Cell Genomics

Long-range enhancer-controlled genes are
hypersensitive to regulatory factor perturbations

Graphical abstract

Distance-controlled Endogenous enhancer-promoter predictions
enhancer reporter screens

Short-range No enhancer Shi—fange Long-rangL ‘
[ENH [ENH/ ENH.

Long-range * (nascent)

(Acute) factor depletion RNA-seq

ENH * —

Effect on enhancer categories

? ? ?
w $ fiss ssiew  [w  ew
Factor depletion Expression impact

CRISPRI

screens Short-range Long-range
[ENH i [ENH

@ @ Cohesin t ‘

Compare

effects
Mediator ¢ ‘
5
i Other factors ¢ ‘
S (] l
< o
]
§ ® Corrected for
down Shortrange  up enhancer binding
Highlights

Reporter screens identify factors specific for long-range gene
activation

Impact of factor depletion on enhancer-distance-stratified
endogenous genes

Cohesin has long-range specific effect; mediator behaves
long-range biased

Distal enhancer-connected genes are hypersensitive to
regulatory perturbations

Tjalsma et al., 2025, Cell Genomics 5, 100778

https://doi.org/10.1016/j.xgen.2025.100778

March 12, 2025 © 2025 The Author(s). Published by Elsevier Inc.

Authors

Sjoerd J.D. Tjalsma, Niels J. Rinzema,
Marjon J.A.M. Verstegen, ...,

Mauro J. Muraro, Peter H.L. Krijger,
Wouter de Laat

Correspondence
w.l.delaat@umcutrecht.nl

In brief

Tjalsma et al. employ distance-controlled
enhancer reporter screens, acute factor
depletion, and computational predictions
to reveal how cohesin, mediator, and
other factors govern distal enhancer-
driven gene activation. Their findings
show that genes contacting distal
enhancers are sensitized to the disruption
of regulatory factors.

¢? CellPress


mailto:w.l.delaat@umcutrecht.nl
https://doi.org/10.1016/j.xgen.2025.100778
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xgen.2025.100778&domain=pdf

Cell Genomics ¢? CellP’ress

OPEN ACCESS

Long-range enhancer-controlled genes
are hypersensitive to regulatory
factor perturbations

Sjoerd J.D. Tjalsma,’ Niels J. Rinzema,' Marjon J.A.M. Verstegen,’ Michelle J. Robers,’ Andrea Nieto-Aliseda,’
Richard A. Gremmen,’ Amin Allahyar,’ Mauro J. Muraro,? Peter H.L. Krijger," and Wouter de Laat'-3*

1Oncode Institute, Hubrecht Institute-KNAW and University Medical Center Utrecht, Utrecht, the Netherlands

2Single Cell Discoveries, Utrecht, the Netherlands

3Lead contact

*Correspondence: w.l.delaat@umcutrecht.nl

https://doi.org/10.1016/j.xgen.2025.100778

SUMMARY

Cell-type-specific gene activation is regulated by enhancers, sometimes located at large genomic distances
from target gene promoters. Whether distal enhancers require specific factors to orchestrate gene regulation
remains unclear. Here, we used enhancer distance-controlled reporter screens to find candidate factors. We
depleted them and employed activity-by-contact predictions to genome-wide classify genes based on
enhancer distance. Predicted distal enhancers typically control tissue-restricted genes and often are strong
enhancers. We find cohesin, but also mediator, most specifically required for long-range activation, with co-
hesin repressing short-range gene activation and prioritizing distal over proximal HBB genes competing for
shared enhancers. Long-range controlled genes are also most sensitive to perturbations of other regulatory
proteins and to BET inhibitor JQ1, this being more a consequence of their distinct enhancer features than dis-
tance. Our work predicts that lengthening of intervening sequences can help limit the expression of target

genes to specialized cells with optimal trans-factor environments.

INTRODUCTION

Transcription regulation is a complex process where the integra-
tion of multiple regulatory layers ensures correct tuning of gene
expression.’ The activation of specific genes is coordinated in
a spatiotemporal manner by cis-regulatory elements called en-
hancers.” These non-coding sequences in the genome typically
act in a cell-type-specific manner. They recruit tissue-specific
transcription factors (TFs) and general cofactors, such as the
mediator complex, that support the loading and activation of
RNA polymerase Il (RNAPII) on target promoters of cell-type-
specific genes.** Although many enhancers are located in close
linear proximity to their target gene, enhancer-promoter (E-P)
combinations that are separated by long stretches of non-cod-
ing DNA are also well documented.® Distance between regulato-
ry elements seems associated with biological complexity. For
example, bacteria®’ and yeast cells® contain upstream acti-
vating sequences (UASs) maximally separated by a few hundred
base pairs, while Drosophila melanogaster and mammalian en-
hancers reach distances to their target promoters of, respec-
tively, tens to hundreds of kilobases.” "' The exact reason for
the sometimes substantial linear separation of regulatory ele-
ments in the mammalian genome remains unclear, as does the
precise orchestration of their communication. A major aspect
of enhancer-mediated gene activation concerns the three-
dimensional organization of the genome. In many cases, phys-

ical interactions between distal enhancers and promoters are
coupled to gene activity.®'? Therefore, understanding the inter-
play among genome organization, the connection of distal regu-
latory elements, and the associated transcriptional output is
highly relevant for understanding how cells activate and maintain
specific gene expression programs.

During interphase, the multi-protein cohesin complex orga-
nizes genome folding via a process called loop extrusion. Cohe-
sin forms and extrudes loops when loaded onto DNA, '® a process
that is constrained by CCCTC-binding factor (CTCF) binding at
convergently oriented sites.'*'® CTCF sites typically demarcate
domains showing preferential self-interactions, or topologically
associating domains (TADs).'®"” Cohesin-mediated loop extru-
sion is highly dynamic,’®?° and cohesin removal from cells
rapidly results in severe disruption of chromosome folding,?"
especially at the level of CTCF boundaries.?”?® Enhancers and
target genes typically localize in the same TAD,** and CTCF-
bound TAD boundaries serve to insulate genes from enhancers
located in neighboring TADs.?* Therefore, ongoing chromatin
loop formation within TADs mediated by cohesin provides an
attractive model to explain how linearly separated regulatory ele-
ments are able to contact and functionally communicate. How
cohesin function relates to transcription regulation therefore
has been heavily scrutinized in recent years, but it is not yet fully
resolved. It has been documented at selected loci that the local
manipulation of CTCF sites and loop extrusion can perturb
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gene expression”®® and that, in particular settings, this has the

capacity to drive disease®>?° or cause developmental defects.*°
However, transcriptional activity of the majority of genes seems
insensitive to global disruption of either cohesin or CTCF,?"2%"
questioning the importance of loop extrusion and contact do-
mains for gene regulation. Although a growing collection of
defined E-P links has been studied in great depth, one reason it
has remained difficult to dissect the interplay between genome
organization and transcription and define factors supporting
long-range gene activation is the complexity of linking enhancers
to their cognate promoter. Using systems to vary the genomic
distance between selected E-P pairs known to functionally
interact, we and others have recently shown that their increased
linear separation negatively impacts transcriptional output.
Increased enhancer distance also creates a dependence on co-
hesin for enhancer-mediated gene activation.***>%*

Here, we used our K562 cell lines with an enhancer at varying
distances from a reporter gene, to search for trans-acting factors
specifically supporting long-range enhancer-mediated gene
activation. Using CRISPR interference (CRISPRI) screens in the
different cell lines, we identify various cohesin components that
are uniquely necessary for long-range, but obsolete for (even hin-
dering) short-range, controlled reporter gene activation. Many
mediator components appear unique in being long-range biased,
having a measurable impact across all enhancer distances, but
having a stronger impact on the long-range controlled reporter
genes. To extrapolate these reporter gene-based observations
to the regulation of endogenous genes, we used activity-by-con-
tact predictions on functional E-P pairs in human K562 cells to
classify genes as short-, mid-, or long-range enhancer-controlled
genes or enhancer-independent genes. RNA sequencing (RNA-
seq) in CRISPRi-depleted cells, as well as nascent RNA-seq
following acute cohesin depletion, confirmed genome-wide
that cohesin is particularly required for long-range enhancer-
controlled gene expression, but that it hindered short-range
enhancer-controlled gene activity. Furthermore, we show that
long-range enhancer-connected genes are the most sensitive
genes to various enhancer-targeting perturbations.

RESULTS

Screening for factors involved in long-range enhancer-
mediated gene activation

To search for trans-acting factors that specifically support long-
range enhancer-mediated gene activation, we utilized previ-
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ously described K562 cell lines with a GFP reporter gene driven
by the HBB-like HBG1 promoter.*? The reporter gene was inte-
grated in a repressive chromatin domain and relied for expres-
sion on the presence of the locus control region (uLCR), a
compact version of the HBB super-enhancer, which was inte-
grated at varying distances (0-50-100 kb) from the reporter
gene. Besides the three published cell lines EO, E100, and
EC100, the latter having three strong CTCF binding sites in-
serted immediately downstream of—and oriented toward—
the E100, we included a new cell line (E50) that had the
uLCR integrated 50 kb away on the other side (downstream)
of the reporter gene, to also test whether we could identify
orientation-specific regulatory factors (Figure 1A). In each of
these cell lines, we performed a CRISPRi screen with a
custom-made single-guide RNA (sgRNA) library composed of
~18,000 sgRNAs targeting 3,200 nuclear protein-encoding
genes (5 sgRNAs per transcription start site [TSS], plus 624
non-targeting sgRNAs). After library transduction, we isolated
the top and bottom 10% GFP-expressing cells and calculated
the enrichment of sgRNAs in the low versus high GFP popula-
tions, to analyze per cell line the impact of each factor on re-
porter gene expression (Figure 1B).

Despite the inherent experimental limitations of screens (one
will miss factors if they are essential for cell survival, or if guides
fail to target or silence a gene), they identified a large number of
factors that were required for HBG gene expression in all four re-
porter cell lines, including many expected factors. For example,
a control sgRNA against the HBG promoter driving GFP reporter
expression was strongly enriched in all low GFP cell populations
and depleted from cells with high GFP (Figure S1A). The same
was true for sgRNAs targeting different RNAPII subunits and
mediator components, as well as the splicing factor 3 (SF3)
and small nuclear ribonucleoprotein particle (SnRNP) splicing
complexes (shown to impact transcription of intron-less
genes® % Figures 1C and S1B-S1D). Among the factors with
the strongest effect on reporter expression were WDR5, which
associates with and is required for H3K4 methylation,®” as well
as the erythroid-specific TFs GATA1 and KLF1, which are known
to bind to both the enhancer and the HBG promoter and to regu-
late HBG gene expression.®®*° Noteworthy, besides activators,
we identified factors that acted as repressors, since their knock-
down reproducibly led to increased reporter gene expression.
Among them were components of the Tip60-p400 complex
(also known as the NuA4 histone acetyltransferase complex),
a transcriptional repressor complex harboring the DNA

Figure 1. Distance-controlled reporter screens in K562 cells

(A) K562 cell lines used in this study. Promoter and enhancer elements were introduced with a GFP reporter in an inactive locus in the K562 genome.*”

(B) Experimental setup of CRISPRi screens. Reporter cell lines expressing dCas9-KRAB were transduced with an sgRNA library targeting the TSSs of genes of
interest. After selection, reporter lines were sorted for the 10% lowest and highest GFP signals, followed by sequencing. Five sgRNAs per target TSS were used.
(C) Ranking plots of enrichment scores of the different reporters. Scores were determined by subtracting the MAGeCK beta score of the GFP-high population
from that of the GFP-low population per reporter line.

(D) Scatterplots of enrichment scores, normalized to an sgRNA directly targeting the HBG-GFP promoter. The scores in the EO reporter were compared to the E50
(top left), E100 (top right), EC100 (bottom left), or the average of the scores in the E50, E100, and EC100 (average distal, bottom right).

(E) Ranking plot comparing the average distal enrichment score with the EO score for factors affecting distal reporter expression. Factors with a normalized score
of <—0.1in at least one distal gate were compared. Their average distal score was subtracted from the score in EO and factors were ranked on this value.
(F) Single-guide validation of screen results. Values plotted are the fold change (FC) of a specific sgRNA compared to the average of two control sgRNAs. n = 1 per
knockdown.

See also Figure S1 and Tables S1 and S2.
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methyltransferase DMAP1“? (Figure S1E), and both components
of the chromatin assembly factor complex CAF-1, previously
implicated in safeguarding cell identity through the suppression
of enhancers.”"**? Thus, each of the screens successfully identi-
fied many factors with anticipated impact on reporter gene
transcription.

To uncover candidate factors with specific impact on long-
range enhancer-mediated gene activation, we compared the
sgRNA enrichment scores of, respectively, E50, E100, and
EC100, or the average of these three distal reporters, with those
of the EOQ cell line (Figures 1D, 1E, and S1F). To account for dif-
ferences in effect sizes between the cell lines, likely due to the
range of reporter GFP levels, we normalized gRNA scores by
the enrichment of the HBG TSS gRNA directly targeting the
reporter. Four core components of the cohesin complex
(SMC1A, SMC3, RAD21, and STAG2) stood out as being exclu-
sively required for long-range enhancer activation in E50, E100,
and EC100. In fact, all four factors had an opposite, inhibitory
effect on reporter gene expression in EO. Additionally, we
observed that there were factors that affected E-P communica-
tion over all distance ranges, but with an apparent stronger effect
on the long-range controlled reporters (Figure 1D). This was
particularly true for the many components of the mediator com-
plex (Figures 1E and S1F, green).

For validation, we performed a series of CRISPRi knockdown
experiments, targeting many of these factors individually in all
four cell lines. For all tested factors, the reporter genes re-
sponded as predicted from the screen results (Figure 1F).
Thus, the reporter was upregulated in EO and downregulated in
E50, E100, and EC100 upon knockdown of the core cohesin
components SMC1A, SMC3, and RAD21, and upon depletion
of MAU2, a cohesin loading and processivity factor. A similarly
long-range specific, but milder, transcriptional response was
observed following the depletion of STAG2, another core cohe-
sin component. Following the knockdown of eight different
mediator components, the general trend was that wild-type
mediator levels were more important for the longer-range E-P re-
porters. Targeted knockdown of the tissue-specific TFs TAL1,
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LDB1, KLF1, and GATA1 and of a series of more general factors
known to act on enhancers and/or promoters, caused reporter
gene downregulation in all four configurations but without a
clear bias toward a more short- or long-range configuration
(Figure 1F).

We concluded that our screens reliably identified factors with
general and distance-dependent impact on the four E-P reporter
configurations. The cohesin complex uniquely stood out as long-
range specific, while mediator components showed a long-
range biased impact on reporter gene expression.

Cohesin is specifically required for genes controlled by
distal enhancers

The screens employed CRISPRI depletion of factors, measuring
transcriptional responses 6 days after initiating protein deple-
tion, which may give rise to confounding indirect effects that in-
fluence results. To better enable studying the direct contribution
of cohesin, we generated an AID2 degron cell line for its subunit
RAD21 in the EC100 reporter line (Figure S2A). As described,**
addition of 5-Ph-IAA (hereafter, 1AA) to the medium induced
rapid degradation of RAD21 (Figure 2A). As expected, it also
caused reduction of EC100 reporter expression (Figure 2B).
4C-seq showed that this was accompanied by a rapid collapse
of long-range chromatin contacts in the reporter locus
(Figure S2B).

To measure the effect of acute perturbation of cohesin levels
on transcription in the genome, we performed nascent RNA-
seq (bromouridine [BrU]-seq) after 4 h of RAD21 depletion. In
our reporter experiments based on HBB gene regulatory ele-
ments, we observed that cohesin supported expression only
when the enhancer was located at a distance. Interestingly, we
found a similar impact of cohesin on gene regulation at the
endogenous HBB locus. K562 cells express the embryonic
(HBET) and fetal (HBG1/HBG2) HBB-like genes, which are acti-
vated by the LCR, but with HBE1 being located more proximal
to the LCR than the HBG genes. After acute depletion of
RAD21, we observed that the distal HBG1/HBG2 genes were
downregulated, while proximal HBE1 expression was increased

Figure 2. RAD21 controls expression of genes connected to long-range enhancers

(A) Generation and validation of RAD21-AID line in K562 EC100 reporter cells. Top: schematic of AID targeting strategy. Bottom: western blot validation of acute
RAD21 depletion, one representative clone. n = 2 clonal cell lines were used for all degron experiments.

(B) FACS measurement of reporter GFP after RAD21 depletion, normalized to DMSO. Parental EC100 was used as a control to exclude the effect of IAA ligand on

reporter after 24 h of treatment.

(C) Effect of RAD21 depletion on endogenous HBB genes plotted as FC. Error bars represent standard error.

Wald test.
(D) Categorization of enhancer genes based on ENCODE-rE2G model.

Hok

p < 0.001, false discovery rate (FDR)-adjusted

(E) Fraction of genes per category that was designated ubiquitously expressed in E2G dataset.
(F) BrU-seq after 4 h of acute RAD21 depletion. Only genes categorized as in (D) are plotted. Y axis depicts log2FC after RAD21 depletion; x axis depicts counts at

baseline expression (DEseq2 baseMean).

(G) Proportion of genes per category that was found downregulated (log2FC < —0.8, FDR <0.05) or unaffected (—0.2 < log2FC < 0.2) by RAD21 depletion.
(H) Cumulative distribution curves of log2FCs of enhancer-categorized genes after RAD21 depletion.

(1) Violin plots of log2FCs per enhancer category after RAD21 depletion.

(J) Examples of long-range connected genes affected by RAD21 depletion. In red arcs, long-range E2G links with an E2G score > 0.8. Dotted line represents the

location of the TSS of MYC and LMO2.

(K) Log2FC per category. Within each group, outside CCD links were compared to inside CCD links.

(L) EP300 levels on long-range enhancers connected to unaffected or downregulated genes after RAD21 depletion.

(M) Log2FC per enhancer category, separated on the enhancers being in the lowest or highest 25% of EP300-enhancer levels. Enhancer-regulated groups were
compared to no-enhancer genes. Only the p value for the group significantly downregulated compared to no-enhancer genes is displayed.

For (l) and (K)~(M), p values determined with two-sided Wilcoxon rank-sum test. ns, non-significant; *p < 0.05; *p < 0.01; ***p < 0.001. See also Figures S2-54.
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(Figure 2C). This supported the idea that cohesin helps en-
hancers to act over a distance and showed that cohesin itself
has no impact on the intrinsic activity of enhancers.

To study the impact of cohesin and other factors on the regu-
lation of endogenous enhancer-controlled genes in the genome,
we aimed to define long- and short-range enhancer-controlled
genes in K562 cells. For this, we employed the latest version
of the activity-by-contact (ABC) model,** called ENCODE-
rE2G (enhancer-to-gene), hereafter referred to as E2G model."®
This model has been trained by machine learning on ENCODE
data to combine epigenomics data like enhancer activity and
accessibility marks (“activity”) with Hi-C E-P contact fre-
quencies (“contact”), to quantify E-P links. E-P pairs thereby
receive an E2G score ranging from 0 to 1, being a predictive
measure for the regulatory relevance of an E-P pair. Performance
of the E2G model was extensively benchmarked on multiple
large datasets of functionally validated E-P pairs, providing
remarkable accuracy, obtaining an area under the precision
recall curve of 0.76, with 70% precision at 70% recall.'®

We used E2G predicted functional E-P pairs in K562 cells to
distinguish four categories of expressed genes (Figure 2D). First
are the promoter-autonomously expressed genes (n = 2,790),
which are genes without a link to an enhancer with an E2G score
> 0.3. Second and third are the short-range (n = 285) and mid-
range (n = 209) controlled genes, which are genes linked to an
enhancer with E2G > 0.8 at, respectively, 2-10 kb (short) or
10-40 kb (mid) from the promoter and without having links with
E2G >0.3 to more distal enhancers. The fourth category was
defined as long-range controlled genes, which are genes
(n = 474) that had a link to at least one enhancer (E2G > 0.8)
at a distance between 50 and 500 kb from the promoter (Fig-
ure 2D). Genes that did not specifically fit one of these categories
(e.g., genes contacting multiple enhancers with lower E2G
scores and at variable distances) were considered ambiguous
and therefore ignored.

We analyzed these gene categories in more depth. Approxi-
mately half of the promotor-autonomously expressed genes
were ubiquitously expressed, while the enhancer-contacting
genes were increasingly more tissue restricted the farther
they were separated from their enhancer (Figure 2E). We then
considered a large series of enhancer and promoter features
that were provided in the E2G dataset for all E-P pairs,
including their promoter and enhancer activity, their
H3K27Ac, DNase, or EP300 signal and other features.'® Based
on this information, long-range controlled genes appeared to
have weaker promoters than short-range controlled genes,
but they were connected to stronger enhancers, with higher
EP300 and H3K27Ac levels and higher DNase signal (Figure S3).
This aligns well with a recent study showing that intrinsic
enhancer strength is critical for them to activate genes over
larger distances.*®

Intersecting the four gene categories with the genes found
downregulated upon acute RAD21 depletion revealed that
the long-range enhancer-controlled genes were highly en-
riched among the RAD21 target genes (Figures 2F-2H). This
was also the only category that was collectively downregu-
lated after RAD21 depletion (Figure 2I). As examples, MYC,
LMQO2, and MS4A3 were among the long-range defined genes
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that were found downregulated upon cohesin depletion (Fig-
ure 2J). The effect on their expression was associated with a
loss in domain structure and reduction in E-P interactions
(Figures S2C-S2E).

For short-range genes, we observed the opposite: acute
RAD21 depletion caused a significant increase in their gene
expression as compared to other categories of genes (Figure 21),
confirming our observations in the reporter cell lines (Figures 1D
and 2C*).

We then analyzed whether promoter or enhancer features
were additionally distinctive for the cohesin-responsive long-
range genes. Two features stood out. First, it was particularly
those long-range controlled genes of which the enhancer was
located within the same CTCF-contact domain (CCD) that
were affected by the loss of cohesin. CCDs strongly overlap
with TADs,*® and genes connected to a distal enhancer inside
these domains were significantly more downregulated than
those with the distal enhancer outside their CCD (Figure 2K).
Second, enhancer strength, in particular, the EP300 level, was
significantly higher for responding than non-responding long-
range genes (Figures 2L and S4A). When stratified for the
different enhancer and promoter features, short-range genes re-
mained insensitive for cohesin depletion, implying that it is not
simply the different nature of long-range enhancers that explains
their sensitivity to cohesin (Figures 2M and S4B).

Collectively these results showed that the typical gene that re-
quires cohesin for activated expression has a distal enhancer
with high activity (high EP300, H3K27Ac, and DNase levels)
located in the same CCD. In general, cohesin does not support
and even represses transcription activation when genes are
controlled by a nearby enhancer.

Genes controlled by distal enhancers are also more
sensitive to perturbations in mediator levels

We wished to use this approach to analyze whether there were
other factors with a dominant effect on distal enhancer-
controlled genes. In our CRISPRI screens, we identified subunits
of the mediator complex as having a bias for long-range genes.
Therefore, we generated a degron line for the tail subunit MED23,
one of the subunits with the strongest distal bias in our screens
(Figures 1D and S5A-S5D). However, the effect size of acute
degradation of MED23 in our cells was very small, possibly
due to redundancy among mediator components”’ or to subop-
timal depletion (Figure S5B). Nevertheless, we observed that the
direct target genes of MED23 were enriched for long-range
controlled genes (Figures 3A and S5D). To further investigate
this for the mediator complex, we analyzed published thi-
ol(SH)-linked alkylation for the metabolic sequencing of RNA
(SLAM)-seq data (nascent RNA-seq) collected 4 h after acute
depletion of the core mediator subunit MED14 from K562 cells
(Figure 3B).”® To quantify gene set enrichments in transcrip-
tomes, we calculated the Kolmogorov-Smirnov D (distance)
value as a measure of the degree and significance by which a
category of genes was overrepresented among the downregu-
lated genes (Figure 3C). In contrast to RAD21, MED14 depletion
significantly affected both long- and mid-range-controlled genes
(Figure 3C). MED14 depletion had no significant impact on short-
range controlled genes even when stratified for distinctive
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Figure 3. Regulation of distal-enhancer connected genes by mediator and LDB1

(A and B) Cumulative distribution curves of log2FCs of enhancer-categorized genes after 4 h MED23 depletion (BrU-seq) (A) or 4 h MED14 depletion
(SLAM-seq)*® (B).

(C) Kolmogorov-Smirnov D value, and D values of enhancer categories compared to no-enhancer genes after acute RAD21 or MED14 depletion. One-sided
Kolmogorov-Smirnov test was performed; **p < 0.001.

(D) Effect of RAD21 depletion for long-range genes downregulated after MED14 depletion (log2FC <—0.3, FDR <0.05) compared to unaffected long-range genes.
Two-sided Wilcoxon rank-sum test; *“p < 0.01.

(E) Schematic and western blot validation of LDB1-FKBP degron lines in K562 EC100 cells, one representative clone. n = 2 clonal cell lines were used for all
degron experiments.

(F) FACS validation of EC100-GFP reporter after LDB1 depletion.

(G) Cumulative distribution curves of log2FC of enhancer-categorized genes in BrU-seq, after 4 h LDB1 depletion.

(H) Kolmogorov-Smirnov D values (one-sided test) after LDB1 depletion of enhancer genes versus no-enhancer genes. *p < 0.05; **p < 0.001.

() LDB1 level on enhancers based on LDB1 ChIP-seq.*’

(J) Effect of acute LDB1 depletion stratified for LDB1 level present at the enhancers. Quartiles were determined by ranking all enhancers defined in the three
categories on LDB1 level, and then genes were assigned to be connected to either the LDB1 lowest (light purple) or highest (dark purple) 25% LDB1 bound at the
enhancer. Two-sided Wilcoxon rank-sum test; “o < 0.05; **p < 0.01; ***p < 0.001.

(K) Effect of RAD21 depletion for long-range genes downregulated after LDB1 depletion (log2FC < —0.3, FDR < 0.05) compared to unaffected long-range genes.
Two-sided Wilcoxon rank-sum test; **p < 0.001.

See also Figures S5 and S6.

promoter and enhancer features (Figure S6). Thus, genes regu-
lated by more distal enhancers appeared more sensitive to per-
turbations in mediator levels than genes controlled by proximal
enhancers. Among the long-range controlled genes, the

MED14-sensitive genes were also significantly more sensitive
to RAD21 depletion (Figure 3D). This showed that cohesin and
mediator shared many of their long-range controlled target
genes.
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LDB1 accumulation at distal enhancers explains

increased LDB1 sensitivity of long-range genes

We turned to LDB1, a tissue-specific transcription co-factor that
has an important role in erythroid transcription and has been
implicated in chromatin looping and long-range gene activa-
tion.*>*! Targeted knockdown of LDB1 by CRISPRi strongly
affected the expression levels of our reporter gene in a manner
that seemed independent of the E-P distance (Figure 1F). We
generated an FKBP degron line for LDB1 in our EC100 reporter
cell line (Figures 3E and S5E) and confirmed that depletion of
LDB1 led to reduced reporter GFP levels (Figure 3F). We then
performed BrU-seq after 4 h of depletion and intersected the
identified direct target genes of LDB1 with the aforementioned
categories of enhancer-connected genes. As seen for cohesin
and mediator, loss of LDB1 was foremost sensed by the long-
range controlled genes, followed by the mid-range group
(Figures 3G and 3H). To investigate this further, we used pub-
lished LDB1 chromatin immunoprecipitation (ChlP)-seq data’®
and observed that long-range E-P pairs recruited the most and
short-range pairs the least LDB1 to their enhancers (Figure 3l).
To analyze whether this biased the results, we stratified all
enhancer-controlled genes based on the amount of LDB1 bound
to their enhancers, and then re-analyzed the responses of these
genes to LDB1 depletion. LDB1 binding to the corresponding
enhancer appeared highly predictive for genes to respond to
the loss of LDB1 (Figure 3J). This can be considered to be inde-
pendent evidence for the accuracy of the E2G model in predict-
ing functional E-P pairs across distance ranges. It showed,
however, that the increased sensitivity of long-range enhancer-
controlled genes to LDB1 loss was mostly the consequence of
these enhancers recruiting more LDB1 than their shorter-range
counterparts. Indeed, LDB1 binding seemed associated with
EP300 levels at enhancers (Figure S5F), suggesting that these
are strong enhancers and that LDB1 binding may aid enhancer
strength. Long-range target genes of LDB1 were collectively
sensitive for cohesin perturbations (Figure 3K), implying that
LDB1-mediated long-range gene activation often also depends
on cohesin loop extrusion. 4C-seq applied to MYC, LMO2, and
MS4A3, three loci with distal enhancers that structurally
collapsed upon cohesin depletion (Figures S2C-S2E), revealed
that the loss of LDB1 also induced a specific but more focal
loss of contacts between the genes and LDB1-bound enhancers
(Figures S5G-S5I). This confirmed the recent demonstration that
LDB1 promotes E-P contacts genome-wide.* This same study
also showed that cohesin may aid in the formation of a subset of
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LDB1-dependent loops, but that often these loops are formed in-
dependent of cohesin. Our example loci appeared to require
both cohesin and LDB1 for efficient E-P interactions and for acti-
vated gene expression.

Long-range enhancer-controlled genes are exquisitely
sensitive to trans-factor perturbations

We then wanted to investigate for a larger set of transcription-
related factors whether a reduction in their protein levels was fore-
most sensed by long-range enhancer-controlled genes. We
therefore turned to CRISPRi knockdown experiments as they
offered an easier and faster alternative to the creation of many
different degron lines. We first tested whether CRISPRI experi-
ments were suitable for this analysis by repeating the CRISPRI
knockdown experiments for cohesin, targeting SMC1A, SMCS3,
and RAD21 in the E50 cell line and performing RNA-seq. Genes
that showed reduced expression immediately after acute
RAD21 protein depletion were also found downregulated 6 days
after CRISPRi knockdown of SMC1A, SMCS3, and RAD21 (Fig-
ure S7A). As seen after acute RAD21 depletion, HBB genes
showed a distance-dependent competitive response to the loss
of cohesin; the gene most proximal to the LCR, HBE1, was upre-
gulated, while the more distal HBG genes were downregulated
(Figure 4A). As CRISPRi RNA-seq datasets may expose direct
and indirect target genes of a depleted factor and may be noisier
than BrU-seq datasets generated immediately after acute deple-
tion, we simplified our genome-wide analysis by focusing only on
three categories of genes: the long- and short-range enhancer-
controlled genes and the promoter-autonomously expressed
(no enhancer) genes. Also, we only considered E-P pairs present
in the same CCD domain. With these criteria, we found also in all
the cohesin CRISPRi knockdown transcriptomes an enrichment
of long-range controlled genes among the (downregulated) target
genes (Figures 4B and S8).

This encouraged us to use CRISPRIi to analyze whether other
factors had a specific impact on genes controlled by long-range
enhancers. In addition to core cohesin subunits, we selected the
cohesin auxiliary proteins MAU2 and WAPL; 10 mediator sub-
units; the cell-type-specific TFs GATA1, GFI1B, and KLF1;
and several other factors associated with enhancer biology or
transcription in general (EP300, CREBBP [CBP], WDRS5,
SMARCE1, SUPT5H, POLR2H). Following CRISPRi, RNA-seq
was performed. In all cases, knockdown was confirmed to result
in a strong reduction in transcripts of the gene of interest (Fig-
ure S7B). We confirmed that the direct target genes of MED14,

Figure 4. Genes contacting long-range enhancers are sensitized to perturbation of regulatory factors

(A) FC of HBB genes after SMC1A knockdown. Error bars represent standard error. ***p < 0.001, FDR-adjusted Wald test.
(B) Cumulative distribution curves of log2FCs of enhancer-categorized genes after SMC1A knockdown.

(C and D) Kolmogorov-Smirnov D values of gene sets after knockdown of target factors.
(
(

C) Long-range genes compared to no-enhancer genes.

D) Long-range genes compared to short-range genes. Only links within a CCD were used. n = 2,614 no-enhancer genes, 170 short-range genes, and 233 long-

range genes.

(E) Pearson correlation of effect on long-range genes after knockdown of target factors.

(F) Log2FC after SMC1A knockdown of downregulated genes (log2FC <—0.5) of specific targets. No-enhancer: all no enhancer genes. Long: all long-range
enhancer genes. Mediator: genes that have a log2FC <—0.5 in at least two mediator subunits.

(G) Cumulative distribution curves of log2FCs of enhancer-categorized genes after different doses of JQ1 treatment.

(H and I) Kolmogorov-Smirnov D values of gene sets after increasing doses of JQ1 treatment (0.2, 1, and 5 uM). One-sided tests. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figures S7-S9.
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identified immediately after its acute depletion (Figures 3B and
3C), were collectively downregulated in the CRISPRI transcrip-
tomes of all 10 mediator subunits (Figure S7C), showing that
CRISPRI transcriptomes still contained the signature of the me-
diator’s direct target genes.

We then intersected all transcriptomes with the three cate-
gories of differently regulated genes. The depletion of factors
involved in basal transcription (SUPT5H, POLR2H) each caused
the downregulation of many genes (Figure S7D), but without any
of these factors showing preference for a specific category of
genes (Figures 4C and 4D). The downregulation of the chromatin
remodeling component SMARCE1 also influenced both the
short- and long-range enhancer-controlled genes more than
the promoter-autonomous genes (Figures 4C, 4D, and S7E).

In contrast, and as seen for the cohesin core subunits SMC1A,
SMC3, and RAD21, the auxiliary cohesin factors MAU2 and
WAPL did have a pronounced and highly significant impact on
long-range enhancer-controlled genes (Figures 4C and 4D).
WDR5 has been implicated in development and is seen mostly
at active gene promoters, where it binds H3K4me3.%” Surpris-
ingly, the depletion of WDR5 had a significantly higher impact
on long-range controlled genes (Figures 4C and 4D). The same
trend was also clearly visible for all other tested factors, which
were previously reported to be associated with enhancer
biology. Thus, most mediator subunits, the tissue-specific TFs
GATA1, GFI1B, and (to a lesser extent) KLF1, but also the
enhancer-specific histone lysine acetyltransferases EP300 and
CBP, had the strongest impact on the long-range enhancer-
controlled genes (Figures 4C, 4D, and S8).

Unsupervised clustering based on the transcriptional re-
sponses of long-range enhancer-controlled genes showed that
factors belonging to the same protein complex (cohesin, medi-
ator, or the basal transcription machinery) grouped together,
confirming that subunits of the same protein complex shared
the same target genes (Figure 4E). As seen before for MED14
and LDB1, the long-range target genes of GATA1, GFI1B,
KLF1, EP300, CREBBP, and WDR5, and the mediator subunits
generally also required cohesin for normal expression
(Figure 4F).

Collectively, this demonstrated that long-range enhancer-
controlled genes are exquisitely sensitive to protein-level pertur-
bations, not only of cohesin but also of many of the factors that
are recruited to enhancers to support their activity.

Long-range genes are the first to respond to low doses
of JQ1 BET inhibitor

Finally, this led us to investigate if long-range genes were
perhaps also preferred targets of JQ1, a BET (bromodomain
and extraterminal domain) bromodomain inhibitor implicated in
(superjenhancer regulation and general transcription.®*>* JQ1
and other BET inhibitors are used in the clinic as anti-cancer
drugs, for example, for hematopoietic cancers, as they repress
expression of oncogenes like MYC. We used a published dataset
that employed SLAM-seq in K562 cells after 30-min exposure to
different doses of JQ1.°° At high JQ1 doses (1-5 uM), transcrip-
tion was found globally reduced, but at low doses (200 nM), there
was more selective gene repression. Here, we intersected the
gene expression effects after treatment with 200 nM, 1 puM,
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and 5 uM JQ1, with our categories of differently connected
genes. At high doses (1-5 uM), all categories of genes were simi-
larly affected, but at the low dose of JQ1 (200 nM), mid- and long-
range controlled genes were found to be hypersensitive to JQ1
(Figures 4G-4l). Stratification for typical enhancer features
showed that the overall higher activity of distal enhancers likely
contributes to but does not fully explain the exquisite sensitivity
of their connected genes to acute JQ1 treatment (Figure S9A).

DISCUSSION

Here, we dissect the contribution of genomic distance to
enhancer-mediated gene activation, using CRISPRi screens,
targeted factor perturbations, and an E2G-based analysis of
transcriptomes. We find that regulatory factors differentially
affect enhancer-driven gene expression in a distance-depen-
dent manner (Figure 5). To elaborate on our cohesin finding,
we find that reductions in core cohesin subunits, as well as auxil-
iary factors, specifically drive the downregulation of genes
controlled by distal enhancers, while upregulating genes with
proximal enhancers. This confirms and substantiates recent ob-
servations®>*>°°°" on a genome-wide scale. We find that
particularly EP300-high long-range enhancers require cohesin
to act over distance. For short-range enhancers, EP300 levels
are not predictive for cohesin sensitivity. Enhancers have been
proposed to serve as chromatin entry sites for cohesin.**:°%7"
Assuming this is particularly true for the EP300-high enhancers,
also classified as super-enhancers, it may explain their
increased dependence on cohesin when acting over a dis-
tance.?’ Whether EP300-low enhancers can act over distance
in a cohesin-independent manner, whether they also need cohe-
sin but perhaps are more resistant to fluctuating cohesin levels,
or whether they are in fact not bona fide long-range enhancers
predicted by the E2G model remains to be investigated. At the
HBB locus, we find that cohesin levels determine the outcome
of the competition between the distal and more proximal HBB-
like genes for activation by their shared super-enhancer, akin
to observations made at the protocadherin locus.®®% It also
shows that cohesin does not influence the intrinsic strength of
an enhancer per se; it increases its capacity to act over distance.

A striking observation was that for many factors supporting
enhancer activity, we nearly always found that their loss was
foremost sensed by long-range controlled genes. For the medi-
ator complex, this was most appreciable for MED16, MED23,
and MED24, subunits of the Tail module, and for CCNC and
MED12, both part of the CDK/kinase module (Figures 1D, 1E,
4C, and 4D).* A recent study found that these modules are
indeed necessary for a much smaller set of target genes than
the other, more central modules of mediator.*® In agreement,
studies in yeast have shown that the central subunits of mediator
directly associate with gene promoters and are more ubiqui-
tously required for gene activity, while Tail subunits are more
selectively associated with UAS-based gene activation.®* Our
data are consistent with a more restricted, enhancer-centered
function of the Tail and CDK/kinase modules of mediator and
show that fluctuations in mediator protein levels are first sensed
by genes controlled by linearly separated enhancers that are
located at tens to hundreds of kilobases from the gene.
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Increased enhancer distance is known to generally result in
decreased transcriptional output.?**? It has also been shown
that the exact effect of linear separation relates to enhancer
strength®*%® and promoter type.®®®” Our work now further
shows that at larger distances from the gene promoter, en-
hancers become more dependent on an optimal trans-acting
environment for their cis-regulatory function. This conclusion
is in line with observations recently made in the PITX7 locus
during mouse development®® and with a previous study in
which we showed that a reporter gene inserted in a repressive
chromatin environment was better protected against silencing
by proximally than by distally inserted enhancers.>* We pro-
pose that modulating distances between cis-regulatory DNA
elements like enhancers and promoters is a principle by which
evolution can limit gene expression to subsets of (highly
specialized) cells. Our work therefore also implies that the
long stretches of intrinsically non-regulatory DNA in our
genome do have a regulatory function—by altering the
linear separation, they can influence the responsiveness of
genes to regulatory DNA elements like enhancers. Indeed, in
a parallel study we find that forced linear recruitment of an
enhancer, by the deletion of large intervening stretches of
non-regulatory DNA sequences, results in reactivation of
developmentally silenced fetal globin genes in adult cells.
Apparently, the linear separation of the enhancer is a neces-
sity for these genes to establish and maintain silencing during
development.©®

Why would long-range enhancer-controlled genes be more
sensitive to fluctuating protein levels than other genes, including
short-range enhancer-controlled genes? One reason could be
that they are more often located in gene deserts, where they
will be less densely surrounded by other supporting active regu-
latory DNA elements and more often surrounded by repressive
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Figure 5. Summary of key results

Cohesin regulates genes connected to enhancers
in a distance-specific manner, being necessary for
long-range activation but hindering short-range
enhancer function. Mediator generally affects
gene expression but displays a bias for long-range
connected genes. This is also the case for other
factors like LDB1, where this is due to long-range
enhancers binding higher levels of such regulatory
proteins.

ENH

ENH . .
chromatin. Clustering of enhancers on

chromosomes can support their individ-
ual activity and helps protect them
against silencing.””’" Another possibility
is that long-range controlled genes
more often rely on strong enhancers. As
implicit to the ABC model and also intui-
tive, weaker enhancers can only impact
expression when they are in sufficient
close linear proximity to frequently con-
tact the gene.*® Assuming that strong en-
hancers depend more on the cooperative
binding and action of multiple TFs than
weak enhancers, it stands to reason that perturbations in any
of these factors will affect larger numbers of long-range than
short-range controlled genes. This principle was exemplified
by LDB1, whose depletion had more impact on long-range
controlled genes, not because LDB1-bound proximal enhancers
were more resistant to LDB1 depletion, but simply because long-
range enhancers recruit more LDB1 than do short-range
enhancers.

We predict that the notion that long-range enhancer-
controlled genes are most vulnerable to reduced levels of
enhancer biology proteins will also be relevant for disease. Dis-
eases where cohesin factors are mutated (Cornelia de Lange
syndrome [CdIS]) are associated with misexpression of develop-
mentally important genes. Interestingly, mutations in BRD4, a
target of JQ1, have been linked to cohesin and this type of dis-
ease,”>’® which is also the case for EP300.”%"7 This raises the
interesting possibility that at least part of the cohesin-driven
CdIS etiology is mediated via strong, long-range, cell-type-spe-
cific enhancers.*®

As the coordination of cell differentiation and proliferation is
essential for cancer development, it follows that misregulation
of long-range gene expression also impacts this balance.
Indeed, studies in hematopoietic stem cells and associated can-
cers have shown that cohesin depletion or STAG2 mutations
impair differentiation-associated gene expression and promote
a self-renewal state,”®”® while the induction of signaling, often
mediated by distal enhancers, can also have a strong depen-
dence on cohesin.?>®* We speculate that disrupted cell differen-
tiation and induced cell proliferation because of the inappro-
priate activation of long-range controlled differentiation genes
may also be part of the explanation why critical enhancer-
associated factors like LDB1,%%%¢ EP300,%”%® mediator,®®°°
and others may be linked to cancer.
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An example of the convergence of distal enhancers and can-
cer is the MYC oncogene. MYC is ubiquitously expressed but re-
lies for its expression in different cell types on cell-type-specific
distal enhancers, indeed, partially dependent on cohesin and
three-dimensional (3D) genome.®'** Overexpressed in more
than 50% of all human cancers and in 70% of the hematopoietic
cancers, MYC is therefore the prime target of cancer therapeutic
agents like JQ1.%° JQ1 targets BET bromodomain proteins like
BRD4, but it is unclear why this preferentially targets the MYC
oncogene. Our data suggest this may at least partially be ex-
plained by the fact that MYC is controlled by long-range en-
hancers, making the gene more sensitive for disrupted enhancer
function. Indeed, MYC expression was found hypersensitive to
acute depletion of RAD21, LDB1, MED14, and MED23 (Fig-
ure S9B), and to the knockdown of many other factors, including
GATA1, SMC1A, and mediator subunits (Figure S9C). Possibly,
therefore, there may be more proteins that can serve as targets
for anti-cancer medication.

Limitations of the study

In the CRISPRI screen, we might have missed distance-specific
phenotypes, due to using a targeted library, imperfect knock-
down, or dilution of distance dependence due to indirect effects.

We focused our E2G-based analysis on genes contacting at
least one strong enhancer within a certain distance. However,
many genes are in contact with enhancers with various strengths
at different distances, which also might be bound by different
proteins. How these genes respond to perturbation of a specific
factor, and how enhancers at different distances cooperate or
buffer one another, requires further study.

The genes in the different enhancer-distance groups also vary
in other features of their enhancers and promoters. Although we
aimed to control for this, it remains difficult to fully dissect, and
more experiments where E-P distance is the only variable are
necessary.

We performed 4C-seq on a selection of long-range enhancer-
controlled genes with strong phenotypes after RAD21 and LDB1
depletion. To determine how these factors and mediator more
generally connect 3D chromosome organization with transcrip-
tion, more (genome-wide) high-resolution chromosome confor-
mation capture (3C)-based experiments would be necessary.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-RAD21 Merck Cat#05-908; RRID:AB_417383
Mouse monoclonal anti-GAPDH Santa Cruz Cat#sc-32233; RRID:AB_627679
Mouse monoclonal anti-FLAG Merck Cat#F1804; RRID:AB_262044
Mouse monoclonal anti-SF3B1 Santa Cruz Cati#tsc-514655; RRID:AB_2941964
Goat monoclonal anti-Mouse Promega Cat#W4021; RRID:AB_430834

1gG (H + L), HRP Conjugate
Mouse monoclonal anti-BrdU

BD Pharmingen

Cat#555627; RRID:AB_395993

Bacterial and virus strains

ElectroMAX Stbl4 Competent Cells Invitrogen Cat#11635018
One Shot TOP10 Invitrogen Cat#C404010
Chemically Competent E. coli

Chemicals, peptides, and recombinant proteins

RPMI 1640 Gibco Cat#72400021
FBS Sigma-Aldrich Cat#F7524
Pen-strep Gibco Cat#15070063
Tryple Gibco Cat#12605010
Puromycin Merck Cat#P9620
Blasticidin Sigma-Aldrich Cat#15205

PEI Polysciences Cat#23966
Polybrene Sigma-Aldrich Cat#H9268-5G
5-Ph-IAA MedChemExpress Cat#HY-134653
dTAG7 TOCRIS Cat#6912
5-Bromouridine Sigma-Aldrich Cat#850187
Bipl ThermoFisher Cat#ER0091
BstXI ThermoFisher Cat#ER1021
Csp6l ThermoFisher Cat#R0125
Nialll NEB Cat#ER0211

T4 DNA Ligase Roche Cat#10799009001
Proteinase K Roche Cat#3115801001
TRIzol Invitrogen Cat#15596026
RNAseOUT Invitrogen Cat#10777019
Critical commercial assays

NEBNext Ultra Il Directional NEB Cat#E7760S
RNA Library Prep Kit

NEBNext Poly(A) mRNA NEB Cat#E7490S
Magnetic Isolation Module

Q5 High-Fidelity DNA Polymerase NEB Cat# M0491S
P-beads Macherey Nagel Cat#744100.34
Expand Long Template PCR system Roche Cat#11759060001
AMPure-XP beads Beckman Coulter Cat#A63881
Protein G Dynabeads ThermoFisher Cat#10004D
SuperSignal West Pico PLUS ThermoFisher Cat#34580

Chemiluminescent Substrate

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

4-15% Mini-PROTEAN TGX Biorad Cat#4561083

Precast Protein Gel

Deposited data

Raw western blot images This study Mendeley Data; https://doi.org/10.17632/
r9878ks8nm.1

Reporter CRISPRI screen This study GEO; GSE281575

RAD21-AID_BrU-seq This study GEO; GSE281753

MED23-FKBP_BrU-seq This study GEO; GSE281753

LDB1-FKBP_BrU-seq This study GEO; GSE281753

CRISPRi_KD_RNAseq_highthroughput This study GEO; GSE281752

CRISPRi_KD_RNAseq_total This study GEO; GSE280672

4C-seq This study GEO; GSE281419; GSE281420;

ENCODE-rE2G predictions, K562
MED14-AID_SLAMseq
JQ1_SLAMseq

Gschwind et al.’®; ENCODE
Bell et al.*®

Muhar et al.*®

GSE281576
ENCFF202FID
GEO; GSE198944
GEO; GSE100708

LDB1_ChlPseq Guo et al.* GEO; GSE142228

GENCODE Human reference genome GRCh38/hg38 GENCODE https://ftp.ebi.ac.uk/pub/databases/
gencode/Gencode_human/release_44/
GRCh38.primary_assembly.genome.fa.gz

GENCODE Comprehensive gene annotation V44 GENCODE https://ftp.ebi.ac.uk/pub/databases/
gencode/Gencode_human/release_44/
gencode.v44.annotation.gtf.gz

UCSC Human reference genome GRCh38/hg38 UCSsC http://hgdownload.cse.ucsc.edu/
goldenpath/hg38

UCSC Human reference genome GRCh37/hg19 UCSC http://hgdownload.cse.ucsc.edu/
goldenpath/hg19

Experimental models: Cell lines

K562_E0-GFP_dCas9-KRAB-BFP Rinzema et al.* N/A

K562_E-50-GFP_dCas9-KRAB-BFP Rinzema et al.*” N/A

K562_E100-GFP_dCas9-KRAB-BFP Rinzema et al.* N/A

K562_EC100-GFP_dCas9-KRAB-BFP Rinzema et al.*” N/A

K562_EC100-GFP_RAD21-AID; LV-Tir1 This study N/A

K562_EC100-GFP_MED23-FKBP This study N/A

K562_EC100-GFP_LDB1-FKBP This study N/A

Oligonucleotides

sgRNA library for CRISPRI screen Table S1 N/A

Other oligonucleotides Table S3 N/A

Recombinant DNA

pU6-sgRNA EF1Alpha-puro-T2A-BFP Gilbert et al.”® Addgene #60955

pHR-SFFV-dCas9-BFP-KRAB Gilbert et al.”® Addgene #46911

pMKB393 (mAID-mCherry-BSD) Yesbolatova et al.** Addgene #121194

pMK381 (AAVS1 CMV-OsTIR1F74G) Yesbolatova et al.** Addgene #140536

pSpCas9(BB)-2A-BFP This study N/A

RAD21-AID targeting construct This study N/A

pLV_Tir1 construct This study N/A

MED23-FKBP targeting construct This study N/A

LDB1-FKBP targeting construct This study N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

CytExpert v2.3.1.22 Beckman Coulter N/A

Code to analyze sequencing data

4DN ChlIP-seq pipeline

pipe4C

DESeq2

Mageck MLE
STARsolo (v2.7.11a)
BWA (v0.7.17-r1188)
deeptools (v3.5.4)
featurecounts (v2.0.6)
nf-core v3.14.0

This study

4DN
Krijger et al.””
Love et al.”®
Wang et al.®
Kaminow et al.'®°
Lietal.””"
Ramirez et al.'*?

Liao et al.’®®

Zenodo, https://doi.org/10.5281/
zenodo.14731771

https://github.com/4dn-dcic/
chip-seqg-pipeline2
https://github.com/deLaatLab/pipe4C
https://doi.org/10.18129/B9.bioc.DESeq2
https://sourceforge.net/projects/mageck/
https://github.com/alexdobin/STAR
https://github.com/Ih3/bwa
https://github.com/deeptools/deepTools

https://subread.sourceforge.net/

Ewels et al.' https://nf-co.re/

nextflow v23.10.1 Di Tommaso et al.'® https://www.nextflow.io/

salmon (1.10.1) https://github.com/COMBINE-lab/ https://github.com/COMBINE-lab/salmon/
salmon/

Samtools (v1.18) Danecek et al."® https://github.com/samtools/samtools

Other

FACSAria Fusion Flow Cytometer BD N/A

Cytoflex S Flow Cytometer Beckman Coulter N/A

Amaxa Nucleofector Il Lonza N/A

ImageQuant 800 imager Amersham N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human erythroleukemia K562 cells (female) were cultured in RPMI 1640 (Gibco) supplemented with 10% FBS (Sigma-Aldrich) and
1% pen-strep (Gibco). Cells were grown at a maximal density of 5x10°5 cells/ml. For all experiments where reporter GFP level was
interrogated, experiments were performed maximum 1 week after FACS sorting cells GFP positive for 2 consecutive weeks with
gating based on non-GFP expressing K562 cells. HEK293T cells were cultured in the same growth medium as K562 cells, and split
using Tryple (Gibco). Cells were regularly tested for mycoplasma and split or refreshed every 2-3 days. Cell lines were not specifically
authenticated.

METHOD DETAILS

CRISPRi sgRNA library cloning

The library was cloned in expression vectors as described before (Gilbert 2014). In short: oligos containing the sgRNA sequences
were synthesized by Twist Bioscience (sequences in table S1). Oligos were amplified with primers 5'-ATTTTGCCCCTGGTTCTT-
3 and 5'-CCCTAAGAAATGAACTGG-3, digested with BstXIl and Blpl, purified and ligated into digested lentiviral targeting plasmid
pUB-sgRNA EF1Alpha-puro-T2A-BFP (Addgene plasmid #60955). The library was then transformed to ElectroMAX Stbl4 Competent
Cells (Thermo) and grown on bioassay dishes whilst assuring sufficient coverage of the library. After library isolation, the library was
sequenced to confirm that its complexity was sufficient. sgRNA-library virus was produced by PEI transfection (Polysciences) of
HEK293T cells using standard packaging vectors. Virus containing supernatant was harvested two days after transfection. Super-
natant was filtered using a 0.45um filter, snap frozen in liquid nitrogen and stored at —80 until use.

CRISPRIi screen

dCas9-KRAB was randomly integrated into EO, E—50, E100, EC100 reporter cell lines via lentiviral transduction of a modified version
of pHR-SFFV-dCas9-BFP-KRAB (Addgene plasmid #46911). dCas9-BFP-KRAB cells were bulk sorted for BFP integration and
continuously cultured on blasticidin (0.7 ng/ml, Sigma-Aldrich, Cat#15205). For library CRISPRI screening, dCas9-BFP-KRAB,
HBG-GFP reporter cells were transduced with sgRNA library virus at low MOI overnight with 8 ug/ml polybrene (Merck), and
the next day refreshed in medium containing blasticidin. One day later, cells were selected using 1 pg/ml Puromycin (Sigma-
Aldrich, Cat#P9620) and refreshed daily. After 5 days of selection, cells were sorted on a BD FACSAria Fusion Flow Cytometer.
Live cells were gated for sgRNA-BFP with a threshold based on untransduced cells of the corresponding reporter containing
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dCas9-KRAB-BFP. From this population, cells were sorted for the highest and lowest 10% GFP level for that specific reporter line.
From these GFP high and GFP low populations, DNA was isolated using phenol chloroform extraction, followed by isopropanol pre-
cipitation. guideRNA sequences were amplified using Q5 PCR (NEB, Cat#M0491L) with primers containing overhangs for lllumina
sequencing (see table S3).

Single-guide CRISPRi knock down

For targeted knock down of factors identified in the CRISPRI screens, per factor one sgRNA was cloned into the sgRNA-BFP back-
bone (pU6-sgRNA EF1Alpha-puro-T2A-BFP) using TOP10 cells (sequences in table S3). sgRNAs were individually transduced and
selected in dCas9-KRAB expressing reporter cell lines in the same manner as the pooled screen protocol and as described in.*? Cells
were measured on Beckman Coulter Cytoflex S. Gating on live cells and BFP/GFP was performed in the same manner as for the
pooled screens. GFP levels were quantified in the BFP++ population (expressing both dCas9-KRAB-BFP as well as the sgRNA)
with gating based on non-transduced control cells (expressing only dCas9-KRAB-BFP). Median GFP levels were compared to
the average of two non-targeting sgRNAs after subtraction of GFP intensity in a reporter-GFP cell line that did not contain an
enhancer. Values were normalized for the effect of the HBG-promoter targeting sgRNA.

mAID tagging of RAD21

Fragments containing the mAID-mCherry and PGK-BSD sequences were PCR amplified from plasmid pMK393 (Addgene #121194)
and cloned into a vector containing homology arms for the RAD21 C terminus. Cloning was performed using In-Fusion HD Cloning Kit
(Takara Bio) and plasmids were verified with sanger sequencing. Targeting plasmids were transfected into the EC100 cell line
together with pSpCas9(BB)-2A-BFP (modified version of PX458 (Addgene #48138)) containing an sgRNA targeting RAD21 C termi-
nus. Transfections were performed using a Lonza Amaxa Nucleofector Il with setting Program T-03. After transfection, cells were
selected using 0.7 pg/mL blasticidin, and mCherry-positive cells were single-cell sorted into 96-well plates. Clonal lines were char-
acterized using PCR and sanger sequencing to ensure correct homozygous tagging. For integration of OsTIR1, the OsTIRF74G
sequence was PCR amplified from pMK381 (Addgene #140536), fused with a T2A-Puro sequence and cloned into a lentiviral back-
bone based on Addgene plasmid #46911. This construct was transduced into two RAD21-mAID clones, and these cells were
selected with puromycin until untransduced control cells were all dead.

FKBP tagging of MED23 and LDB1

To target MED23 and LDB1 we used a 3xFLAG-FKBP_F36V tag (gift from Jop Kind). MED23 was targeted with an N-terminal
construct of mCherry-P2A-FKBP, and LDB1 was tagged with C-terminal 3xFLAG-FKBP_F36V-P2A-mCherry-P2A-BlastR. As for
RAD21, these constructs were transfected into EC100 with a corresponding sgRNA. For LDB1 targeting, cells were blasticidin
selected. Cells were clonally sorted on high mCherry levels, genotyped using PCR, and sanger sequenced. FLAG western blot
was performed to confirm correct target protein-tag fusion size.

Protein depletion

To perform acute RAD21 depletion, cells were incubated with 1pM 5-Ph-IAA (MedChemExpress, Cat#HY-134653). Depletion was
confirmed using flow cytometry (for RAD21-mCherry) and western blot for endogenous RAD21 protein. To deplete MED23 and
LDB1, dTAG-7 (TOCRIS, Cat#6912) was added to the medium in a final concentration of 500nM. Depletion was monitored using
western blot for FLAG tag, and flow cytometry based measurement of reporter GFP.

Western blot

For detection of protein levels, equal amounts of cells were pelleted and directly resuspended in Laemmli buffer. After boiling at 95°
for 10 min, samples were loaded on a 4-15% Mini-PROTEAN TGX Precast Protein Gel (Biorad Cat#4561083). Proteins were trans-
ferred to a PVDF membrane, which was blocked with 5% milk in PBS-T (0.1% Tween 20 in PBS), and incubated overnight at 4° with
indicated antibodies. Antibodies used were: FLAG (F1804, Merck, 1:1000), RAD21 (05-908, Merck, 1:1000), GAPDH (sc-32233,
Santa Cruz, 1:1000), SF3B1 (sc-514655, Santa Cruz, 1:100). After washing with PBS-T, secondary antibody anti-mouse HRP con-
jugate (W4021, Promega, 1:5000) was added to the blot for 1 h at room temperature. Blots were developed using SuperSignal West
Pico PLUS Chemiluminescent Substrate (ThermoFisher) and visualized with a ImageQuant 800 imager (Amersham).

Reporter flow cytometry after acute depletion

To monitor EC100 reporter response to protein depletion, degron cell lines were treated with either 1uM 5-Ph-IAA (RAD21), 500nM
dTAG7 (MED23 and LDB1), or DMSO as control. GFP expression was measured on Beckman Coulter Cytoflex S after 4H, 8H, 12H or
24H of depletion. Values are plotted normalized to cells treated with DMSO for the same time. To exclude the effect of ligand on re-
porter levels, 5-Ph-IAA or dTAG7 was added to parental EC100 cell line and GFP was measured after 24H and compared to DMSO.

4C-seq

4C-seq was performed as described.®” In short, 5-10M cells were crosslinked with 2% formaldehyde for 10 min and quenched with
0.125M final concentration glycine on ice. Pellets were resuspended in lysis buffer (50 mM Tris-HCI pH 7.5, 0.5% NP-40, 1% Triton
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X-100, 150 mM NaCl, 5 mM EDTA) for 20 min on ice. Then, SDS (0.3% final concentration) was added, followed by Triton X-100 (2.5%
final concentration), and chromatin was digested in situ using 100U Csp6l (ThermoFisher Cat#ER0211). DNA was then ligated using
T4 ligase (Roche Cat#10799009001), decrosslinked by overnight ProtK treatment (Roche Cat#3115801001), and purified using iso-
propanol precipitation. Samples were then digested using 50U Nlalll (NEB Cat#R0125), ligated at a concentration of 5ng template/ul,
and final 4C templates were purified with P-Beads (Macherey Nagel Cat#744100.34). 4C PCRs were performed in a two-step manner
using the Expand Long Template PCR system (Roche Cat#11759060001). Specific 4C primers were first used to amplify a viewpoint
of interest (table S3), followed by a second round of PCR using primers containing lllumina sequencing adapters.®”

Nascent RNA-sequencing (BrU-seq)

After indicated treatment of cells, nascent RNA was labeled by addition of BrU (5-Bromouridine, Sigma-Aldrich, #850187) to K562 cell
culture medium in 2mM final concentration for 6 min. Cells were then immediately put on ice, centrifuged for 4 min at 200G at 4° and
resuspended in TRIzol (Invitrogen). RNA was isolated using conventional TRIzol extraction and isopropanol precipitation, and final
pellet was resuspended in DEPC. 50ug of total RNA was used for BrU pulldown, following a protocol adapted from Roberts
2015."% In short, per sample 6ug of Anti-BrdU antibody (BD Pharmingen, Cat#555627) was incubated with 30ul of Protein G Dyna-
beads (ThermoFisher) for 10 min at room temperature, and washed in PBS-T. Beads were then blocked with 0.05 pg/ul BSA in PBS-T
for 30 min and washed with PBS-TR (PBS-T supplemented with RNAseOUT (ThermoFisher)). RNA was diluted in PBS-TR and heated
at 65° for 5 min, after which it was added to antibody-coated beads at room temperature for 1 h in 300ul total volume. Beads were
then washed three times in PBS-TR, and BrU-labeled enriched RNA was extracted using TRIzol and isopropanol precipitation. Pel-
lets were resuspended in 5ul DEPC, which was used as input for NEBNext Ultra Il Directional RNA Library Prep Kit (NEB, cat. no.
E7645).

Poly(A) RNA-sequencing

For knockdown of target factors MED23, MED16, MED12 and CCNC, followed by RNA-seq, CRISPRi knockdowns were performed
as described above. At sample harvest, 1 million live cells were sorted BFP-high (sgRNA-containing) for RNA isolation. NEBNext
Poly(A) mRNA Magnetic Isolation Module (NEB, cat. no E7490) was used to enrich for polyA mRNA. Sequencing libraries were
then produced using NEBNext Ultra Il Directional RNA Library.

High-throughput bulk RNA-sequencing

For knockdown of other factors, CRISPRi knockdowns were performed as described above. High-throughput bulk RNA-seq plates
were prepared by adding 1 ulL of 7.5 ng/uL CEL-seq2 primers'°® to 96-well plates. These primers contain sample-specific barcodes
that were used to barcode and amplify the mRNA from each sample. After combination of BFP-sorted cell suspension with the sam-
ple barcode, a mixture of dNTP’s and synthetic ERCC spike in molecules were added to the plates using a liquid handling platform
and cells were lysed at 65°C. Then, a Reverse Transcription mix with Superscript Il enzyme was added to barcode and reverse tran-
scribe the mMRNA from all samples to cDNA. After incubation at 42°C, second strand synthesis was done by adding a mixture of DNA
polymerase, ligase and RNAseH enzyme, after which material from all samples was pooled and purified. Next, material from all sam-
ples was frozen and stored, and part of it was amplified using In Vitro Transcription. The resulting amplified RNA was prepared into
sequencing ready libraries following the SORT-seq library preparation protocol.'®® Sequencing libraries were indexed with lllumina
Truseq small RNA primers.

Analysis of CRISPRI screen

Reads containing sgRNA sequences were trimmed and mapped to the sgRNA sequences in the custom library (table S1) as
described in https://github.com/delaatLab/Tjalsma_2025. For further analysis, Mageck MLE®® was run using 624 negative control
(non-targeting) sgRNAs present in the library for normalization. A cell line transduced with the library not sorted for GFP was set as
baseline. Per TSS, a beta score was calculated per gate. The effect on each reporter was calculated by subtracting the beta scores of
the GFP-high from the GFP-low population. These scores were normalized by dividing by the log2FC of the HBG reporter TSS sgRNA
(HBG2_+_5275954.23-P1P2_5) in the specific clone and visualized in scatterplots using ggplot2. Results are in table S2.

Analysis of 4C-seq

4C-seq reads were mapped to the UCSC hg38 reference genome and processed using pipe4C (https://github.com/delLaatLab/
pipe4C). For 4C profiles from the HBG-GFP reporter locus, reads were mapped against the UCSC hg19 reference genome modified
with integrated reporter sequences (as described in®?). Normalized 4C coverage was calculated using R (r-project.org). Counts at
non-blind fragments were adjusted to 1 million intra-chromosomal mapped reads after exclusion of the two highest-count fragments.
Count data was smoothed using a running mean with a window size of 21 fragments using the R package caTools v1.18.2.

Nascent RNA-sequencing (BrU-seq) analysis

Raw reads were aligned to the hg38 reference genome (GENCODE primary assembly GRCh38), modified to include the
d2EGFP_SV40polyA sequence as separate chromosome, using BWA (v0.7.17-r1188) and filtered with a minimum mapping quality
(MQ) of 15 using Samtools (v1.18).
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Bigwig files were created with deeptools (v3.5.4) with the following parameters: —ignoreForNormalization chrM, —binSize 10, -min-
MappingQuality 15, —-normalizeUsing RPGC, and —effectiveGenomeSize 2913022398.

Read counts were generated with featureCounts (v2.0.6) using the GENCODE comprehensive gene annotation (release V44 CHR)
as the annotation reference. Read counts were filtered for minimal 5 counts in the DMSO samples and normalized using DeSeq2
(1.38.3) with DMSO as the reference condition. For analysis of HBB genes (HBG1, HBG2, HBET) in BrU-seq data, only reads mapping
to introns were used for quantification.

Poly(A) RNA-sequencing analysis

The raw sequencing data were processed using nf-core/rnaseq v3.14.0 of the nf-core collection of workflows, ™ utilizing reproduc-
ible software environments from the Bioconda''® project. The pipeline was executed with Nextflow v23.10.1'%%. Sequencing reads
were aligned to the hg38 reference genome (Gencode primary assembly GRCh38) and GENCODE comprehensive gene annotation
(V44) using STAR (2.7.10a). Post-alignment, gene-level quantification was performed using Salmon (1.10.1). Gene counts were
normalized using the median ratio method in DESeq2 and log2FC values were calculated with gRNA_Control as reference.
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High-throughput bulk RNA-sequencing analysis

Raw reads were used as input for STARsolo (v2.7.11a) with parameters —soloType CB_UMI_Simple, —soloCBstart 7, —soloCBlen 8,
—soloUMistart 1, —soloUMllen 6, —soloBarcodeReadlLength 0, —soloStrand Forward, —soloCBmatchWLtype 1MM_multi, —soloUMI-
dedup NoDedup, —soloMultiMappers Unique EM, —soloUMIlfiltering -. As reference the GENCODE primary assembly GRCh38 and
the GENCODE comprehensive gene annotation (release V44 CHR) were used, excluding globin transcripts ENST00000642908.1,
ENST00000647543.1, ENST00000648735.1, ENST00000380252.6, ENST00000646569.1, ENST00000643199.1, ENST0000038
0259.7, ENST00000292896.3, ENST00000380237.5, ENST00000380315.2, ENST00000475226.1, ENST00000643122.1, ENST0000
0429817.1. Raw counts of the two replicates with the lowest counts were collapsed, resulting in 2 replicates per factor. Next counts
were normalized using DeSeqg2 1.38.3 with gRNA_Control_T as reference.

E2G-based analysis

ENCODE-rE2G (E2G) predictions for K562 cells were downloaded from ENCODE (thresholded element gene links, ENCFF202FID).
RNA-sequencing data at gene level was added to the E2G table using Ensembl ID. We considered genes as regulated by enhancers
using the following conditions. No enhancer: no link between the TSS and any element above 2kb that has an E2G score >0.3. Short-
range: at least one link to an element with a distance between 2 and 10kb with an E2G score > 0.8, and no link with any element above
10kB with an E2G score >0.3. Mid-range: at least one link to an element with a distance between 10 and 40kB with an E2G score
>0.8, and no link with any element above 40kB with an E2G score >0.3. Long-range: at least one link to an element with a distance
between 50kb and 500kb with an E2G score >0.8. Genes that did not fall into one of these groups were not included in the E2G
analyses. For the BrU-seq and total RNA-seq data, we excluded genes with a baseMean lower than 50. For the MED14 SLAM-
seq data, we excluded genes with a baseMean lower than 8. When intersecting MED14 and RAD21 datasets, the gene set from
the MED14 data was used.

For further comparison between enhancer-connected groups, the log2 fold change values resulting from DEseq2 were used. When
multiple elements were connected to a gene within the same group (for example, 2 enhancers located more than 50kb away from the
TSS with both an E2G score above 0.8), the enhancer with the highest E2G score was used for further analysis. For the CCD analysis
after RAD21 depletion, if any of the enhancer-promoter links above the cutoffs was present within a CCD, the gene was considered in
the category ‘inside CCD’. For comparing features across the designated enhancers, the enhancers linked to the genes as defined in
the short, mid, and long groups were ranked on the specific feature in the E2G table. Genes were then separated as connected to
either the lowest or highest 25% that feature at their linked enhancers and their log2FCs were compared.

For integration with LDB1 ChIP-seq data, this was performed in the same manner but genes were ranked on average LDB1
coverage on their linked enhancer and then separated as connected to either the lowest or highest 25% LDB1-levels.

Published SLAM-seq data

For MED14 SLAM-seq data“® transcript counts were downloaded from GEO(GSE198944), aggregated to gene level (GENCODE V44)
and normalized with DEseq2. For JQ1 SLAM-seq data,’® DEseq2 outputs were downloaded from GEO (GSE100708). DEseq?2 log2-
FoldChange for each gene was then merged with the E2G table using Ensembl ID and used for comparison between enhancer-con-
nected categories.

ChiIP-seq analysis

ChlP-seq reads for LDB1° were mapped to the hg38 reference genome and processed using the 4DN ChIP-seq pipeline (https://
github.com/4dn-dcic/chip-seq-pipeline2) from the 4D Nucleome Network (4DN),""" which uses the ENCODE ChlP-seq pipeline
v2.1.6 (https://github.com/ENCODE-DCC/chip-seq-pipeline2). As a measure for relative coverage, the average fold change for every
unique enhancer region in the E2G dataset was calculated from the fold change BigWigs based on two replicates.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses performed and sample sizes are described in the figure legends and methods section. DEseq2 normalized counts
were used to calculate log2FC and FDR adjusted Wald test for the endogenous HBB genes. For the E2G-based analysis, DEseq2
log2FCs of the different enhancer-regulated groups as defined above were compared. R (version 4.3.2) was used to calculate
two-sided Wilcoxon rank-sum test or one-sided Komolgorov-Smirnov test values as indicated. When subdividing enhancer groups
based on features, the number of genes per group is depicted above the individual plots or in the figure legends. Statistical signif-
icance was defined as follows: ns (not significant) = p > 0.05, *=p < 0.05, ™ =p < 0.01, ** = p < 0.001. Boxplots represent the 25th
percentile, the median, and 75th percentile, and the whiskers indicate 1.5 times the interquartile range (IQR), with dots showing
values outside this range.
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