs in K562 cells for which knock down of the enhancer using CRISPRi impacted the
expression of a target genel4:33-35. To complement the functional data with corresponding
architectural features, we generated a ~1.7 billion contact Micro-C dataset in K562 cells
(Fig. 1A). To counter the impact of genomic distance in our measurements, we normalized
contact frequencies for the local background and linear distance (Extended Data Fig. 1A; see
Methods). This approach allowed us to interpret differences in contact frequency between
enhancer-promoter pairs as proportional to the average time each enhancer-promoter pair
spends interacting, which may be driven by either differences in contact duration or the rate
of initiating interactions, after factoring out the influence of genomic distance.

We first analyzed CRISPRI data tiling the entire MYC locus with sgRNAS, which identified
seven functional enhancers that regulate A/ YC expression34. Each of the seven active MYC
enhancers was located near an active regulatory element, marked by a transcription initiation
region (TIRs) identified using dREG36:37, as well as chromatin accessibility and active
histone modifications (Fig. 1A). Normalized contact signal between the seven CRISPRIi-
validated enhancers and the MY C promoter were significantly higher than those observed
for 52 other TIRs located within the same topologically associated domain (TAD) but which
had no detectable effect on MYC (2.3 fold increase in median normalized contacts for
functional pairs, p = 0.036; Mann-Whitney U-test) (Fig. 1B, Extended Data Fig. 1B).

We extended our work genome-wide using data from a CRISPRI screen that tested the
function of 5,920 candidate enhancers in K562 cells33. We used this dataset to define
3,888 enhancer-promoter pairs that showed robust evidence of having (and not having)
a functional impact on target gene expression (n = 245 functional, 3,643 non-functional,
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from which we further identified a subset of 232 pairs that were non-functional with a
higher confidence; see Methods). Consistent with our study of the A/YC locus, we found

a significantly higher number of normalized contacts in functional enhancer-promoter pairs
(31% increase in median normalized contacts for functional pairs, p < 0.001; Mann Whitney
U test) (Extended Data Fig. 1C). The difference between functional and non-functional pairs
was not driven by the abnormal karyotype of K562 cells (Extended Data Fig. 1C, bottom
row), was observed in independent datasets!4 (Extended Data Fig. 1C, middle), and was
observed using accessible H3K27ac peaks as an alternative definition of enhancer activity
(Extended Data Fig. 1C, right column, Extended Data Fig. 1D). Likewise, all results were
robust to corrections for differences in genomic distance, target gene transcription levels,
and chromatin accessibility by rejection sampling (46% increase in normalized contacts, p=
0.003; Mann Whitney U test; Fig. 1C, Extended Data Fig. 2).

We asked whether the increased contact frequency between functional enhancer-promoter
interactions could be reproduced within other individual loci, as observed for MYC. Indeed,
similar to all enhancers, constituent enhancers within K562 super enhancers that showed
evidence of a functional impact on a target promoter had higher contact frequency than those
with no evidence of function (Extended Data Fig. 3A-B). Moreover, within the same super
enhancer, functional constituent enhancers had a significantly higher contact frequency

with the target promoter compared to non-functional constituents (36% increase in median
normalized contacts; p= 0.034, paired Wilcoxon signed rank test across 16 super enhancers;
Extended Data Fig. 3C). We conclude that the frequency of enhancer-promoter interactions
is higher for functionally active enhancer-promoter pairs even after factoring out the impact
of genomic distance, locus-specific regulatory effects, chromatin accessibility, and other
confounding factors. These results suggest that an intrinsic physical property of functional
enhancer-promoter pairs drives either the duration or frequency of interactions.

We next investigated whether enhancers come into close proximity with their target
promoter and, if so, whether the frequency of such interactions correlate with an enhancers’
effect on gene expression. Active enhancers and promoters have well-positioned +1 and

+2 nucleosomes downstream of the transcription start site (TSS)38-40 that are readily
observed in Micro-C data (Extended Data Fig. 4). Micro-C contacts between these +1

and +2 nucleosomes at enhancers and promoters require enhancer/promoter DNA to come
close enough in 3D space to ligatel2, and therefore frequent contacts would be difficult

to reconcile with the 100-300 nm distances measured by imaging studies19-21.41 (see
Discussion). Aggregated peak analysis (APA) between all candidate enhancer and promoter
pairs (5kb-100kb) showed that contacts between +1 (promoter)/ +1 (enhancer) nucleosomes
were most prominent (Fig. 1D). To determine whether such close interactions are enriched
in functional enhancer-promoter pairs, we examined the difference in contact frequency
between the CRISPRi functional and high-confidence nonfunctional enhancer-promoter
pairs. We observed the greatest enrichment in functional enhancer-promoter pairs near the
TSS, especially for interactions involving the +1 and +2 nucleosomes. The enrichment

of functional enhancer-promoter pairs decayed as a function of distance to ~2.5kb from

the TSS (Pearson’s R = -0.83, p = 8.2X107%) (Fig. 1E-G). We thus conclude that the

TSSs of functional enhancer-promoter pairs reside in very close physical proximity more
frequently than non-functional pairs. This result is consistent with models of enhancer-
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promoter communication that involve very close interactions between enhancer-promoter
DNA stabilized by transcription-associated proteins.

Enhancer-promoter contacts depend on active transcription

We next investigated which cellular factors mediate the increased contacts between
enhancers and their target promoters. One model of interaction involves the aggregation
of transcription proteins into clusters that contain both enhancers and promoters and act
to facilitate communication®1-47. Both the C-terminal domain (CTD) of the large subunit
of Pol Il and nascent RNA are reported to form macromolecular clusters with other
transcription-related proteins#448-50, These results imply that Pol I itself may play a role
in mediating enhancer-promoter contacts. However, perturbing Pol 1l was reported to have
modest effects on enhancer-promoter contacts?8:51, with the notable exception of a recent
study that degraded Pol 1152,

We set out to test the hypothesis that Pol Il is required for enhancer-promoter contacts. To
accommodate global changes in the distribution of contacts, we devised APAs that directly
measure changes in contacts after adjusting for local 1D signal intensity near enhancer-

and promoter- anchors, between different treatment conditions (Fig. 2A; Extended Data Fig.
5; see Methods). Using this strategy to re-analyze published Micro-C data after blocking
either Pol Il initiation (triptolide - TRP) or release from pause (flavopiridol - FLV)?8 showed
that the largest effect of Pol Il transcriptional inhibition occurred near the TSS (Fig. 2B,
Extended Data Fig. 6A-C), in contrast to the interpretation presented by the original authors.
We also explored an alternative background normalization scheme that adjusts contacts in
each candidate enhancer-promoter pair for changes in the distribution of signal between
conditions and found identical results (Fig 2C-D; see Methods). Changes were specific to
enhancer-promoter contacts; we did not observe a similar effect of either TRP or FLV on
CTCF-CTCEF contact pairs after background normalization (Fig. 2E, Extended Data Fig.
6D). Changes were large enough in magnitude to be observed at individual loci, such as
near enhancers regulating the Pou571 promoter®3 (Extended Data Fig. 7). We do note that
while the effect was observed in both of the independent biological replicates used by the
authors of their original paper28, no effect was observed in a separate experiment included
only in the author’s preprint®, potentially reflecting differences in sequencing depth, FLV
concentration, or other technical confounders. Nevertheless, our observations provide further
support for a model where Pol Il plays a role in facilitating enhancer-promoter contacts,
consistent with new data from Pol Il degron experiments®2 as well as classic studies focused
on specific loci®®.

By blocking release from pause, FLV not only prevents actively elongating Pol Il from
entering the gene body, but also leaves paused Pol 11 near the TSS at most promoters®6. We
hypothesized that the presence of paused Pol Il may retain some of the interactions that are
depleted in TRP, in which all Pol Il is depleted from chromatin. Indeed, inhibition of Pol

Il recruitment to promoters and enhancers by TRP had a larger effect on enhancer-promoter
contacts compared with the effect of inhibiting pause release by FLV (Fig. 2F; p< 107100;
Wilcoxon signed-rank test, Extended Data Fig. 5-6), indicating that Pol Il occupancy at
pause sites may have a stabilizing effect on these contacts. These observations suggest that
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different steps in the transcription cycle may have a fundamentally different impact on
enhancer-promoter contacts based on the effect they have on Pol Il density near the TSS.

Transcriptional dynamics and enhancer-promoter contacts

We next asked how different steps in the transcription cycle correlate with enhancer-
promoter contacts. At steady-state, the rate of transcription initiation is proportional to
gene body transcription levels, whereas the rate of release of paused Pol Il into productive
elongation is proportional to the pausing index®’. In order to address how different steps
in the transcription cycle affect enhancer-promoter contacts, we first characterized RNA
polymerase activity using precision run on and sequencing (PRO-seq), a method which
measures the genomic density of RNA polymerase at single nucleotide resolution30. We
divided human gene promoters into quartiles based on their gene body transcription
levels, the gene body-normalized PRO-seq signal in the first 250bp downstream of the
TSS (pausing index), or the pausing signal alone (pausing signal) in K562 cells (Fig
3A,B). Enhancer-promoter contacts were most correlated with gene body transcription
levels, in-line with previous findings4:17:58. Increased enhancer-promoter contacts were also
associated with higher pausing signal and pausing index. However, whereas the increase
in contacts associated with gene body transcription spread across the regions surrounding
enhancers and promoters, as well as across the stripe overlapping the transcription unit,
the pause-associated correlation was more specific to focal (promoter TSS-enhancer TSS)
enhancer-promoter contacts near the location at which paused Pol 1l resides (Fig 3B).

To further isolate the effect of Pol 1l pausing from productive elongation, we compared
changes in contacts and transcription between different cell types. We generated new Micro-
C data from Jurkat T-cells (~1.18 billion contacts) and compared them to our K562 Micro-C
data. Jurkat and K562 cells model different cell types in the hematopoietic lineage; while
K562 show similar properties to cells of the common myeloid progenitor lineage, Jurkat
model T-cells. Overall, transcriptional differences between the cell lines were associated
with differences in enhancer-promoter contacts (Fig 3C). Differential transcription of gene
bodies, and differences in the abundance of paused Pol Il near promoters, were both
positively correlated with enhancer-promoter contacts (Fig 3D, Extended Data Fig. 8A).

We identified gene promoters associated with a significant change in gene body transcription
and separated this set to compare promoters exhibiting altered levels of paused Pol Il with
promoters having unchanged Pol 11 pausing, while maintaining a similar distribution of
change in gene body transcription (Extended Data Fig. 8B; PC = Pause change; NPC =

No pause change). We found that genes with a significant increase in productive elongation
but no associated change in paused Pol Il exhibited, at most, a modest increase in enhancer-
promoter contacts, relative to genes associated with increased paused Pol Il (Fig. 3E,
Extended Data Fig. 8C). Hence, we conclude that paused Pol Il has a significant effect

on enhancer-promoter contacts that is independent of initiation or productive elongation
rates.

NELF degradation depletes enhancer-promoter contacts

To directly test our hypothesis that Pol Il pausing affects enhancer-promoter contacts,
we asked whether depleting paused Pol 11 changed enhancer-promoter contacts. Although
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previously published triptolide and flavopiridol experiments alter Pol Il pausing, they also
have a substantial inhibitory effect on transcription initiation®®. To focus on the effect of
Pol 1l pausing, we used mouse embryonic stem cells (MESCs) in which both copies of

the negative elongation factor complex subunit B (NELFB) were tagged with FKBP12F36V,
allowing the rapid and reversible degradation of the NELF complex in the presence of a
dTAG ligand® (Fig. 4A). Following 30 minutes of NELFB depletion, Pol Il density in
TSSs decreased. However, by 60 minutes of NELFB depletion, Pol 1l signal near the TSS
was partially restored (Fig. 4B). Notably, it was recently shown that this recovery of Pol Il
near the TSS represents transcriptionally inactive Pol 1l that cannot productively elongate in
the absence of NELF51.62, This suggests that while paused Pol 1l was removed following
NELFB depletion, transcription initiation rates were intact or may even increase>°.

To ask if such a drop in Pol Il pausing results in a loss of enhancer-promoter contacts, we
generated Micro-C libraries (~300 million contacts each) following a time-course of NELFB
depletion and recovery after dTAG washout. We found a small but highly reproducible
drop in enhancer-promoter contacts beginning at 30 minutes which decreased further at

60 minutes of NELFB depletion (Fig. 4C; Extended Data Fig. 9). This suggests that the
accumulation of improperly paused Pol 115162 cannot rescue the loss of contacts associated
with the depletion of a properly paused Pol 11. Washout of the dTAG ligand over 8 and

24 hours, corresponding to a ~20-40% restoration of NELFBS! levels, increased enhancer-
promoter contacts back to the levels observed in untreated cells (Fig. 4C; Extended Data
Fig. 9). The effect of NELF degradation was specific to enhancer-promoter contacts and
was not observed at transcriptionally inactive CTCF binding sites (Fig 4D). The magnitude
of decrease in contact frequency correlated with the magnitude of paused Pol 11 loss at

30 minutes (Pearson’s R = 0.24; p= 0.018; see Methods), such that candidate enhancer-
promoter pairs which lost more paused Pol Il also lost more contacts. Likewise, the
magnitude of decrease in contact frequency across all genes was correlated with the effect
on NELFB protein abundance (Spearman’s Rho = 0.9, p=0.037; Pearson’s R = 0.728, p
= 0.163). An illustrative example is the ZRS enhancer of the Sh/gene, which had a large
drop in paused Pol Il signal as well as a large reduction in contacts with the SA/ promoter
following 30 minutes of NELFB depletion (Extended Data Fig. 10). Hence, we conclude
that paused Pol 11 contributes to enhancer-promoter contact levels.

Discussion

Currently two models are proposed to explain how enhancer and promoter regions
communicate®. The structural bridge model holds that enhancer and promoter DNA come
into close physical contact and are connected by a bridge formed by highly ordered protein-
protein interactions®’. More recently, an alternative model (which we refer to as the “hub”
model, following84147) has come into favor which predicts that protein-protein interactions
form malleable hubs (Fig. 5). In the hub model, enhancer-promoter communication does
not require stable protein-protein interactions to span the gap between the enhancer and
promoter DNA sequences. Instead, high local concentrations of transcription-associated
proteins, recruited by both the enhancer and promoter DNA into the local hub, facilitate
transcriptional bursts®3. The hub model has a long history®3.64, but has recently come into
favor because it explains findings which do not appear compatible with a structural bridge
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model, including long physical distances between enhancers and promoters upon gene
activation19.20.65, the ability of enhancers to activate transcription from multiple promoters
simultaneously56, and multi-way interactions of enhancer clusters®’.

A key difference between the structural bridge and hub models is that a structural bridge
requires a short physical distance between enhancers and promoters upon interaction.
Conversely, while the hub model does not necessarily place constraints on physical distance,
proponents of the hub model have argued that enhancers and promoters may not be able

to come close together due to issues of molecular crowding within a hub*l. We found that
functional enhancer-promoter pairs are most enriched in contacts involving the +1 or +2
nucleosomes. Compared with recent work defining contacts between individual transcription
factor binding sites®®, our study shows that these very proximal interactions are associated
with enhancer function, even within individual loci like a super enhancer. Micro-C only
detects contacts that are close enough to be crosslinked and ligated!2, suggesting that
functional enhancer-promoter pairs spend more time at very short interaction distances than
current studies suggest. The exact proximity of engaged enhancer and promoter regions
remains difficult to say. Even if we consider the most conservative model, in which
crosslinks between fully extended N-terminal nucleosome tails was sufficient to gain an
interaction in Micro-C, the distance between enhancer-promoter DNA must still be less than
100 nm. In the /n situ ligation protocol that we use here, the distance required to generate a
contact is likely much less, owing to the widespread availability of DNA in a packed nucleus
that competes for ligations, as well as constraints placed on the diffusion of proteins and
DNA during ligation by molecular crowding and crosslinks. We emphasize that our findings
do not necessitate a structural bridge between enhancers and promoters. Our findings may
also be compatible with hubs in which enhancer and promoter DNA is often located more
closely together than imaging studies suggest (Fig. 5). Thus, our work may indicate that
short-distance enhancer-promoter interactions are important for enhancer function, but that
they are more malleable than predicted by a structural bridge model®7.

Both models predict that transcription-associated proteins, including transcription factors,
mediator and Pol I1 play key roles in enhancer-promoter communication. For this reason,
the muted effect that degrading key transcription proteins, including mediator and Pol I,
was reported to have on contact frequency was unexpected23:28:51 \We report that Pol 11
contributes to enhancer-promoter interaction frequency, even after normalizing Micro-C for
the substantial changes to chromatin observed when Pol 11 is depleted®-79. Our results are
consistent with work that shows an impact of both Pol Il and Mediator in enhancer-promoter
communication®26:5255_ Several aspects of Pol || may help facilitate interactions, especially
under a hub model: First, the C-terminal heptad repeats on RPB1, the largest subunit of Pol
1, have been shown to aid in macromolecular clustering#24546.65.71.72 Second, the nascent
RNA emerging from the exit channel may also contribute to clustering’3:74. For its part,

the mediator complex may facilitate enhancer-promoter communication by interacting with
transcription factors or other transcription-associated proteins’>76. Thus, Pol 11, along with
the other molecules affecting enhancer strength like transcription factors and co-activators,
has a direct impact on enhancer-promoter interactions (Fig. 5).
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Our results reveal a wide variation in the time that functional enhancer-promoter pairs spend
in proximity at steady-state. Although some of this variation undoubtedly reflects technical
noise in the Micro-C dataset, we do think there is a component of the variation that reflects
differences in the underlying biology of different enhancer-promoter interactions. Certain
loci (like MYC) appear to have more frequent interactions than the average enhancer-
promoter pair. One interpretation is that most enhancer-promoter loops are transient, and
that either residence time or interaction frequency is increased by the activity of biological
factors specific to each interacting locus, potentially including Pol Il and other transcription
related proteins which form either a structural bridge or a hub. For the most part, our results
address the broader question of whether there is evidence that functional enhancer-promoter
pairs spend more time close together, on average. Future work will be required to identify
the full complement of factors that influence the variation in contact frequency between loci.

We present several independent lines of evidence that highlight paused Pol 1l as one of the
factors which has a role in stabilizing enhancer-promoter interactions. Paused Pol Il can be
stable over durations estimated between 1-10 minutes®®77. Given its stable attachment to
DNA through the transcription bubble, it is possible that paused Pol 1l may serve as one

of the tethers connecting promoter or enhancer DNA into an enhancer-promoter interaction.
Under a hub model, paused Pol Il initiated from multiple TSSs within a transcription
initiation domain’8 may serve to keep both enhancer and promoter DNA tethered to the
hub?9:80 (Fig. 5). Indeed, paused Pol 11 tethering enhancers into a hub may serve as one
way in which enhancer-templated RNAs (eRNAs) have a sequence-independent biological
function8,

In summary, our work suggests several important changes to the prevailing models of
enhancer-promoter interactions. First, we find that functional interactions between enhancers
and their target promoter spend more time at very short 3D distances driven in part

by macromolecular interactions that are independent of genomic position. Second, we
provide direct evidence for the effect of Pol 1l on enhancer-promoter contacts. Our work
emphasizes an important effect of Pol 11 pausing in metazoan cells and sheds light

on the evolution of pausing alongside long-range enhancer-promoter interactions. Thus,
considering transcription as a modulator of enhancer-promoter contacts may help future
studies to better define the temporal correlation between the two.

Cells were cultured in a humidified 37°C incubator with 5% CO2. K562 (ATCC, CCL-243)
and Jurkat (ATCC, TIB-152) cells were grown in RPMI-1640 medium supplemented with
10% fetal bovine serum and 1X penicillin streptomycin antibiotic.

mECSs (Mouse embryonic stem cell line E14, ATCC, CRL-1821) harboring a homozygous
endogenous NELFB-FKBP12F36V fusion protein1:84 were cultured on 0.1% gelatin
(Millipore) in PBS+/+ coated tissue-culture grade plates. For routine culture, cells were
grown in Serum/LIF conditions: DMEM (Gibco), supplemented with 2 mM L-glutamine
(Gibco), 1x MEM non-essential amino acids (Gibco), 1 mM sodium pyruvate (Gibco), 100
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U/ml penicillin and 100 U/ml streptomycin (Gibco), 0.1 mM 2-mercaptoethanol (Gibco),
15% Fetal Bovine Serum (Gibco), and 1000 U/ml of recombinant leukemia inhibitory factor
(LIF).

To induce NELFB degradation, dTAG-13 (Bio-Techne) was reconstituted in DMSO (Sigma)
at 5 mM. dTAG-13 was diluted in maintenance medium to 500 nM and added to cells with
medium changes for the specified amounts of time. For dTAG washes, the cells were washed
4 times, twice with PBS +/+ and twice with maintenance medium following the treatment
time to ensure complete removal of the dTAG ligand. At the end of each dTAG-13 treatment
time point, cells were detached using Trypsin-EDTA (0.05%) (Gibco) and counted before
crosslinking for Micro-C.

Micro-C for K562, Jurkat and mESCs was performed by following the published protocol
for mammalian Micro-C27:28.:88_ Cells were crosslinked with 1 ml per million cells of 1%
formaldehyde for 10 minutes at room temperature and quenched by 0.25 M Glycine for 5
min. After spin-down for 5 minutes at 300Xg at 4 °C, cells were washed at a density of 1

ml per million cells in ice cold PBS. Cells were crosslinked a second time, with 1 ml per

4 million cells of 3 mM disuccinimidyl glutarate (DSG) (ThermoFisher Scientific, 20593)
for 40 min at room temperature and quenched by 0.4 M Glycine for 5 min. Following two
washes with ice cold PBS, cells were flash-frozen and kept at —80°C until further use. For
MNase digestion, cells were thawed on ice for 5 min, incubated with 1ml MB#1 buffer

(10 mM Tris-HCI, pH 7.5, 50 mM NaCl, 5 mM MgCI2, 1 mM CaCl2, 0.2% NP-40, 1x
Roche cOmplete EDTA-free (Roche diagnostics, 04693132001)) and washed twice with
MB#1 buffer. MNase concentration for each cell type was predetermined using MNase
titration experiments exploring 2.5-20U of MNase per million cells. We selected the MNase
concentration that gives ~90% mononucleosomes. Chromatin was digested with MNase for
10 min at 37 °C and digestion was stopped by adding 8 ul of 500 mM EGTA and incubating
at 65 °C for 10 min.

Following dephosphorylation with rSAP (NEB #M0371) and end polishing using T4 PNK
(NEB #M0201), DNA polymerase Klenow fragment (NEB #M0210) and biotinylated

dATP and dCTP (Jena Bioscience #NU-835-B1014-S and #NU-809-BIOX-S, respectively),
ligation was performed in a final volume of 2.5 ml for 3h at room temperature using

T4 DNA ligase (NEB #M0202). Dangling ends were removed by a 5 min incubation

with Exonuclease 111 (NEB #0206) at 37 °C and biotin enrichment was done using 20 ul
Dynabeads™ MyOne™ Streptavidin C1 beads (Invitrogen #65001). Libraries were prepared
with the NEBNext Ultra Il Library Preparation Kit (NEB #E7103). Samples were sequenced
on a combination of Illumina’s NovaSeq 6000 and HiSeq 2500 at Novogene.

Micro-C data mapping and visualization

All Micro-C mapping was done using the mirnylab/distiller-nf: v0.3.3 pipeline89. Raw data
were mapped to the hg38 human genome assembly (K562 and Jurkat) or mm10 mouse

genome assembly (mESCs). For analysis of contacts in the MYC locus, data was mapped to
hg19 human genome assembly due to a large gap present in this locus when mapping K562
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sequencing data to hg38. For data visualization by contact maps, multi cool (mcool) files,
balanced by iterative correction and eigenvector decomposition (ICE) for resolutions of 200
bp to 10 Mb were generated from contacts with both ends having a mapg score = 30. Micro-
C data visualization as contact maps in genome-browser shots with available PRO-seq,
dREG, CRISPRi and histone marks tracks was done using the HiCExplorer tool v3.7.2%0
and pyGenomeTracks v3.6%L. Virtual 4C tracks were prepared as described previously®8. 1D
signal near enhancer and promoter TSSs (Extended Data Fig. 2) was calculated based on
the distiller-nf output pairs files, filtered for intra-chromosomal with mapg = 30. Contacts
assigned to the 5’ of single reads were shifted 75bp downstream, based on their orientation,
to the probable center of the nucleosome.

PRO-seq and GRO-seq data processing and analysis

Processing PRO-seq and GRO-seq available raw data in this study was done using

the Proseq2.0 pipeline available from GitHub (https:/github.com/Danko-Lab/proseq2.0)%2.
Differential expression analyses between K562 and Jurkat cells for pausing signal and gene
body transcription levels was performed by DEseq29 either on signal between the TSS
and 250bp downstream (pause signal) or signal downstream to the first 250 bp through

the annotated (GENCODE V29) polyadenylation cleavage site (gene body signal). For
visualization of the changes, fold change in expression following NELFB-dTAG in mESCs
we used deepTools (v3.5.1) bigwigCompare command at 1bp resolution, using 0.25 as
pseudocount. For the NELFB-dTAG PRO-seq visualization, fold-change and normalized
PRO-seq signal matrices were calculated in a stranded manner, followed by a concatenation
of the two strands’ matrices to generate a single, stranded matrix (Fig. 4B).

Definition of TIRs, enhancers, promoters and TSSs

For mESCs we first defined TIRs genome-wide as detected by dREG36:37 using available
GRO-seq data from mESCs6:94, To finely and unbiasedly define the position of
transcription initiation at each of these TIRs, we used the position with the most 5* mapped
GRO-seq or START-seq® reads within the dREG peak (maxTSN). For the analyses of
K562 cells, we first called TIRs using dREG from available PRO-seq data3’. The center

of these TIRs was defined as the center of enhancers and promoters for the analysis
comparison of contacts between functional and nonfunctional enhancer-promoter pairs,
based on CRISPRI data. For any further analyses the center of enhancers and promoters was
defined as the maxTSNs, called using the data from coPRO with enrichment for 5° capping
(coPRO-capped)’8. For the comparison between K562 and Jurkat cell lines, we called TIRs
in both K562 and Jurkat using PRO-seq data3” and dREG and determined maxTSN based
on coPRO-capped from K562 cells. We defined promoters based on the existence of any
known human (K562 and Jurkat) of mouse (mESCs) stable 5’ mapped transcripts from
CAGE® within 5kb away in the direction of maximum initiation. In analyses including
Jurkat and K562 cell lines, we considered only shared promoters based on proximity to

the best transcription start site defined by the for nascent RNA-sequencing data (DENR
v1.0.0)%7, based on GENCODE V29 annotations, in both cell types. We used a combined
set of enhancers from TIRs detected in both cell lines to define enhancers. Since promoters
make a relatively small fraction of all TIRs found in the data and can act as enhancers for
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other distal genes® we included promoters under the definition for enhancers whenever we
calculated enhancer-promoter contacts genome-wide.

Definition of functional and nonfunctional pairs

Comparison between functional and nonfunctional enhancer-promoter pairs was based either
on CRISPRI genetic screens for enhancer function either in the AM/YC locus, based on

cell viability3#, based on expression from single-cell RNA sequencing analysis33 or based
on CRISPRi-FlowFISH datal4. All CRISPRi-targeted enhancers and target promoters were
reassigned to their nearest dREG-defined TIR (or H3K27ac overlapping ATAC-seq peak),
within 5kb, on the same strand. We defined the center of the TIR as the enhancer center. We
filtered out all other reported sgRNA centers that had no such detectable nearby transcription
initiation. Functional enhancers of the MYC locus were defined based on the previously
CRISPRi-defined K562 enhancers of MY (8. Since the entire TAD harboring the MYC
promoter was tiled with sgRNASs, we were able to detect 54 TIRs that were marked by
DNase-1 hypersensitivity sites (DHSs) and histone modifications, were located in the same
TAD, and were tested by CRISPRI, but which did not affect the growth rate of K562

cells. These TIRs were considered nonfunctional and compared to the seven functional
MYC enhancers. Notably, this definition refers only to the measured effect on MYC
expression and does not suggest that the enhancers associated with these TIRs lack function
in other contexts. For the genome-wide analysis based on single-cell RNA-seq33, we defined
functional enhancer-promoter pairs, 15kb-1Mb away from each other, as having a minimum
reduction of 10% of gene expression, with an empirical p-value < 0.05, following enhancer
silencing. For high confidence nonfunctional pairs within the same genomic distance range,
we set a cutoff of empirical p-value larger than 0.9 and a change in gene expression

smaller than 5%. All other enhancer-promoter pairs within the same genomic distance

range were defined as nonfunctional. To remove possible confounding effects, we filtered
the functional and nonfunctional pairs to have similar distributions of enhancer-promoter
contacts, accessibility (by ATAC-seq) and baseline gene body transcription levels (by PRO-
seq) in the target gene (Extended Data Fig. 2). For CRISPRi-FlowFISH datal4, due to richer
data per sgRNA and the smaller overall number of tested enhancers, we defined functional
enhancer-promoter pairs, 15kb-1Mb away from each other, as having a minimum of 1% of
gene expression, with an empirical p-value < 0.05. For high confidence nonfunctional pairs
within the same genomic distance range, we set a cutoff of adjusted p-value larger than

0.9 and a change in gene expression smaller than 0.1%. All other enhancer-promoter pairs
within the same genomic distance range were defined as nonfunctional.

Comparison between functional and nonfunctional pairs

Enhancer-promoter contacts were defined as contacts that map to a 4kb window near the
promoter on one end and the enhancer on the other end. Expected number of contacts
between enhancers and promoters are often calculated based on a global distribution

of contact-associated genomic distances at fairly large genomic regions that encompass
them90:99, However, within such large regions, multiple factors like extrusion dynamics

or the existence of insulators can affect the distribution of contacts locally. To better
capture local fluctuations in background contacts distributions, contacts were normalized
to the expected based on a non-parametric LOWESS smoothing of the contacts-by-distance
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function in a region corresponding to a 1Mb in the orientation of the promoter, relative to
each enhancer (Extended Data Fig. 1A). Observed over expected ratios were then compared
between functional and high confidence nonfunctional\nonfunctional pairs (Fig. 1B-C,
Extended Data Fig. 1B—C). Differences in contacts between CRISPRi-defined functional
and high confidence nonfunctional pairs were calculated based on pixel-by-pixel differences
between APA matrices for all functional and all high confidence nonfunctional pairs,
normalized for the number of pairs. The differences were calculated as the medians (Fig.
1E-F) or the sum (Fig. 1G) of the differences based on 1000 bootstrapping iterations of the
functional and high confidence nonfunctional pairs, to remove outlier background. These
differences were presented as the number of contact differences per 1000 pairs. The APA
matrices were centered on the coPRO-based maxTSN as the TSS assigned for each TIR.

Between and within sample Aggregated Peak Analysis (APA)

Overview—We expected significant changes in chromatin after manipulating Pol Il
transcription®9:70. As such, not only are enhancer-promoter contacts expected to change, but
the background contacts with at least one end originating at enhancer- and promoter- regions
may be affected between conditions. As APAs are often used to characterize contacts10:28:51,
we devised an APA that normalizes enhancer-promoter contacts for changes in the 1D
signal mapping to either anchor region. The primary challenge with devising a background-
corrected APA is to handle the sparsity of Micro-C data (i.e., most small genomic bins

have an observed contact value of 0). To address this challenge, our strategy computes a
single observed and background matrix separately that represents the set of all enhancer and
promoter regions included in the analysis, and then performs a pixel-by-pixel division of the
aggregate observed and background matrices (Fig. 2A, Extended Data Fig. 5).

Computing the observed matrix—We first compute an aggregate observed matrix
that represents all enhancer-promoter pairs. To do this calculation, we take the sum

over the set of all enhancer-promoter pair matrices, leaving a single aggregate observed
matrix (represented in Extended Data Fig. 5A). For a single enhancer-promoter pair,k, we

calculated an observed contact matrix,ok:

ok =|ci)

Where Cf, is the number of contacts mapped to the th window relative to the enhancer TSS
and the jth window relative to the promoter TSS for enhancer-promoter pair k.

To make a single aggregate matrix, we take the element-wise sum of the matrices for all
enhancer-promoter pairs. The result is a single observed (obs) APA matrix that represents
the aggregate signal across all enhancer-promoter pairs (Extended Data Fig. 5A). Formally,
the computation is was completed as follows:

obs = Znep Ok

k=1
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Where ,,, the number of enhancer-promoter pairs, is restricted by the allowed genomic
distance range we defined. In figures calculating APAs within a single sample or condition,
we presented the obs matrix as heatmaps (Figs. 1D and 3B).

Computing the background matrix—Next, we compute a background matrix that
represents the aggregate signal near the enhancer-promoter anchors in the same dataset. We
compute the background matrix in two steps: (1) We compute the average 1D signal near
each enhancer and each promoter anchor, and (2) We turn the average 1D signal into a
matrix by computing the outer sum of the signal at enhancer and promoter anchors.

The motivation for this strategy is that we assume the probability of observing a signal

in window i, j of the observed matrix is proportional to the probability of observing a

read in either window i in the enhancer or window j in the promoter. Further we assume
the probabilities observing reads in window i and j are statistically independent. These
assumptions motivate the use of the sum of signals in each anchor in each window to build
the matrix, often called the outer sum, because the probability of observing a read from
either the enhancer or promoter is the sum of the two probabilities. We also considered
alternative formulations that convert 1D signal vectors into a matrix using the outer product,
instead of the outer sum. The problem with this formulation in the setup used here is that
the outer product includes terms for potential enhancer-promoter pairs that do not meet
the criteria used in our analysis, and therefore were not incorporated in the observed (e.g.,
including cases where the enhancer-promoter pair reside on different chromosomes) (see
Supplementary Note 1).

The computation of the background matrix is performed as follows:

First (step 1), we defined a vector of counts with the same length and width as the APA
matrix, bs, that represents the sum of all Micro-C paired-end tags in which at least one end
falls into that window relative to the anchor (usually the enhancer or promoter TSS), and

the other end falls between the minimum and maximum distance allowed between enhancers
and promoters in the APA. Formally, we first compute vectors that represent the aggregate
1D signal at positions i or j for enhancers or promoters, respectively. We take the mean
signal over the set of all n, enhancers or n, promoters in the dataset, as shown:

E=Y" Ein.P=Y" Pln,

These vectors are shown in the bottom right panel of Extended Data Fig. 5B. Note that we
index using x and y (instead of k) to emphasize that these reflect individual enhancers and
promoters, rather than enhancer-promoter pairs.

Second (step 2), we used vectors E and P to generate the background matrix B. We
compute the background matrix using the outer sum. Hence, the calculation of cell i, j in the
background matrix is computed as follows:

B, =E+P,
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Or, in vector notation, matrix B is defined as the outer sum of vectors E and P:

B=E@P

Note that »,, is not related to either », or n, for two reasons: first, not all enhancer-promoter
pairs are allowed by our distance requirements, and second each enhancer (or promoter) can
be paired with multiple promoters (or enhancers).

Computing background corrected APAs—We calculated the background corrected
APA matrix F by dividing observed and background matrices for each condition, as follows:

F, = 0bsuT)/B,(T)
"4 obs; (C)/B, (C)

Where T stands for the treatment condition and ¢ for the control condition.

Heuristics for choosing which enhancer-promoter pairs are included in each
analysis—The primary concern when choosing window sizes in the APA is to avoid
overlapping windows between enhancers and promoters, which would result in crossing

the diagonal of the Micro-C matrix. To avoid overlapping windows around enhancers and
promoters, we excluded enhancer-promoter pairs for which the separating genomic distance
was smaller than the total 1D size of the APA plus the maximal fragment size in the library,
which is known for Micro-C libraries due to the agarose gel purification step. For example,
for a 20kb x 20kb APA, the minimum enhancer-promoter distance should be larger than
20.3 kb. For APAs calculated at windows of 20kb around the anchors, we considered all
possible anchor pairs within a genomic distance of 25-150kb. For the high-resolution APA
with 2kb window around enhancer and promoter TSSs (Fig. 1D), we considered all possible
enhancer-promoter pairs within a genomic distance of 5-100kb.

Individual contact comparison between samples and treatments

We also devised an alternative normalization scheme which compares the number of
contacts between enhancer-promoter pairs to the local background near each enhancer
and promoter anchor. The primary goal of this alternative normalization scheme was to
assess changes in contact frequency specific to enhancer-promoter pairs, after accounting
for changes in contact frequency between the enhancer (or promoter) and flanking regions
to the second anchor. We calculated the number of contacts between each pair of anchors
(enhancer-promoter or CTCF binding sites) using a 5kb window around each anchor. As a
background, we counted the number of contacts between each anchor (in a 5kb window)
and regions 10-150 kb from the second anchor (Fig. 2C). As such, the ratio between the
anchor-to-anchor (i.e., either enhancer-promoter or CTCF-CTCF) contacts and background
contacts was calculated for each pair of anchors using the following formula:

EnP

Background normalized contacts = m
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Where E n P represents the number of contacts in which one end is mapped to a 5 kb
window around the enhancer and the other to a 5 kb region around the promoter. En P,
and P n E,, represent the number of contacts in which one end maps 5 kb from the enhancer
(or promoter) and the other maps in the background window (defined as 10-150 kb) of the
promoter (or enhancer).

These background normalized contacts are computed separately for each anchor pair and are
presented in scatterplots, box-and-whiskers plots or line plots over the NELFB degradation
and dTAG washout time course, to calculate the statistical significance of changes between
treatments and samples. To avoid the impact of noise, we analyzed only contacts that

met a minimum baseline of anchor-to-anchor contacts (at least 8 contacts per billion
contacts (CPB)) in one of the treatment conditions. Since TSS calling data (PRO-seq and
coPRO-capped) was more abundant for K562 than Jurkat, when comparing K562 and
Jurkat libraries we considered enhancer-promoter pairs with at least 8 CPB in both cell
lines, to avoid ascertainment bias. The distribution of ratios between enhancer-promoter

and background contacts in treated samples (Olaparib\TRP\FLV or dTAG treated cells)

was compared to the median ratio in the respective control samples (Figs 2D-E, 4C-D,

5B and S6A). For comparison between cell lines, enhancer-promoter contacts at promoters
with increased gene body transcription and\or Pol 11 pausing signal in one cell line, were
compared to their median at the other cell line (Figs. 3D-E and S4A,C). To calculate
Pearson’s correlation between the change in paused Pol Il and enhancer-promoter contacts
following 30 minutes of NELFB degradation, we first calculated the mean change in Pol

Il for each enhancer-promoter pair in our data. We then calculated the median change in
enhancer-promoter contacts associated with each percentile of paused Pol 1l change and
calculated the correlation between these medians and their corresponding levels of change in
pause Pol 11 density.

To avoid overlap, we had set the minimum genomic distance between anchors in each
pair to 25kb. Additionally, as many anchors can be included in the background-associated
regions flanking the second anchor, we excluded any contacts where both ends fall within
the anchor’s defined window (intra-anchor contact) from the background contacts.

Definition of CTCF binding sites

Contacts between CTCF binding sites were used as a control to determine whether the
effects of a treatment were specific to enhancer-promoter contacts. We defined pairs of
CTCF binding sites as CTCF motifs that were shown to bind CTCF based on ENCODE
ChlIP-seq data, within the same minimum and maximum allowed genomic distances as for
enhancers and promoters. We focused only on CTCF sites that show no overlap with any
dREG-defined TIR within 5kb.

Statistics and Reproducibility

Throughout the manuscript, the Two-sided Mann-Whitney U test is used for independent
samples, such as comparison of changes between different sets of genomic loci or pairs.
The two-sided Wilcoxon signed-rank test is used for paired samples, usually being the same
loci\pairs compared between samples\conditions. For assessment of trends in our data, such
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as the changes in the difference in contacts between functional and nonfunctional pairs or

assessing the effect of changes in paused Pol Il occupancy on changes in enhancer-promoter

contacts, we used Pearson’s correlation coefficient (R). The confidence intervals for the
medians throughout the manuscript were calculated using 1000 iterations of bootstrap.
Unless stated otherwise, trends for changes in enhancer-promoter contacts or contacts
between other anchors, such as CTCF binding sites, were consistent between replicates
for all experiments where bulked data is presented. For Micro-C data, this includes six
biological replicates for K562, two for Jurkat and two biological replicates with two
technical replicates each for the different time points of the NELF-B dTAG experiments.

For differences between functional and non-functional pairs, the median functional
difference presented was calculated with 1000 bootstrapping of the functional and
nonfunctional pairs where for each iteration the aggregated signals for functional and
nonfunctional pairs were divided by the number of functional (245) and high-confidence
nonfunctional (232) pairs, respectively, and multiplied by a factor of 1000 (Fig. 2E-G).
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Extended Data Figure 1. Details for the comparison between functional and nonfunctional
enhancer-promoter pairs.

(A) Schematic representation of the LOWESS-based normalization for enhancer-promoter
contacts. (B) Box and dot plots, similar to Fig. 1B, comparing the observed contact
frequency relative to expected by a local distance-decay function of the validated functional
enhancers in the MYC locus (functional pairs) compared to the rest of the dREG-detected
TIRs in the TAD (nonfunctional pairs) with the MYC promoter. Here we divided the
CRISPRI-tested TIRs to those that fall within the first 0.5Mb (near, functional: n=4,
nonfunctional: n=27) or beyond 1.5Mb (far, functional: n=3, nonfunctional: n=12) within
the TAD. For both boxplots, boxes show the median, and 25-75 inter quartile range

(IQR) and the maximum length of the whiskers is 1.5 IQR. Two-sided Mann-Whitney
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p-values are indicated. (C) Violin plots comparing contact levels relative to expected by local
distance-decay function of functional versus the nonfunctional enhancer-promoter pairs in
the genome, before matching for enhancer-promoter distance, accessibility or target gene
expression. On the left column, the results are based on dREG CRISPRi-targeted TIRs33
either before (top) and after (bottom) excluding pairs that do not fall into the same mega-
haplotype (MH) or fall within known structural variants (SVs) in K562 cells8. The middle
violin plot shows the same as the top-left one, but using data from a different CRISPRi
dataset!4. The two violin plots on the right show the same as the two on the left, using

the same CRISPRI dataset33, but centering on H3K27ac overlapping ATAC-peaks instead
of TIRs. Two-sided Mann-Whitney p-values are indicated. (D) Venn diagram showing the
overlap between H3K27ac+ ATAC-peaks (H3K27ac)- and dREG TIRs-defined enhancers
tested by CRISPRi in33.
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Histograms demonstrating the distribution of functional and high-confidence nonfunctional
enhancer-promoter pairs in terms of enhancer-promoter genomic distance (top), accessibility
by mean ATAC-seq signal (middle) and PRO-seq target gene transcription signal in reads per
kilobase per million reads (RPKM) (bottom), after matching for these possible confounding

factors.
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Extended Data Figure 3. Functional constituent enhancerswithin super enhancersinteract more
with thetarget promoter.

(A-B) Violin plots comparing contact levels relative to expected by local distance-decay
function of functional versus the nonfunctional enhancer-promoter pairs in the genome,
where the enhancers are mapped within (A) or outside (B) K562 defined super enhancers®’.
Two-sided Mann-Whitney p-values are indicated (C) Dot plot shows the log2 distribution of
local genomic distance-normalized contact frequency between CRISPRi-defined functional
constituent enhancers within 16 super enhancers compared to other constituent enhancers
within these super enhancers. The dashed lines connect data points representing the median
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values of the same super enhancer. Two-sided Wilcoxon paired-test p-values is shown. (D)
Dot plot shows the log2 distribution of local genomic distance-normalized contact frequency
between CRISPRi-defined high-confidence nonfunctional constituent enhancers within 15
super enhancers compared to other constituent enhancers within these super enhancers.

The dashed lines connect data points representing the median values of the same super
enhancer. Two-sided Wilcoxon paired-test p-values is shown. (E) Violin plot shows the
distribution of the ratios between the functional constituent enhancers to other constituent
enhancers in the same super enhancer (yellow) and between high-confidence nonfunctional
constituent enhancers to other constituent enhancers in the same super enhancer. Two-sided
Mann-Whitney p-value is indicated.
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Extended Data Figure 4. Micro-C 1D signal near T SSs genome-wide.
One dimensional contact signal for intra-chromosomal contacts with both sides having

mapping quality (mapq) = 30. Total median signal was smoothed using a sliding window of
100bp. Shown are signals around promoter TSSs (orange), enhancer TSSs (purple) and all
TSSs genome-wide (black).
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Extended Data Figure 5. Elabor ated schematic representation of the APA method used to
calculate 1D background-normalized changesin contacts between samples.

(A) To calculate the observed change in contacts, a matrix of contacts between each
enhancer-promoter pair within the limited defined genomic distance range was calculated
and then all of these matrices were summed to obtain the observed aggregated matrix.

To get the obs the sequencing depth-normalized aggregated matrices were divided by the
control matrix. Shown are also the depth-normalized aggregated matrices for the DMSO
control, TRP- and FLV-treated mESCs, as well as the obs matrices for both treatments. (B)
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To calculate the 1D signal background matrices we calculated the average of 1D Micro-C
signal vectors across cells around enhancers and promoters. Line plot representations of
these vectors at 20 kb windows around enhancers and promoters, across cells of 200 bp are
shown for both treatment conditions and DMSO control. The 1D background change matrix,
B, was calculated by dividing the 1D signal background matrix of each treatment by the
control. The 1D background matrices for both treatments and control samples as well as the
matrices B for both treatments in mESCs are shown.
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Extended Data Figure 6. Genomic distance has little effect on the shape of enhancer-promoter
contactsfold change.

Matrices showing the observed fold-change (A) the 1D background signal fold change

(B) and the 1D background-normalized enhancer-promoter fold change (C) following TRP
and FLV treatment compared to the DMSO control at distance ranges starting at 25-50kb
(leftmost column) and ending at 125-150kb (rightmost column). (D) Matrix showing the 1D
background-normalized fold change of contacts between CTCF bound motifs following TRP
and FLV treatments, compared with the DMSO control.
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Extended Data Figure 7. Changesin enhancer-promoter contacts at the Pou5f1 locus following
transcriptional inhibition.

Virtual 4C signal showing Micro-C signal associated with Pou5f1 promoter from a ~1.3
billion contacts library of untreated mESC, as well as the FLV and TRP treated mESCs
(~400 million contacts each). Shown are also GRO-seq and ATAC-seq signals. Two
regulatory elements shown to induce Pou5f1 gene expression®3 are shown in green and

the relative contacts between these regulatory elements and the Pou5f1 promoter, relative to
the untreated control, in each treatment are shown in the associated bar plots. The position of
the anchor for the virtual 4C is shown.
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Extended Data Figure 8. Distribution of fold changein gene body transcription for K562 and
Jurkat upregulated genes.

(A) Scatterplots where each dot represents a single enhancer-promoter pair where the
promoter was associated with higher gene body transcription (top, n=4,071) and pausing
signal (bottom, n=502) at Jurkat T cells compared to K562. The dots are colored

based on the density of dots relative to their coordinates. The associated boxplots show
the distribution of enhancer-promoter contacts relative to local background in both cell
types, relative to the median ratio in K562. (*** Two-sided Wilcoxon signed-rank test
p-value < 1X107100), (B) Boxplots showing the distributions of fold change in gene body
signal in genes with no associated paused Pol Il change (NPC, K562>Jurkat: n=173,
Jurkat>K562: n=64) and associated significant paused Pol Il change (PC, K562>Jurkat:
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n=167, Jurkat>K562: n=43) (“ns” - Two-sided Mann-Whitney p-value > 0.5). (C) Boxplot
depicting the relative increase of enhancer-promoter contacts associated with promoters
of genes with upregulated gene body transcription in Jurkat T-cells with a corresponding
significant increase in pausing signal (pause change — PC, n=43) and without a change in
pausing signal (no pause change — NPC, n=64) (** Two-sided Mann-Whitney p-value <
1X10710). For all boxplots, boxes show the median, and 25-75 inter quartile range (IQR)
and the maximum length of the whiskers is 1.5 IQR.
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Extended Data Figure 9. Changesin enhance-promoter contacts architecture following NEL FB
depletion.
(A) APA heatmaps of the 1D change-normalized contact change (log2) between enhancer

and promoter regions at 20kb around TSSs. Pixel size is 200 bp square. The APA heatmaps
are oriented such that the gene TSS points to the right and the dominant TSS of the enhancer
points upwards. (B) Line plot of the median fold changes at the dot (blue), stripes (red) and
edges (gray) relative to T=0 at the different time points of dTAG treatments and following
dTAG washout.
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Extended Data Figure 10. Changesin ZRS-Shh contacts following NEL FB depletion.
Micro-C contact maps in 10kb resolution along with the associated virtual 4C signal and

PRO-seq signal in mESCs not treated (top) or treated (bottom) with the dTAG ligand for 30
minutes to degrade NELFB. The positions of the ZRS enhancer and the Sh/ promoter are
indicated in red rectangles.
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Figure 1. Micro-C contacts are enriched in functional enhancer-promoter pairs.
(A) Genome browser tracks showing Micro-C contact maps, CRISPRi-associated changes in

cell viability34, dREG-defined TIRs and input PRO-seq signal38, H3K4me2, H3K27ac8 and
CTCFB83 ChIP-seq signal and a 2D representation (virtual 4C) of Micro-C contacts with the
MYC promoter. Blue arrows point to regions in the contacts map representing interaction
between the seven CRISPRi-validated MY C enhancers and the MY C promoter (B) Box
and dot plot comparing the observed contact frequency relative to expected by a local
distance-decay function of the seven MY C enhancers (functional pairs, n=7) compared to
other TIRs in the TAD (nonfunctional pairs, n=52) with the M YC promoter. Boxplots boxes
show the median, and 25-75 inter quartile range (IQR) and the maximum length of the
whiskers is 1.5 IQR. A two-sided Mann-Whitney U test P-value is indicated. (C) Violin-plot
comparing contactss relative to expected by a local distance-decay function of functional
and nonfunctional enhancer-promoter pairs in the genome32, matched for genomic distance,
accessibility and target gene expression distributions. A two-sided Mann-Whitney U test
P-value is indicated. (D) An APA for enhancer-promoter contacts at 2kb around the TSSs,
oriented such that the gene TSS points to the right and the dominant TSS of the enhancer
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points upwards. Pixel size is 20bp square(E) APA representing the differences in contacts
between functional and nonfunctional pairs based on CRISPRi, 33 oriented such that the
gene TSS points to the right and the dominant TSS of the enhancer points upwards. The
APA represents smoothed differences in contacts between functional and nonfunctional
enhancer-promoter pairs at a region of 20kb around the TSS with original pixel size of
100bp square. (F) A 3D representation of the APA from (E). (G) Blue - dot and error

plot showing the median aggregated difference between the 245 functional and 232 high-
confidence nonfunctional enhancer-promoter pairs (dot), and associated 95% confidence
interval of that median in enhancer-promoter contacts of the +1 and +2 nucleosomes (400bp
downstream to the TSS). Black - one dimensional contact signal downstream to enhancers
and promoters. Total median signal was smoothed using a sliding window of 100bp.
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Figure 2. Enhancer-promoter contacts depend on active transcription.
(A) Schematic representation of the strategy used to compute APAs comparing between

different conditions. The observes (solid arcs) and background (dashed arcs) contacts
associated with the /~th bin relative to the enhancer TSS and the /th bin relative to the
promoter TSS are denoted as O and B, respectively. See also Extended Data Fig. 5 for

an elaborated explanation of the method. (B) APA heatmap representation of the log2 fold
change in normalized contacts compared to DMSO control for mESCs treated with FLV

or TRP. The APA heatmap is oriented such that the gene TSS points to the right and the
dominant TSS of the enhancer points upwards, as denoted by the red and blue arrows. (C)
Schematic representation of ratio calculation between enhancer-promoter contacts (O, solid
arcs) and background (B, dashed arcs) contacts. (D) Scatterplot comparing the enhancer-
promoter contacts over background ratio between FLV-treated (top) or TRP-treated (bottom)
and DMSO-treated (control) mESCs. The dots are colored based on the density of dots
relative to their coordinates. The numbers of pairs in which the ratio was higher in FLV (top)
or DMSO control (bottom) are indicated. Boxplots show the ratio distribution relative to the
median DMSO control ratio (n=110,815 enhancer-promoter pairs). (*** Two-sided Mann-
Whitney p-value < 1X107100) (E) Boxplots showing the ratio distribution relative to the
median DMSO control ratio for enhancer-promoter pairs (n=110,815) and transcriptionally
inactive bound CTCF motifs (*** Two-sided Mann-Whitney p-value < 1X107190), (F)
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Boxplots quantify the normalized contact changes at the dot (n=100 matrix pixels), the
different stripes (n=400 matrix pixels each) and the edges (n=3,200 matrix pixels) of the
APA change matrices in each of the TRP and FLV treatments shown in panel B (***
Two-sided Wilcoxon signed-rank test p-value < 1X107190), For all boxplots, boxes show the
median, and 2575 inter quartile range (IQR) and the maximum length of the whiskers is 1.5

IQR.
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Figure 3. Changesin Pol Il pausing and gene body density correlate with enhancer-promoter
contacts.

(A) Schematic representation of gene transcription from initiation, pausing and productive
elongation at the gene body. The definitions for the PRO-seq signal at the pause peak and
gene body, as well as the calculated pausing index for this analysis, are illustrated. (B)

APA heatmaps show enhancer-promoter contacts associated with promoters of four gene
body transcription (left), pausing index (middle) and pause peak signal (right) quartiles.
Bar-plots demonstrate the ratios between the dot- and stripe-associated contacts. All APAs
are centered on the max transcription start site of the gene (x-axis) and enhancer (y-axis)
and are oriented so that the primary TSS points to the right (gene) or upwards (enhancer), as
denoted by the red and blue arrows. (C) Genome-browser shot of a 1.1Mb region containing
the 70X and NSMAF genes. The Micro-C contact map pixel size is 10kb. Arrows indicate
differential contacts associated with differential transcriptional activity in K56238 and Jurkat
T-cells3®. (D) Scatterplots where each dot represents a single enhancer-promoter pair where
the promoter was associated with higher gene body transcription (top, n=7,505) and pausing
signal (bottom, n=923) at K562 compared to Jurkat T cells. The numbers of pairs in which
the ratio was higher in K562 (upper number) or Jurkat (lower number) are indicated. The
dots are colored based on the density of dots relative to their coordinates. The associated
boxplots show the distribution of enhancer-promoter contacts relative to local background in
both cell types, relative to the median ratio in Jurkat. (*** Two-sided Wilcoxon signed-rank
test p-value < 1X107199), (E) Boxplot shows the relative increase of enhancer-promoter
contacts associated with promoters of genes with upregulated gene body transcription in
K562 and with a corresponding significant increase in pausing signal (pause change —
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PC, n=167) or without a change in pausing signal (no pause change — NPC, n=173) (***
Two-sided Mann-Whitney p-value < 1X107190). For all boxplots, boxes show the median,
and 25-75 inter quartile range (IQR) and the maximum length of the whiskers is 1.5 IQR.
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Figure 4. NELFB depletion and recovery correlateswith changesin enhancer-promoter contacts.
(A) Hlustration of the NELFB-dTAG system and the corresponding effect on the NELF

complex. Following NELFB depletion with dTAG, the NELF complex dissociates and is

no longer found bound to chromatin8* (B) Heatmaps showing PRO-seq signal in untreated
(control) mESCs (left) and 30—60min of treatment with dTAG as well as the fold-change

in PRO-seq signal following 30 minutes of dTAG treatment and after 60 minutes of dTAG
treatment near TSSs and the fold change in PRO-seq signal at 30 minutes and 60 minutes of
dTAG treatment compared to untreated control and at 60 minutes compared to 30 minutes
of dTAG treatment. (C) A line plot showing the median enhancer-promoter contacts over
background ratio change relative to the untreated (T=0) control. Gray shadow represents
the 95% confidence interval for the median, based on 1000 bootstrap iterations. (D) Dot
and error plot demonstrating the median contact change and the 95% confidence interval

of the median based on 1000 bootstrap iterations, after 60 minutes of NELFB depletion,

for enhancer-promoter (purple) and transcriptionally inactive bound CTCF motif contacts in
mESCs (gray).
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Pol Il dynamics influence enhancer-promoter interactions
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Figure 5. Updated model integrating Pol |1 dynamicsinto enhancer-promoter interactions.
Cartoon depicts our updated model in which enhancers come into close contact with the

target promoter during a transcriptional burst. We propose that the rate of initiation and
productive elongation increases the mobility of enhancers and promoters in the nuclear
space®, and hence can increase the rate of their entanglement or contact frequency. Paused
Pol I, which is stable on DNA for long durations, may tether TIRs into a hub for longer
durations, providing more stable enhancer-promoter interactions at highly paused genes. In
the key, TAPs denotes transcription associated proteins such as transcription factors and
co-activations; CTD denotes the C-terminal domain of Pol Il; Ser5p, Ser2p represent serine
5 and serine 2 phosphorylation on the Pol 11 CTD.
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