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Key Points 

 MYB binding is sufficient to generate enhancers de novo, including formation of 

enhancer-promoter contacts 

 MYB loss in acute lymphoblastic leukemia cells downregulates key oncogenes, with loss 

of enhancer-promoter contacts 5 

 

Abstract 

Aberrant enhancer usage is a defining feature of oncogenic transcriptional reprogramming. 

Therapeutic strategies that disrupt enhancer-driven gene regulation may offer new treatment 

avenues. MYB is a key hematopoietic transcription factor that is frequently dysregulated in a 10 

broad range of cancers and plays a critical role in sustaining malignant cell states, including in 

aggressive leukemia subtypes such as KMT2A-rearranged (KMT2A-r) leukemias. The molecular 

mechanisms by which it maintains oncogenic transcription remain incompletely understood. 

Here, we investigate the role of MYB in directing pathological enhancer activity to drive 

oncogene expression in leukemia. Using high-resolution Micro-Capture-C, we show that upon 15 

MYB degradation, highly defined enhancer-promoter interactions at MYB binding sites are lost, 

correlating with significant downregulation of target gene expression. When anchored to a gene 

desert region, the Myb transactivation domain (Myb
TA

) is sufficient and necessary for nucleation 

of an enhancer-like region. Critically, long-range chromatin interactions are established up to 400 

kb away from where Myb
TA

 is anchored. This results in the activation of transcription from distal 20 

cryptic elements, which is reduced or abolished in the presence of point mutations that disrupt its 

interaction with the co-activators P300/CBP. Together, these results indicate that MYB activity 

alone is sufficient to generate an enhancer, inducing transcription through precise enhancer-

promoter crosstalk, and identify the MYB-P300/CBP axis as a therapeutically actionable 

vulnerability in enhancer-driven malignancies. 25 
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Introduction 

Reprogramming of enhancer landscapes underlies oncogene activation in many cancers.
1
 

Enhancers are distal regulatory elements, integrating sequence-specific transcription factor (TF) 

binding with recruitment of co-activators and transcriptional machinery to potentiate target gene 

expression.
2-5

 Active enhancers are typically marked by clustered TF occupancy, high levels of 5 

H3K27ac and H3K4me1, co-ocupancy of factors such as P300/CBP, BRD4 and Mediator and 

bidirectional non-coding enhancer RNA (eRNA) transcription.
4,6-8

 How specific TFs establish, 

maintain, and connect enhancers to their cognate promoters in three dimensions remains a central 

question in gene regulation and cancer biology. 

MYB is a TF with essential roles in hematopoiesis
9-11

 and multiple malignancies.
12,13

 In acute 10 

leukemia, including KMT2A-rearranged (KMT2A-r) subtypes, MYB sustains oncogenic 

transcriptional programs, and even partial reduction leads to decreased target gene expression 

and loss of leukemia propagation in vivo, while sparing normal hematopoiesis.
12

 This suggests a 

therapeutic window may exist for targeting MYB-dependent transcription in leukemia. In 

addition to sustaining transcriptional output, spontaneous formation of a new binding site for 15 

MYB was shown to create a novel, active enhancer that drives T-cell acute lymphoblastic 

leukemia (ALL),
14

 at least in part by cooperating with cryptic binding sites for other TFs in the 

same region. MYB recruits the acetyltransferases P300/CBP to target enhancers, promoting local 

H3K27 acetylation and transcriptional activation. Mutations that disrupt the MYB-P300/CBP 

interaction impair hematopoiesis and leukemogenesis in mouse models,
15-18

 and  pharmacologic 20 

inhibitors of P300/CBP are advancing clinically.
19

 However, whether MYB alone can initiate 

enhancer activity or instead functions primarily to maintain the activity of existing regulatory 

elements is unknown.  

A key measure of enhancer function in most instances is enhancer-promoter proximity,
20-26

 but it 

is unclear what drives these interactions. Current high-resolution 3C methods have made the 25 

striking observation that enhancer-promoter interactions are precisely localized to TF binding 

sites, raising the possibility that enhancer-promoter crosstalk is driven by TF interactions.
27-29

 

Recently, the transcription cofactor LDB1 has been shown to be essential for loop formation,
26

 

but it is unclear how universal this activity is among key TFs, including MYB.
30

 How MYB 

effector function and enhancer activity are coupled, and which aspects of enhancer activity, 30 

including enhancer-promoter contact, are MYB-dependent, remain unknown. Understanding 

how MYB contributes to pathological enhancer function is essential for identifying both 

mechanistic insights and potential therapeutic vulnerabilities. 

To address this knowledge gap, we investigated the function of MYB in KMT2A-r ALL, an 

aggressive malignancy with poor prognosis that remains biologically and clinically challenging 35 

despite recent therapeutic advances.
31,32

 We introduced a degradation tag (FKBP12
F36V

) to 

endogenous MYB in KMT2A-r ALL cells to allow rapid protein loss, resulting in significant 

transcriptional downregulation of known MYB target genes. Using Micro-Capture-C (MCC), we 

show that overall enhancer-promoter looping is maintained upon MYB degradation, but highly 

defined interactions at MYB-bound sites are lost, associated with decreased H3K27ac and eRNA 40 

transcription. By anchoring the Myb transactivation domain (Myb
TA

) at a gene desert, we 

observed Myb
TA

-dependent deposition of H3K27ac, increased chromatin accessibility and 

transcription. Remarkably, this occurred not just at the anchor site, but also at regions more than 

50 kb away, likely cryptic promoters. This acetylation and transcriptional activity was abrogated 

or abolished by point mutations that interfere with P300/CBP binding. In addition, Myb
TA

 45 
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induced DNA looping to facilitate 3D interactions with these transcriptionally active distal sites, 

as well as more long-range interactions spanning up to 400 kb. Our data argue for a role for 

MYB in establishing enhancers de novo, directing specific protein-protein interactions from 

distal regulatory elements. At a subset of MYB-bound enhancers, the continued presence of 

MYB is required to maintain enhancer activity and oncogene upregulation. These observations 5 

not only provide a specific model for MYB function and highlight the MYB–P300/CBP axis as a 

tractable therapeutic target in enhancer-driven malignancy, but also provide a paradigm for 

understanding enhancer function. 

 

Materials and methods 10 

Cell culture  

Stable clones of mouse ESCs with a TetO array insertion (TOT2N mESC) expressing r/TetR 

fusion proteins were generated as described
33

, and treated with 1 µg/ml doxycycline where 

indicated. MYB-FKBP12
F36V

 tagged SEM cells were engineered as previously described.
22

 Cell 

lines were confirmed free from mycoplasma. See supplemental Methods for cell culture 15 

conditions and cell line generation. 

Chromatin immunoprecipitation (ChIP), TOPmentation and ATAC-seq  

ChIP was conducted as described previously.
34,35

 ChIP-seq libraries were generated with the 

NEBNext Ultra II DNA library prep kit (NEB). TOPmentation was conducted as previously 

described.
36

 ATAC-seq was conducted using Nextera Tn5 transposase (Illumina) as previously 20 

described.
37

 Libraries were sequenced by 75 cycle paired-end sequencing on a NextSeq or 

Novaseq machine (Illumina). See supplemental Methods for protocol and data analysis details. 

PolyA-minus RNA-seq and Transient Transcriptome sequencing (TT-seq) 

PolyA-minus RNA was isolated using the NEBNext Poly(A) mRNA magnetic isolation module 

(retaining the unbound fraction). TT-seq was conducted as previously described.
35,38

 Strand-25 

specific libraries were prepared using the NEBNext Ultra II Directional RNA Library Prep Kit 

for Illumina (NEB) and sequenced. Data analysis details are provided in supplemental Methods. 

Next Generation Capture-C and Micro-Capture-C  

Capture-C ,
39,40

  and Micro-Capture-C 
27,41

 were conducted as described previously. Capture-C 

analysis was performed using CapCruncher v0.2.0 and statistical analysis was performed as 30 

described.
39,40

 MCC analysis was performed using the MCC pipeline.
28

 See supplemental 

Methods for for protocol and data analysis details.
27,4127

 

Results 

MYB binds to active enhancers in leukemia cells  

To assess the role of MYB in enhancer function, we performed genome-wide analysis in the 35 

KMT2A-r B-ALL cell line SEM. MYB binding was enriched at promoters and enhancers, with a 

pronounced preference for H3K27ac-marked active enhancers (supplemental Figure 1A), 
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positively correlating with enhancer-associated factors P300, BRD4 and MED1, RNAPII and 

H3K27ac (Figure 1A-B, supplemental Figure 1B). We Next Generation Capture-C
40

 to visualize 

3D interactions with the promoters of key MYB-dependent oncogenes including BCL2, MYC, 

LMO4 and FLT3, identifying both intergenic and intragenic enhancers bound by MYB (Figure 

1C-D, supplemental Figure 1C-D). With comparatively low levels of MYB bound at the 5 

promoters of these genes (Figure 1C-D, supplemental Figure 1C-D), this suggests an enhancer-

centered role for MYB. 

MYB is required for maintenance of enhancer signatures in leukemia cells 

To test the requirement for MYB at enhancers, we engineered SEM cells to tag the endogenous 

copies of MYB with the FKBP12
F36V

 domain (supplemental Figure 2A-C).
42

 Treatment with 10 

dTAG-13 rapidly reduced MYB protein levels (Figure 2A-B, supplemental Figure 2D) and 

chromatin binding (Figure 2A, C, supplemental Figure 2E) at as early as 2h. Consistent with its 

key oncogenic role, dTAG-13 treatment dramatically decreased leukemia cell growth 

(supplemental Figure 2F) and colony forming potential (supplemental Figure 2G-H), although 

this did not appear to be driven by increased apoptosis (supplemental Figure 2I). MYB homologs 15 

A-MYB and B-MYB are only weakly expressed in SEM cells and unaffected by dTAG-13 

treatment, indicating no compensatory response (supplemental Figure 2J-K). 

Using TT-seq,
38

 we observed widespread changes in nascent transcription after 24h MYB 

degradation (Figure 2D and supplemental Figure 2L), including downregulation of BCL2, MYC, 

LMO4 and CDK6 (supplemental Figure 2M). Nascent BCL2 transcript levels decreased after as 20 

little as 2h, whereas MYC downregulation was more delayed (supplemental Figure 2N). We 

hypothesize that the much larger MYC enhancer (Figure 1C-D) may provide a temporal buffer 

for loss of MYB activity. The majority of differentially expressed genes were bound by MYB at 

the promoter or nearest enhancer (supplemental Figure 3A), and gene ontology analysis revealed 

enrichment of proliferation-related terms among downregulated genes (supplemental Figure 3B).  25 

At MYB-bound enhancers, we saw reductions in eRNA transcription (Figure 2E, supplemental 

Figure 3C) and H3K27ac (Figure 2F, supplemental Figure 3D), suggesting a direct dependency 

on MYB for enhancer function. Decreased eRNA transcription showed a strong overlap with 

decreased H3K27ac and target gene downregulation, indicating functional relevance of these 

enhancers (Figure 2G, supplemental Figure 3E-F), exemplified by the well-characterized BCL2 30 

and MYC enhancers (Figure 2H-I).
43,44

  

To determine whether the requirement for MYB is conserved beyond SEM cells, we performed 

siRNA-mediated MYB knockdown in additional leukemia models: OCI-AML3 (NPM1-mutant 

AML), THP-1 (KMT2A::MLLT3 AML), and RCH-ACV (E2A::PBX1 ALL). Efficient MYB 

depletion was achieved in all three cell lines (supplemental Figure 4A), with strong reductions in 35 

colony-forming potential (supplemental Figure 4B) and downregulation of key target genes 

(supplemental Figure 4C-E). At MYB-bound enhancers there was a clear correlation between 

decreases in H3K27ac and chromatin accessibility (supplemental Figure 4C–E). Together, these 

data demonstrate that the requirement for MYB in maintaining enhancer activity is shared across 

diverse leukemia contexts. 40 

MYB is necessary for enhancer-promoter interactions at endogenous loci 
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Given the loss of enhancer activity associated with MYB degradation, we used the high-

resolution 3C technique MCC
27

 to determine if MYB contributes to spatial co-localisation of 

enhancers and promoters. This revealed sharp, high frequency enhancer-promoter interaction 

peaks (MCC peaks), not visible using the lower-resolution Capture-C (Figure 3A-D, 

supplemental Figure 5A-B). We have previously shown that the oncogene FLT3 is regulated by a 5 

broad KMT2A-AFF1-dependent enhancer within the neighbouring PAN3.
36

 In addition to the 

broad interaction profile seen with Capture-C, we observed two prominent MCC peaks adjacent 

to this enhancer, one closely overlapping with MYB binding (Figure 3C-D). Similar MYB-

bound promoter-interacting peaks were present at the enhancers of BCL2 and MYC (Figure 3A-

B, supplemental Figure 5A-B). While not all promoter-interacting sites were bound by MYB, 10 

MYB binding within enhancers often co-localized with MCC peaks. Across a panel of 43 genes, 

including known MYB-target oncogenes and transcriptional regulators that are recurrently 

implicated in KMT2A-driven leukemogenesis (supplemental Table 1), we found overlap between 

MYB and MCC peaks at most loci (supplemental Figure 5C).  

MYB degradation had little or no effect on the frequency of enhancer-promoter interaction for 15 

the majority of MCC peaks (supplemental Figure 5D). However, at MYB-bound peaks, we 

observed a strong bias towards decreased interaction frequency (Figure 3E), with statistically 

significant peaks exclusively losing interactions (Figure 3F). Decreased interaction sites were 

bound by much higher levels of MYB (Figure 3G) and enriched for key enhancer proteins P300, 

BRD4 and MED1 (supplemental Figure 5E). Importantly, decreased interaction frequency 20 

following MYB degradation correlated with loss of H3K27ac and chromatin accessibility 

(Figure 3H, supplemental Figure 5G-H). Finally, the majority of genes that lost promoter 

interactions with MYB-bound MCC peaks were downregulated (Figure 3I). Together, these 

results reveal a role for MYB in gene activation via maintenance of enhancer activity and 

promoter interactions. 25 

These features are clearly demonstrated at BCL2, with major decreases in enhancer-promoter 

contact at MYB-bound loci (Figure 3A-B, see MCC differential track), which also show reduced 

H3K27ac, chromatin accessibility and eRNA transcription (Figure 2H, 3B). Thus, the presence 

of MYB is required for localized contact with the BCL2 promoter, along with enhancer activity 

and gene expression. Similar effects were observed at the FLT3 and MYC enhancers (Figure 3C-30 

D, 2I, supplemental Figure 5A-B). 

For a subset of MYB-dependent MCC interactions, e.g. at the MYC enhancer (supplemental 

Figure 5A-B), we observed co-occupancy of the architectural proteins CTCF and/or RAD21. 

However, this association was not replicated globally or in a systematic analysis of MYB-bound 

MCC interaction sites, with ~85% of MYB peaks not bound by CTCF or RAD21 (supplemental 35 

Figure 6A-B). Furthermore, CTCF and RAD21 chromatin binding were not affected by MYB 

degradation (supplemental Figure 6C-D). Together, thise supports a model in which MYB 

regulates enhancer–promoter communication largely independently of CTCF/RAD21. 

To understand the dynamics of MYB enhancer regulation, we repeated our chromatin analyses at 

a 2h timepoint, to look at the acute consequences of MYB loss, and following a subsequent 24h 40 

washout of dTAG-13, to study the effects of MYB recovery (supplemental Figure 7A-C). After 

2h, H3K27ac levels at MYB-bound enhancers were already reduced, although the decrease was 

not as great as at 24h (supplemental Figure 7D), and levels mostly recovered after washout. We 

saw a comparable effect on MYB-dependent transcription, where gene expression changes at 24h 

correlated with a more muted effect at 2h, but were restored after washout (supplemental Figure 45 
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7E). Similarly, reductions in enhancer-promoter interactions were overall more subtle at 2h 

(supplemental Figure 7F), although H3K27ac losses at these sites were already pronounced 

(supplemental Figure 7G). While many MCC interactions had not yet decreased at 2h, we found 

clear losses at key sensitive genes. The BCL2 and CXCR4 enhancers showed obvious reductions 

in H3K27ac, chromatin accessibility and promoter interactions after 2h dTAG-13 treatment, 5 

consistent with the early transcriptional downregulation of BCL2 (supplemental Figure 2J). 

Following dTAG washout and restoration of MYB binding at the enhancers, these features 

recovered (supplemental Figure 7H-I). This argues that, at these loci, MYB is required for 

maintenance of, and capable of establishing, enhancer activity. 

Finally, to validate our findings in another leukemia model, we conducted MCC in OCI-AML3 10 

cells after MYB knockdown, observing a loss of promoter interactions at a subset of MYB-bound 

loci (Figure 4A). As in SEM cells, reduction in interaction frequency closely correlated with 

reduced H3K27ac and chromatin accessibility (Figure 4B-C). For example, at BCL2 and MYC 

(Figure 4D-E), MYB-bound enhancer loci showed decreases in H3K27ac, chromatin 

accessibility and promoter interaction frequency following MYB knockdown, associated with 15 

decreased expression (supplementary Figure 4C). Overall, these results demonstrate that MYB is 

required for key enhancer activities, including H3K27ac, eRNA transcription and physical 

proximity with the target gene promoter. Loss of these features results in transcriptional 

downregulation of target genes. We therefore sought to determine if binding of MYB alone is 

sufficient to generate an enhancer. 20 

Myb
TA

 is sufficient to initiate de novo enhancer activity  

Most attempts to explore TF function have focussed on endogenous enhancers, with additional 

TF binding sites present, or used exogenous constructs lacking a chromatin environment. We 

wanted to determine if binding of MYB alone could generate enhancers de novo in a chromatin 

context. We used a well-characterized chromatin anchoring system, based on an array of Tet 25 

operator (TetO) sequences flanked by inert human chromatin (TetO BAC) inserted into 

mESCs.
33,35,36

 By fusing Myb to the Tet repressor (TetR) DNA binding domain (Figure 5A), we 

tethered the TF to the TetO locus (Figure 5B). Since the activity of MYB may be attenuated 

through intramolecular interactions between its N- and C-termini, we isolated the transactivation 

(TA) domain of mouse Myb (Myb
TA

), which is sufficient for activity.
45-47

 30 

Binding of both TetR-Myb
TA

 and the control TetR-only was restricted to the TetO locus (Figure 

5C-D). TetR-Myb
TA

 recruited its co-activator p300 (Figure 5C), resulting in H3K27ac 

enrichment, in a region previously devoid of this modification (Figure 5E, supplemental Figure 

8A). Additionally, we found a higher ratio of H3K4me1 to H3K4me3, a hallmark of 

enhancers
6,48

 (supplemental Figure 8A), and localisation of Brd4 and Mediator (Figure 5C, 35 

supplemental Figure 8B). We also saw TetR-Myb
TA

-dependent binding of Tbp and RNAPII, 

suggesting the potential for transcription initiation (Figure 5C, supplemental Figure 8B). 

Together, this indicates that TetR-Myb
TA

 binding at the TetO locus generated an enhancer-like 

element. 

We performed RNA-seq of polyA-depleted transcripts to look for nascent transcription (Figure 40 

5F). Remarkably, in cells expressing TetR-Myb
TA

, we detected transcription on both strands 

throughout the ~150 kb region centered on TetO, which was previously transcriptionally silent. 

While some may have initiated at TetO itself, much appeared to originate at sites up to 50 kb 

away from the TetR-Myb
TA

 binding site. 
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We next used ATAC-seq to identify accessible regions that could be sites of transcription 

initiation. While some ATAC-seq peaks were visible in cells expressing no TetR protein or TetR 

alone (L1, L3 and L4), accessibility increased upon expression of TetR-Myb
TA

, along with the 

appearance of a novel ATAC-seq peak (L2) (Figure 5G). Strikingly, unique to TetR-Myb
TA

 

expressing cells, we observed H3K27ac enrichment at all four loci, suggesting distal activation 5 

by TetR-Myb
TA

 binding at TetO (Figure 5E, H, supplemental Figure 8C). Motif analysis 

indicated L1-L4 contain putative TF binding sites, but with no common factors (supplemental 

Figure 8D). L1 and L3 appeared to be origins of bidirectional transcription, consistent with 

enhancer-like activity, while transcription from L2 and L4 was directionally biased, reminiscent 

of promoters (Figure 5F, supplemental Figure 8C). Consistent with this, L1 and L3 were enriched 10 

for the enhancer mark H3K4me1, whereas L2 and L4 were associated with the promoter 

modification H3K4me3 (Figure 5H). This was specifically induced in TetR-Myb
TA

 expressing 

cells. Taken together, these data strongly argue that binding of TetR-Myb
TA

 in isolation 

establishes an enhancer-like element capable of activating distant cryptic promoters and 

enhancers. 15 

Myb
TA

 binding induces – and is necessary for – chromatin looping 

Given the effect of MYB loss on enhancer-promoter interactions in SEM and OCI-AML3 cells, 

we hypothesized that Myb binding may induce contact between TetO and distal loci to activate 

them. We exploited the properties of the Tet-On/Tet-Off systems;
49

 on addition of doxycycline, 

binding of TetR-Myb
TA

 to TetO is disrupted, whereas rTetR-Myb
TA

 only binds in the presence of 20 

doxycycline. We performed Capture-C in rTetR-Myb
TA

 cells, using a TetO specific capture 

probe to measure interactions with the enhancer-like element (Figure 6A). In the absence of 

rTetR-Myb
TA

 binding (no Dox) we observed a normal decay in interaction frequency on either 

side of TetO (Figure 6A), indicating random chromatin interactions. However, within 30 min of 

doxycycline-induced binding of rTetR-Myb
TA

, chromatin interactions appeared between TetO 25 

and L1, L3 and L4 (supplemental Figure 9A-B). L2 is only 14.5 kb from TetO, so this interaction 

may be obscured by proximity to the capture locus. We also detected interactions up to 400 kb 

away from TetO (highlighted in gray, Figure 6A). Confirming our endogenous MYB degradation 

experiments, many of these interactions were lost following TetR-Myb
TA

 displacement upon 

doxycycline treatment, arguing that Myb is responsible for establishing, and required to 30 

maintain, chromatin interactions (Figure 6A, supplemental Figure 9A). This is particularly 

striking at L3 (supplemental Figure 9A), which is marked with high levels of TetR-Myb
TA

-

dependent H3K27ac and H3K4me1 (Figure 5E, H). Together, our data argue that MYB is 

capable of remodelling large chromatin domains, driving productive interactions to induce 

transcription at distal loci, likely through cooperation with other factors at distal sites. 35 

We performed ChIP-seq for Ctcf and the cohesin subunit Rad21 to ask whether the long-range 

interactions were driven by architectural proteins. Within the TetO BAC, Ctcf binding was 

detected in both TetR-only and TetR-Myb
TA

 cells in a doxycycline-sensitive manner, implying 

recruitment driven by increased accessibility at the TetO, independent of Myb
TA

 (supplemental 

Figure 9B-C). In contrast, Rad21 binding was maintained in the presence of doxycycline, despite 40 

the loss of looping (supplemental Figure 9A, D). Similar behavior was seen across a ~1.8 Mb 

window flanking the TetO insertion, with TetR-induced, doxycycline-insensitive binding of 

Ctcf/Rad21 (supplemental Figure 10A-B). From this, we conclude that Ctcf and/or cohesin alone 

are insufficient for the looping observed, although we cannot exclude a role in facilitating TetR-

Myb
TA

-dependent interactions at these loci. 45 
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Enhancer activity is dependent on continued presence of Myb
TA

 and p300/Cbp 

To understand the kinetics of Myb
TA

-dependent enhancer activation, we used acute doxycycline 

treatment of rTetR-Myb
TA

-expressing mESCs, observing rapid induction of transcription from 

TetO as well as L1-4 within 30 min, with further increases at 24h (Figure 6B). Of interest, the 

early onset of transcription appeared to precede H3K27ac deposition (Figure 6B, supplemental 5 

Figure 11A), suggesting that appreciable H3K27ac levels may be unnecessary for transcription 

initiation. 

We used doxycycline treatment in TetR-Myb
TA

 cells to test the requirement for TetR-Myb
TA

 in 

enhancer maintenance. A 1h treatment with doxycycline, which abrogated TetR-Myb
TA

 binding, 

resulted in a dramatic loss of transcription and H3K27ac from TetO and the distal loci (Figure 10 

6C, supplemental Figure 11B). Thus, consistent with our MYB degradation experiments, local 

and distal enhancer activity are absolutely dependent on continued presence of TetR-Myb
TA

 at 

TetO. 

Finally, we probed the role of p300/Cbp at this locus using Myb
TA

 mutants that partially 

(M303V) or fully (L302A) disrupt binding to p300/Cbp.
15,50,51

 TetR-Myb
TA

L302A localized to 15 

TetO, but did not result recruit p300 and was unable to induce detectable H3K27ac or 

transcription at TetO or L1-4 (Figure 6D, supplemental Figure 6D). In contrast, M303V partially 

reduced, but did not eliminate, p300 binding and H3K27ac deposition (Figure 6D, supplemental 

Figure 11C). Strikingly, transcription was dramatically reduced with both mutations, to ~1% of 

TetR-Myb
TA

 levels (Figure 6D). Thus, stable p300/Cbp recruitment via Myb
TA

 is required for 20 

robust transcriptional output at this enhancer-like element. 

 

Discussion 

We show that MYB binding sustains transcription by maintaining precise enhancer-promoter 

interactions and enhancer activity at key leukemia-associated genes. To determine if MYB is 25 

sufficient to establish de novo enhancer-like regions, we anchored Myb
TA

 in a gene desert. 

Myb
TA

 alone recruited co-activators, induced long-range interactions, activating cryptic 

promoters, and was required to maintain these interactions, suggesting that mediating long-range 

gene activation is an intrinsic property of MYB. How it selects sites for activation is unclear. It is 

likely context dependent, as regulatory elements can retain function when removed from their 30 

endogenous context, but remain responsive to the overall cell environment.
52

 Indeed, we 

observed low-level chromatin accessibility in the absence of TetR-Myb
TA

, indicating the 

potential for these sites to be bound by other TFs, poised for activation upon interaction with 

Myb, although motif analysis did not identify an obvious candidate. These findings suggest that 

MYB can drive activation of minimally active cryptic elements to create functional regulatory 35 

domains.  

While LDB1 is essential for loop formation,
26

 recent high-resolution 3C-based observations have 

suggested that many TF binding sites could be nucleation points for enhancer-promoter 

interactions.
27-29

 Our data extend these findings by showing that MYB degradation disrupts many 

interactions precisely localized at MYB-bound loci, suggesting that MYB itself (or the co-40 

activators it recruits) drives enhancer-promoter contact in these regions. These effects are not 

uniform across all MYB binding sites; at many MYB-bound enhancers, MYB degradation had 

little or no effect on promoter interaction. This argues that an essential requirement for MYB is 
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context specific, perhaps reflecting the absence of alternative, redundant factors. We cannot 

exclude a role for MYB homologs A/B-MYB, although they are lowly expressed in SEM cells. 

Futhermore, where MYB degradation reduced the punctate interaction at the MYB peak, the 

broader interaction profile of the enhancer remained intact, and overall promoter-enhancer 

interactions continued in the absence of MYB. Thus at most enhancers, no single TF drives the 5 

interaction profile, but instead interactions combine across multiple protein complexes. Future 

work will determine if this is the function of a handful of key factors such as MYB and LDB1, or 

if all TFs contribute to enhancer-promoter crosstalk.  

While we cannot exclude a role for Ctcf and/or cohesin in the Myb
TA

-driven interactions we 

observe, the limited overlap between CTCF/RAD21 and MYB in SEM cells argues against this 10 

as the primary mechanism driving MYB-dependent looping. Instead, we suggest that MYB-

dependent enhancer-promoter interactions are likely driven by co-activator recruitment, possibly 

in concert with other TFs, and subsequent RNAPII complex stabilisation. MYB is known to 

function via P300/CBP,
15-17

 which may provide a mechanism for enhancer-promoter interactions. 

Upon MYB degradation, H3K27ac and interaction frequency reductions correlated at MYB-15 

bound enhancers, although acetylation loss appeared to precede structural changes. It is unclear 

whether this reflects independent or interdependent MYB activities. Using mutations that disrupt 

Myb-p300/Cbp interactions,
15,50,51

 we observed reduced H3K27ac at TetO and distal 

transcription. Strikingly, the transcriptional decrease was much more dramatic, indicating 

acetyltransferase-independent p300/Cbp functions, or additional Myb
TA

-interacting cofactors 20 

contributing to activation of distal loci. There is no intrinsic requirement for enhancer-promoter 

contact and promoter driven transcription to be controlled by the same process; we previously 

found that degradation of BRD4 disrupts transcription without affecting enhancer-promoter 

interactions.
44

 In our system, MYB appears sufficient for both. Further work is required to 

explore how this is mediated. 25 

In the context of leukemia, our results provide a mechanistic rationale for the oncogenic function 

of MYB. Previous studies have implicated MYB in transcriptional activation and enhancer 

occupancy, but here we reveal that enhancer activity, chromatin looping, and transcriptional 

output are acutely dependent on continued MYB presence. This dual capacity – maintaining and 

establishing enhancers – may explain its involvement in enhancer hijacking and necessity to 30 

sustain the leukemia phenotype. 

Our work underscores the therapeutic vulnerability of MYB-driven enhancer programs and 

suggests that targeting MYB or its co-activator interactions (e.g., via P300/CBP inhibitors
53

) 

could disrupt layers of leukemic transcriptional regulation. Mutational analysis of the MYB-

P300 interface revealed that transcriptional activation is more sensitive to disruption than histone 35 

acetylation, indicating additional layers of enhancer activation that may involve non-enzymatic 

co-factors or scaffolding roles. This positions MYB as a master regulator of leukemia-specific 

enhancer function, with implications for basic enhancer biology and therapeutic targeting of 

MYB-dependent malignancies. 

  40 
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Figure Legends 

 

Figure 1. MYB binds to active enhancers in leukemia cells. (A) Spearman correlation 

coefficients for ChIP-seq data at enhancer ATAC-seq peaks in SEM cells. (B) Heatmap 

comparing levels of histone modifications and chromatin binding of MYB and co-activator 5 

proteins at enhancer ATAC-seq peaks in SEM cells. Peaks are ranked based on accessibility. (C) 

Capture-C, ChIP-seq and ATAC-seq at the BCL2 gene and enhancer region (labelled E) in SEM 

cells. Capture-C shows the frequency of interactions with the BCL2 promoter (labelled P), 

indicated by the vertical gray bar, and is displayed as the mean of three biological replicates. 

Upper track shows Capture-C for the broad locus, with an expanded view below. (D) Capture-C, 10 

ChIP-seq, and ATAC-seq data at MYC as in (C). 

 

Figure 2. MYB is required for maintenance of enhancer signatures in leukemia cells. (A) 

Western blot for MYB in MYB-FKBP12
F36V

 tagged SEM cells following addition of 0.5 μM 

dTAG-13. Cells were fractionated, with GAPDH and MENIN used as loading controls for the 15 

whole cell and chromatin-bound fractions. Representative of three biological replicates. (B) 

Quantification of whole cell protein western blot following dTAG-13 treatment. Error bars 

represent the standard deviation from four biological replicates, **p<0.01; ****p<0.0001. (C) 

Mean MYB CUT&Tag signal at MYB-bound enhancers in control (untreated) and 24h dTAG-

13-treated MYB-FKBP12
F36V

 tagged SEM cells. (D) Changes in TT-seq RNA levels following 20 

24h treatment with dTAG-13 in MYB-FKBP12
F36V

 tagged SEM cells. Statistically significant 

differences from three biological replicates, FDR < 0.05. (E) Strand-specific TT-seq levels at 

intergenic MYB-bound and non-MYB-bound enhancers and all intergenic enhancer ATAC-seq 

peaks, in control (untreated) and 24h dTAG-13-treated MYB-FKBP12
F36V

 tagged SEM cells. 

Lines represent mean, shading represents ± SEM, n = 3 independent experiments. (F) Mean 25 

distribution of H3K27ac at MYB-bound and all enhancer ATAC peaks in control (untreated) and 

24h dTAG-13-treated MYB-FKBP12
F36V

 tagged SEM cells. (G) Proportion of intergenic 

enhancers with differential eRNA expression following dTAG-13 treatment that are associated 

with differentially expressed target genes. MYB and H3K27ac ChIP-seq, TT-seq and ATAC-seq 

at MYB-bound enhancers for (H) BCL2 and (I) MYC in MYB-FKBP12
F36V

 tagged SEM cells, 30 

with or without the addition of dTAG-13 for 24h. Differential tracks show the difference in 

interaction frequency between DMSO and dTAG-13 conditions (dTAG-13 minus DMSO). MYB 

peaks are annotated in red. 

 

Figure 3. MYB is necessary for maintenance of enhancer-promoter interactions at 35 

endogenous loci. Capture-C and ChIP-seq in SEM cells, and Micro-Capture-C (MCC), 

CUT&Tag, ATAC-seq and TT-seq in MYB-FKBP12
F36V

 tagged SEM cells, with or without the 

addition of dTAG-13 for 24h at the (A) BCL2 and (C) FLT3 loci. Enhancer regions are 

highlighted by the green line labelled E. Enlarged views of regions within the BCL2 (B) and 

FLT3 (D) enhancers are highlighted by gray gradient boxes and their relative positions within the 40 

enhancers annotated by gray horizontal lines. Capture-C and MCC traces are scaled to emphasize 

distal interactions. Differential tracks show the difference between DMSO and dTAG-13 

conditions (dTAG-13 minus DMSO). (E) Change in MCC interaction frequency (mean logFC of 

three replicates) between promoters and ATAC, MYB, CTCF, RAD21 and P300 peaks within 

approx. 500 kb of the capture point following the addition of dTAG-13 for 24h. Violin plot 45 
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shows frequency distribution. (F) Changes in MCC interaction frequency at MYB peaks 

following 24h treatment with dTAG-13 in MYB-FKBP12
F36V

 tagged SEM cells. Statistically 

significant differences from three biological replicates, FDR < 0.05. (G) Mean MYB CUT&Tag 

signal at MYB-bound decreased or unchanged MCC interaction sites in control (untreated) and 

24h dTAG-13-treated MYB-FKBP12
F36V

 tagged SEM cells. (H) Change in MCC interaction 5 

frequency, ATAC-seq and H3K27ac levels at MYB peaks associated with decreased or 

unchanged MCC interactions. (I) Correlation of loss of MCC interaction at MYB peak with 

changes in gene expression.  

 

Figure 4. MYB is required for enhancer activity in OCI-AML3 cells. (A) Changes in MCC 10 

interaction frequency following 24h MYB knockdown in OCI-AML3 cells. Statistically 

significant differences from three biological replicates, FDR < 0.05. (B) Change in MCC 

interaction frequency at ATAC-seq peaks associated with differential accessibility following 24h 

MYB knockdown in OCI-AML3 cells. (C) Change in MCC interaction frequency, ATAC-seq 

and H3K27ac levels at MYB peaks associated with decreased or unchanged MCC interactions. 15 

MCC, MYB and H3K27ac CUT&Tag and ATAC-seq in OCI-AML3 cells under control (non-

targeting) or 24h MYB knockdown (KD) conditions at BCL2 (D) and MYC (E). Differential 

tracks show the difference between control and KD conditions (KD minus control). 

 

Figure 5. TetR-MYB
TA

 is sufficient to initiate de novo enhancer activity. (A) MYB 20 

schematic, with tandem repeats R1-3 of the DNA binding (DB) domain, the transactivation (TA) 

domain and the negative regulatory (NR) domain, as well as r/TetR-Myb
TA

 and control (r/TetR 

only) proteins. (B) Targeting of factors to TetO via the r/TetR DNA-binding domain. 

Doxycycline disrupts DNA binding of TetR but induces binding of rTetR. (C) ChIP-qPCR 

analysis across the TetO-containing locus in cell lines stably expressing either TetR or TetR-25 

Myb
TA

, using antibodies against the indicated proteins. Error bars represent the standard 

deviation from three biological replicates. (D) TetR ChIP-seq, (E) H3K27ac ChIP-seq, (F) Poly-

A minus RNA-seq and (G) ATAC-seq at the integrated TetO array. L1-4 are highlighted in gray. 

(H) ChIP-qPCR for H3K27ac (left), H3K4me1 (middle) and H3K4me3 (right) at L1-4 in cells 

expressing TetR (black bars) or TetR-Myb
TA

 (colored bars). Error bars represent the standard 30 

deviation from three biological replicates. 

 

Figure 6. MYB
TA

 binding induces – and is necessary for – chromatin looping. (A) Capture-C 

and H3K27ac ChIP-seq in untreated and doxycycline-treated rTetR-Myb
TA

 and TetR-Myb
TA

 

expressing cells across the TetO locus. Differential tracks show the difference in interaction 35 

frequency between untreated and doxycycline conditions. (B) ChIP-qPCR analysis in rTetR-

Myb
TA

 expressing cells for rTetR (1
st
 panel) and H3K27ac (2

nd
 panel) and qRT-PCR analysis of 

cDNA generated from total RNA (3rd panel) across the TetO-containing locus (±0.5 kb, ±1 kb, 

and ±5 kb from the TetO locus) (3
rd 

panel) and at L1-4 (4
th

 panel) following doxycycline 

treatment for 0.5 and 24h. qRT-PCR data were normalized to Gapdh expression. Error bars 40 

represent the standard deviation from three biological replicates. (C) As in (B), ChIP-qPCR and 

qRT-PCR in TetR-Myb
TA

 expressing cells following doxycycline treatment for 1h. (D) ChIP-

qPCR analysis for H3K27ac across the TetO containing locus in cell lines stably expressing 

either TetR-Myb
TA

 (gray), TetR-Myb
TA

M303V (pink), or TetR-Myb
TA

L302A (blue) (1
st
 panel), 

qRT-PCR analysis of cDNA generated from total RNA across the TetO containing locus (2
nd

 and 45 
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3
rd

 panel) and at L1-4 (4
th

 panel), normalized to Rn18s. Representative of three biological 

replicates. 
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Investigating the role of MYB in enhancer activation  
and directing 3D chromatin interactions in leukemia 

. 

Conclusions: MYB binding is sufficient to drive novel enhancer activation, including 
initiating 3D contact with target promoters to drive expression of distal oncogenes. 
Continued MYB binding is required to maintain enhancer-promoter interactions. 

Lau et al. DOI: 10.xxxx/blood.2026xxxxxx 

Aim of This Study 
To understand how MYB activates oncogenic enhancers to 

maintain gene expression and promote leukemia 

Findings 

Context of Research 
MYB is a key hematopoietic transcription factor that is 

frequently deregulated in leukemia. The exact mechanism by 

which it upregulates oncogenic transcription is unknown. 
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Supplemental Methods 

Cell culture 

SEM cells (DSMZ) were cultured in Iscove’s Modified Dulbecco’s Medium (IMDM) 

supplemented with 10% fetal bovine serum (FBS, ThermoFisher Scientific) and 2 mM GlutaMAX 

(ThermoFisher Scientific). THP-1, RCH-ACV and OCI-AML3 cells (DSMZ) were cultured in 

RPMI-8226 supplemented with 10% FBS and 2 mM GlutaMAX. Mouse ESCs with a TetO array 

insertion (TOT2N mESC) were the kind gift of Prof. Rob Klose (University of Oxford) and were 

grown in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FBS, non-

essential amino acids (ThermoFisher Scientific), GlutaMAX, LIF and β-mercaptoethanol. All cell 

lines were confirmed free from mycoplasma contamination. Colony forming assays were 

conducted by plating 500 cells mixed with 1 ml H4100 Methylcellulose medium (StemCell 

Technologies) in a 3 cm diameter dish in triplicate, then allowing to grow for 14 days before 

counting. 

Generation of degron cell lines 

SEM cells were edited to incorporate FKBP12F36V-HA-P2A-mNeonGreen, immediately prior to 

the stop codon of both alleles of MYB, by CRISPR/Cas9-mediated homology-directed repair 

(HDR), as previously described.1 Cells were co-electroporated with pX458 (encoding Cas9, one 

of three sgRNA sequences targeting the end of MYB (supplemental Table 2), and mRuby) and an 

HDR construct containing the FKBP12F36V-HA-P2A-mNeonGreen sequence flanked by 500 bp 

regions with homology to either side of the MYB stop codon. Fluorescence-activated cell sorting 

was used to isolate mRuby-positive cells after 24h, and cells were allowed to grow for 1-2 weeks, 

after which cells were sorted again. mNeonGreen-positive cells were plated onto H4100 

Methylcellulose medium and after 1-2 weeks, individual colonies screened for homozygous 

editing of the MYB gene by PCR and western blotting. 

TetR cell lines 

The Myb transcriptional activation domain (MybTA) and MybTA mutant sequences (MybTA L302A 

and MybTA M303V) were cloned into the original pCAGFS2TetR vector, downstream of the FS2-

TetR open reading frame. The rTetR-MYBTA construct was generated by dsODN exchange 

cloning, replacing the TetR domain with the rTetR sequence.2 Plasmids were transfected into 

TOT2N mESCs with Lipofectamine-2000, and clones stably expressing the transfected construct 

were selected using 1 µg/ml puromycin, then confirmed by western blotting. As a negative control, 

parental mESCs (no TetR) or cells expressing the TetR domain alone were used. Where indicated, 

cells were treated with 1 µg/ml doxycycline. 

siRNA transfections 
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siRNA knockdown assays were performed using a rectangle pulse EPI 2500 electroporator 

(Fischer Heidelberg, Germany.3 10 μl 10 μM siRNA (ON-TARGETplus Human MYB siRNA L-

003910-00-0005 or ON-TARGETplus Non-targeting Control Pool D-001810-10-05) was added to 

2 x 107 THP-1, OCI-AML3 or RCH-ACV cells resuspended in 800 μl media, and electroporated 

at 330 V for 0.1 seconds in a 2 mm cuvette. Following electroporation, cells were incubated at 

room temperature for 10-15 minutes. The cells were then transferred to warm RPMI media 

(supplemented with 10% FCS and 1% GlutaMax) at a concentration of 1 x 106/ml and incubated 

at 37°C, 5% CO2. RNA was extracted 24h post-transfection and MYB knockdown confirmed by 

western blot. 

Apoptosis assay 

5 x 105 SEM-WT or SEM-MYB-FKBP cells were resuspended in FACS buffer (PBS +10% FBS) 

and placed on Attune NxT analyser. Apoptotic cells were quantified with the eBioscience Annexin 

V Apoptosis Detection kit (Thermofisher). 

Chromatin immunoprecipitation (ChIP) 

ChIP was conducted as described previously.4,5 Briefly, 107 cells were fixed for histone 

modifications (1% formaldehyde for 10 min) or TFs/cofactors (2 mM disuccinimidyl glutarate for 

30 min, then 1% formaldehyde for 30 min). Fixed cell pellets were lysed in 120 µl lysis buffer (10 

mM Tris-HCl pH 8.0, 1 mM EDTA, 1% SDS) and sonicated with an ME220 sonicator (Covaris) 

to generate 200-300 bp fragments. After pelleting insoluble material, the supernatant was diluted 

10x, then 5 µl protein A- and G-coupled dynabeads (ThermoFisher Scientific) were added to pre-

clear chromatin prior to immunoprecipitation. An input sample was taken, then 2 µg antibody 

(supplemental Table 3) was added and the sample was incubated overnight with rotation at 4 ˚C. 

Antibody-chromatin complexes were isolated by addition of 15 µl protein A- and G-coupled 

dynabeads, after which the beads were washed 3x with RIPA buffer (50mM HEPES-KOH (pH 

7.6), 500mM LiCl, 1mM EDTA, 1% NP40 and 0.7% sodium deoxycholate) and once with Tris-

EDTA. Samples were eluted with lysis buffer, then RNase A- and proteinase K-treated and 

crosslinks were reversed by overnight incubation at 65 ˚C. DNA was purified using the QIAquick 

PCR Purification Kit (Qiagen) and quantified by qPCR, normalized to input. Primer sequences are 

detailed in supplemental Table 2. ChIP-seq libraries were generated with the NEBNext Ultra II 

DNA library prep kit (NEB), then sequenced by 75 cycle paired-end sequencing on a NextSeq 

machine (Illumina). All datasets used are reported in supplemental Table 4. 

TOPmentation 

TOPmentation was conducted as previously described.6 Briefly, protein A-coupled magnetic beads 

were pre-incubated with anti-HA antibody (3724S, Cell Signaling Technology) for 4 h with 

rotation at 4 ˚C. 2.5x105 cells were fixed (2 mM disuccinimidyl glutarate for 30 min, then 1% 

formaldehyde for 30 min), lysed in TOPmentation lysis buffer (50 mM Tris-HCl pH 8.0, 0.5% 
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SDS, 10 mM EDTA, 1x protease inhibitor cocktail), then sonicated with an ME220 sonicator 

(Covaris) as for ChIP. Sonicated chromatin was incubated with Triton-X100 (final concentration 

1%) for 10 min at room temperature to neutralize the SDS, then pre-cleared with 5 µl protein A-

coupled beads. Antibody-incubated beads were washed in PBS/0.5% FBS, then the pre-cleared 

chromatin was added to the antibody-bound beads and incubated with rotation overnight at 4 ˚C. 

The chromatin/antibody-bound beads were transferred to fresh tubes, and washed three times with 

RIPA buffer (see ChIP protocol), then once with Tris-EDTA and finally with 10 mM Tris-HCl 

pH8.0. The chromatin was then tagmented by resuspension in 29 µl Tagmentation buffer (10 mM 

Tris-HCl pH 8.0, 5 mM MgCl2, 10% dimethylformamide) and addition of 1 µl Tn5 transposase 

(Illumina), then incubation at 37 ˚C for 10 min. The reaction was stopped by addition of 150 µl 

RIPA buffer, then beads were washed once with 10 mM Tris-HCl pH8.0 and resuspended in 22.5 

µl H2O. Samples were indexed by addition of Nextera indexing primers7 to 125 nM final 

concentration) 25 µl NEBNext Ultra II Q5 MasterMix (NEB). Libraries were amplified using the 

following thermal profile: 72 ˚C 5 min, 95 ˚C 5 min, (98 ˚C 10 s, 63 ˚C 30 s, 72 ˚C 3 min) x 11 

cycles, then clean-up was performed using a 1:1 ratio of Agencourt AMPure XP beads. Samples 

were sequenced by 75 cycle paired-end sequencing on a NextSeq machine (Illumina). 

CUT&Tag (TF-optimised) 

Cell were resuspended in NE1 buffer (20 mM HEPES KOH pH 7.9, 10 mM KCl, 0.5 mM 

spermidine, 0.1% Triton X-100, 20% glycerol, 1× Complete Protease Inhibitor [EDTA-free]) 

followed by 10 min incubation on ice. Nuclei were pelleted at 500g for 10 mins at 4°C then fixed 

in 0.1% Formaldehyde for 2 min. Nuclei were quenched with 1.25 M Glycine then pelleted at 500g 

for 10 min at 4°C followed by resuspension in wash buffer (25mM HEPES-KOH, 110mM KCl, 

10mM NaCl, 1mM MgCl2, 1% (w/v) BSA, 0.5 mM Spermidine, 1x Complete Protease Inhibitor 

[EDTA-free]). Concanavalin A (Con A) beads were activated by washing (2x) with 1 ml 

Concanavalin Activation Buffer (20 mM HEPES-KOH pH 7.9, 10 mM KCl, 1 mM CaCl₂, 1 mM 

MnCl₂). For each antibody/sample combination, 5 μl of activated ConA beads were added to 5 x 

104 nuclei. Nuclei were incubated with 0.5 μl of primary antibody in 25 μl of antibody buffer (0.1% 

BSA, 2 mM EDTA in Wash Buffer) for either 1 h at RT or overnight at 4°C. Nuclei were then 

incubated with 25μl of 1:100 secondary antibody (Guinea Pig anti-Rabbit IgG) for 30 mins at RT 

then washed with 200 μl Wash Buffer and incubated with 25 μl 1:20 pAG-Tn5 (EpiCypher) in 

WB-300 (300 mM NaCl in Wash Buffer) for 1hr at room temperature. Nuclei were washed (x2) 

with 200 μl of WB-300 to remove unbound pAG-Tn5 and then incubated at 37°C for 1 h in 50μl 

Tagmentation buffer (10 mM MgCl₂ in WB-300). Tagmentation was stopped by washing with 50 

μl TAPS Wash Buffer (10 mM TAPS pH 8.5, 0.2 mM EDTA) before lysing the nuclei with 5 μl 

SDS-ProK Buffer (1% SDS, 10 mM TAPS pH 8.5, Thermolabile Proteinase K) and incubating for 

1 h at 37° C and 1 h at 58°C. SDS was neutralised with 15 μl 6% Triton and tagmented DNA 

amplified with NEBNext Ultra II Q5 Master Mix and indexed primers (thermal profile: 58 °C 
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5 min, 72 °C 5 min, 98 °C 5 min, [98 °C 10 sec, 60 °C 10 sec, 72 °C 1 min] ×12). Libraries were 

cleaned with Agencourt AMPure XP beads and sequenced on NovaSeq X. 

ATAC-seq 

ATAC-seq was conducted using 50000 live cells using Nextera Tn5 transposase (Illumina) as 

previously described,8 and sequenced by 75 cycle paired-end sequencing on a NextSeq machine 

(Illumina). 

ChIP-seq/TOPmentation and ATAC-seq analysis 

FASTQ file quality was confirmed by FastQC (v0.12.1; 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), after which reads were trimmed 

using trim_galore with Cutadapt (v0.6.10; 

https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Trimmed reads were mapped 

to the hg38 reference genome using Bowtie 2 (v2.5.1).9 PCR duplicates were removed with picard 

MarkDuplicates (v3.0.0; http://broadinstitute.github.io/picard). The ENCODE Blacklist 

(https://doi.org/10.1038/s41598-019-45839-z) was used to  remove problematic mapping regions 

from the aligned files and further QC of the aligned files was performed using samtools (v1.17).10 

For ChIP-seq/TOPmentation/CUT&Tag, peaks were called using the HOMER (v4.11)11 function 

findPeaks, providing the input track as background, with the flag –style histone or –style factor as 

appropriate. For ATAC-seq, peaks were called using MACS2.12 Bigwigs were generated using 

HOMER and visualized in the UCSC genome browser.13 Putative enhancers were identified by the 

intersection of non-promoter ATAC-seq peaks with H3K27ac peaks, and assigned to the nearest 

transcriptional start site. Metaplots were generated using the HOMER function annotatePeaks.pl,11 

centered on enhancer ATAC-seq peaks. Heatmaps were generated using deepTools (v3.5.1).14 

Motif analysis was conducted using FIMO (v5.5.3)15 with the HOCOMOCO v14 core mouse motif 

database.16 Only motifs meeting two criteria were included: the transcription factor is expressed 

(CPM > 5 from RNA-seq) and the motif match was q < 0.05. Gene ontology analysis was 

conducted using gprofiler2.17 

Transient Transcriptome sequencing (TT-seq) 

TT-seq was conducted as previously described.18 Briefly, spike-in RNA was generated by in vitro 

transcription of exogenous plasmid sequences in the presence of 4S-UTP (Jena Bioscience), using 

the MEGAscript kit (ThermoFisher Scientific). 5x107 SEM cells were treated with 500 µM 4-

thiouridine (Abcam) for 5 min, before RNA isolation by Trizol extraction (ThermoFisher 

Scientific) with the addition of 60 ng spike-in RNA, then DNase I-treatment. Labelled nascent 

RNA was fragmented briefly by sonication (Covaris), biotinylated with EZ-link biotin-HPDP 

(ThermoFisher Scientific), then purified by streptavidin bead pull-down (Miltenyi). Strand-

specific libraries were prepared using the NEBNext Ultra II Directional RNA Library Prep Kit for 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://broadinstitute.github.io/picard
https://doi.org/10.1038/s41598-019-45839-z
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Illumina (NEB) and sequenced by 150 cycle paired-end sequencing on a NextSeq machine 

(Illumina). 

Nascent RNA sequencing 

5 × 107 cells were treated with 500 μM 4-thiouridine (Abcam) for 1 h. Cells were lysed with TRIzol 

(Thermo Fisher Scientific) and total RNA was extracted with chloroform and precipitated with 

ethanol. Following DNase treatment with TURBO DNA-free Kit (ThermoFisher Scientific) as per 

the manufacturer’s instructions, labelled nascent RNA was biotinylated by labelling with 1 mg/ml 

Biotin-HPDP (ThermoFisher Scientific) for 90 min at room temperature. Following chloroform 

extraction, labelled RNA was separated using magnetic streptavidin beads (Miltenyi). Beads were 

washed using a magnetic μMACS stand before RNA was eluted in two rounds of elution with 100 

μl 100 mM DTT. RNA was purified using a QIAGEN RNeasy MinElute Cleanup Kit. Libraries 

were prepared using the NEBNext Ultra Directional RNA Library Preparation Kit for Illumina 

(New England Biolabs). Libraries were sequenced paired-end on a NextSeq 500 (Illumina) using 

a NextSeq® High Output v2 150 cycle sequencing kit. 

PolyA-minus RNA sequencing 

RNA was extracted from cells using the RNeasy Mini Kit (Qiagen). PolyA-minus RNA was 

isolated using the NEBNext Poly(A) mRNA magnetic isolation module (retaining the unbound 

fraction), then used to generate a strand-specific library using the NEBNext Ultra II Directional 

RNA Library Prep Kit for Illumina (NEB). Libraries were sequenced by 150 cycle paired-end 

sequencing on a NextSeq machine (Illumina). 

RNA-seq analysis 

Reads were subjected to quality checking by fastQC (v0.12.1) and trimming using trim_galore 

(v0.6.10) to remove contaminating sequencing adapters, poor quality reads and reads shorter than 

21 bp. Reads were then aligned to hg38 using STAR (v2.4.2a)19 in paired-end mode using default 

parameters. Gene expression levels were quantified as read counts using the featureCounts 

function from the Subread package (v2.0.2)20 with default parameters. The read counts were used 

to identify differential gene expression between conditions using the EdgeR (v3.12)21 package. 

For TT-seq, spike-in RNA levels were quantified by mapping to a custom genome using 

featureCounts and used to normalize the output of EdgeR. Differential eRNA expression was 

conducted by counting TT-seq reads at intergenic enhancer ATAC peaks, counting 1 kb upstream 

on the negative strand and 1 kb downstream on the positive strand. Differential analysis was 

conducted using EdgeR. 

qRT-PCR 
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RNA was extracted from cells using the RNeasy Mini Kit (Qiagen), then reverse transcribed using 

SuperScript III (ThermoFisher Scientific) with random hexamer primers. cDNA was analyzed by 

qPCR using Taqman probes (ThermoFisher Scientific) or SyBr Green (ThermoFisher Scientific). 

The housekeeping genes GAPDH and YWHAZ were used for normalization. Taqman probe IDs 

and SyBr primer sequences are detailed in supplemental Table 2. 

Cellular fractionation and western blotting 

Cellular fractionation was performed to separate cytoplasmic, nucleoplasmic, and chromatin-

associated proteins from SEM cells. Briefly, 1 × 10⁷ cells were lysed on ice in Buffer A (10 mM 

HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl₂, 0.34 M sucrose, 10% glycerol, 0.2% NP-40, 

supplemented with DTT and protease inhibitors) to release the cytoplasmic fraction, and intact 

nuclei were pelleted by low-speed centrifugation. Nuclei were washed and resuspended at in no-

salt buffer (3 mM EDTA, 0.2 mM EGTA, protease inhibitors) to extract the soluble nucleoplasmic 

fraction, leaving a chromatin-enriched pellet. Chromatin-associated proteins were recovered by 

high-salt extraction using BC-300 buffer (50 mM Tris-HCl pH 8.0, 300 mM KCl, 5 mM EDTA, 

20% glycerol, 0.5% NP-40, supplemented with benzonase and protease inhibitors). All fractions 

were normalized to equivalent cell numbers, mixed with SDS loading buffer, boiled, and analyzed 

by SDS–PAGE and western blotting. See supplemental Table 3 for antibody details. 

Next Generation Capture-C 

Capture-C was conducted as described previously,22,23 using 2x107 cells per replicate. Briefly, 

DpnII-generated 3C libraries were sonicated to 200 bp fragments and Illumina paired-end 

sequencing adaptors (New England Biolabs) were added using Herculase II (Agilent). Indexing 

was performed in duplicate to maintain library complexity, with libraries pooled after indexing. 

Enrichment was performed using biotinylated Capture-C probes (supplemental Table 1),4 with two 

successive rounds of hybridization, streptavidin bead pulldown (ThermoFisher Scientific), bead 

washes and PCR amplification using the HyperCapture Target Enrichment Kit (Roche). Samples 

were sequenced by paired-end sequencing with a 300 cycle high-output Nextseq 500 kit (Illumina). 

Data analysis was performed using CapCruncher v0.2.022 

(https://doi.org/10.5281/zenodo.6326102) and statistical analysis was performed as described.22,23 

Micro-Capture-C 

Micro-Capture-C was performed as described.24,25 Briefly, 107 SEM cells were fixed with 2% 

formaldehyde for 10 min, then quenched with glycine and PBS-washed. After permeabilization 

with 0.005% digitonin for 15 min, cells were snap frozen. Thawed cells were pelleted and 

resuspended in reduced-calcium MNase buffer (10 mM Tris-HCl pH7.5, 1 mM CaCl2), then 

divided into three aliquots. Cells were titrated with different micrococcal nuclease (NEB) 

concentrations for 1h at 37 ˚C with shaking at 550 rpm. The reaction was stopped by addition of 

EGTA to 5 mM, with 200 µl removed to assess digestion. Remaining cells were pelleted and 

https://doi.org/10.5281/zenodo.6326102
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washed with PBS/EGTA, then cell pellets were resuspended in DNA ligase buffer, supplemented 

with 400 µM dNTPs and 5 mM EDTA, before addition of DNA Polymerase I large (Klenow) 

fragment (NEB) to 100 U/µl, T4 polynucleotide kinase (NEB) to 200 U/µl and T4 DNA ligase 

(Thermo Scientific) to 300 U/µl. The reaction was incubated for 2h at 37 ˚C, then for 8h at 20 ˚C, 

at 550 rpm, then cooled to 4 ˚C. The digested and ligated chromatin was decrosslinked at 65 ˚C in 

the presence of proteinase K, then DNA was purified using a DNeasy Blood and Tissue Kit 

(Qiagen). Digestion and ligation was assessed by D1000 TapeStation (Agilent). Library 

preparation, indexing and capture were performed as described for NG Capture-C. Probes used for 

capture are given in supplemental Table 1. MCC analysis was performed using the MCC pipeline 
25 (https://github.com/jojdavies/Micro-Capture-C). MCC peaks were called from merged bigwig 

tracks from each oligo viewpoint using Lanceotron,26 and were then filtered on peak size, width 

and distance from the viewpoint. Unique junctions within each peak in the control and treated 

conditions were counted before normalization, using the total cis-unique ligation junctions for that 

peak’s corresponding viewpoint.25 Junction counts were compared between conditions using a 

Student’s T-test. MCC peaks included in the analysis were intersected with SEM cell ChIP-seq 

peaks from in-house datasets using Pybedtools with default parameters. The enrichment score was 

calculated as the number of statistically skewed MCC peaks with factor bound divided by the total 

number of MCC peaks used for the analysis.  

 

https://github.com/jojdavies/Micro-Capture-C
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Supplemental Table 1. Probes used for NG Capture-C and Micro-Capture-C. 

 
Micro-Capture-C 

Gene Probe coordinates (hg38)  

Chromosome Start End Biological relevance 

ABCA2 chr9 137028181 137028301 

Lipid transporter. Increased expression of 

ABCA2 is associated with resistance to 

specific chemotherapeutic drugs. 

ARID1B chr6 156777888 156778008 

Subunit of SWI/SNF remodelling complex, 

mutations in ARID1B are implicated in 

several cancers.27 

ASAP2 chr2 9206597 9206717 

Regulates the formation of post-Golgi 

vesicles and modulates constitutive 

secretion. KMT2A::AFF1 target. 

ASXL1 chr20 32358176 32358296 

Transcriptional regulator, mutations occur 

in AML.28 

BCL11A chr2 60553575 60553695 

Oncogene often activated via translocations 

or overexpressed in hematological 

malignancies like B-cell lymphomas, 

chronic lymphocytic leukemia (CLL), and 

ALL. It regulates lymphocyte development 

and is a potential therapeutic target. 

BCL2 chr18 63320079 63320199 

Anti-apoptotic gene with clinical relevance 

as a therapeutic target in leukemia, known 

MYB target.29 

BRD4 chr19 15331734 15331854 

Epigenetic regulator, therapeutic target in 

hematological malignancies.30 

CASP2 chr7 143288166 143288286 

Regulator of apoptosis, anti-apoptotic role 

in AML. 

CD38 chr4 15778263 15778383 

Transmembrane glycoprotein. Therapeutic 

target in hematological malignancies.31 

CDC25A chr3 48188541 48188661 

Protein phosphatase, dephosphorylates 

CDK1, stimulating its kinase activity 

CDK6 chr7 92833904 92834024 

Cyclin dependent kinase 6, promotes G1/S 

progression, Enhancer is bound by 

KMT2A::AFF1.6 

CXCR4 chr2 136118153 136118273 

GPCR chemokine receptor. High 

expression of CXCR4 is an indicator of 

poor prognosis in AML and ALL.32 

DNMT3A chr2 25342503 25342623 

DNA methyltransferase, mutations occur in 

hematological malignancies.33 

E2F1 chr20 33686567 33686687 

Transcription factor that regulates the 

expression of cell cycle and DNA 

replication genes. 

ERG chr21 38498481 38498601 

ETS transcription factor with a role in B-

cell development. 

EXO1 chr1 241848109 241848229 5' to 3' exonuclease. 

EZH2 chr7 148884312 148884432 

Histone-lysine methyltransferase, subunit 

of PRC2 complex. 
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FLT3 chr13 28100515 28100635 

Receptor Tyrosine kinase, mutations in 

FLT3 are found in ~30% AML cases.34 

FOS chr14 75278763 75278883 Subunit of the AP-1 transcription factor. 

GFI1 chr1 92486129 92486249 

Transcriptional repressor essential for 

hematopoiesis. 

GNAQ chr9 78030959 78031079 

Couples cell surface GPCR signals to 

intracellular pathways. 

HIVEP2 chr6 142945207 142945327 Binds to viral promoters. 

IDH1 chr2 208255188 208255308 

Isocitrate dehydrogenase, mutations occur 

in AML.35 

IKZF1 chr7 50304591 50304711 

Master hematopoietic transcription factor 

and tumor suppressor. Deletion/mutations 

are associated with high-risk B-cell 

precursor ALL.36 

JAK2 chr9 4984757 4984877 

Tyrosine kinase that plays a central role in 

cytokine and growth factor signalling. 

JMJD1C chr10 63466011 63466131 Histone lysine demethylase. 

JUN chr1 58784140 58784260 Subunit of AP-1 transcription factor. 

KRAS chr12 25250963 25251083 Small GTPase, mutated in many cancers. 

LMO4 chr1 87328384 87328504 Transcription factor, KMT2A::AFF1 target. 

MBNL1 chr3 152268761 152268881 Splicing modulator. 

MCM3 chr6 52284820 52284940 

Required for the initiation of eukaryotic 

genome replication. 

MEF2C chr5 88883102 88883222 

Transcription factor involved in 

myogenesis, ectopic expression linked to 

leukemia.37 

MEF2D chr1 156500929 156501049 

Transcription factor involved in 

myogenesis. MEF2D fusion proteins 

contribute to B-ALL pathogenesis.38 

MEIS1 chr2 66435055 66435175 

Transcription factor involved in 

maintaining leukemia stemness, 

KMT2A::AFF1 target gene. 

MSL3 chrX 11758436 11758556 

Component of the MSL histone 

acetyltransferase complex, mediates 

H4K16ac. 

MYC chr8 127736137 127736257 

Transcription factor involved in the 

pathogenesis of ALL and AML.39 MYC 

enhancer is a KMT2A::AFF1 target.6 

NF1 chr17 31094792 31094912 

Functions as a tumor suppressor by 

negatively regulating oncogenic Ras. 

PAX5 chr9 37034294 37034414 

Transcription factor, master regulator of B-

cell development. 

PROM1 chr4 16084086 16084206 

Transmembrane glycoprotein, maintains 

stemness. KMT2A::AFF1 target gene.40 

PTPN11 chr12 112418930 112419050 Protein tyrosine phosphatase. 

RUNX1 chr21 34888697 34888817 

Transcription factor involved in 

hematopoeitic development. 

KMT2A::AFF1 target.41 

RUNX2 chr6 45422123 45422243 

Transcription factor required for osteoblast 

differentiation. KMT2A::AFF1 target. 



   10 

SMAD3 chr15 67065867 67065987 

Transcriptional modulator activated by 

TGF-beta. 

SPI1 chr11 47378507 47378627 

Hematopoietic transcription factor involved 

in myeloid and B-cell development. 

TAPT1 chr4 16226415 16226535 Role in cilia formation. 

TERT chr5 1295077 1295197 Maintains telomeres. 

TP53 chr17 7687509 7687629 

Tumor suppressor that induces cell cycle 

arrest, universally mutated across cancer 

types. 

WT1 chr11 32435548 32435668 Transcription factor, mutated in AML.42 

ZNRF1 chr16 74998959 74999079 E3 ubiquitin-protein ligase 

Next Generation Capture-C  

TetO-F GATCCTTTCAGAGTTCTGGGGGCAGG

GGGAGCAGTCTTAGGACCTTGGGTA

GAACCAGGTGCCAAGAAGC 

 

TetO-R GATCCTGTCCACCCAATCAGCTTCTC

TATCACTGATAGGGACTCTTACCCAG

GAGATTTGGTCTTCTCTA 
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Supplemental Table 2. Primers and oligonucleotides used in this study. 

 
Experiment Name Forward Sequence Reverse sequence 

ChIP-qPCR 

primers 

BCL2 E 

(MYB 

ChIP) 

GAGCCCTCAACCTTGTGATAG AAGGTAGCCCTGACCATAGA 

MYC E 

(MYB 

ChIP) 

GCACACAAAGGAGAGGCTATT CCATGTGGGTCCCTTCATTT 

BCL2 E 

(CTCF/RA

D21 ChIP) 

TGTTGCCTTTAGGCTGTTCT TCTCACCTGCTCGCTCTAA 

BCL2 P GTTCAGGTACTCAGTCATCCAC GGAGGATTGTGGCCTTCTTT 

CD38 GTGAATCGAGTCTGGGACATT TCTGACCCACAGGTTTGTATTAG 

CDC25

A CATCGGAGGGCATTGATGTAG CTACCAGCAACTCTCAATTCGT 

CDK6 CTTTCTGGGCCTGAGGATTC CCAACGTGGTCAGGTGAG 

CXCR4 GTTCACTGCTCTGGGTATCATC CCTGGTAGGCTTTAGGGTTTG 

JUN TTTGACGGTTCAGGCTTCTG CCATTTGCCTTCTTTCTCCATC 

LMO4 AAATATCAGGAGGCACAGAGTTT CATCTGCTGGTACTCCGATTAAA 

MYC E1 GCTCAAATTGCCCTAACTTCAC GGCGACTATGGGATAGCATTTA 

MYC E2 CTGGTCAAGGTCTCAGAATCAA AGGCAGATGCAGGACAATC 

MYC E3 TCTTTCCAGAGCAGCATTCC AGGCAGTAGATGGCAGTAGA 

RUNX1 

E1 CCACCTATTGGCCTTCCTTATG AGTTGAGGCTTTCTCCAAGTC 

RUNX1 

E2 CCATTGCTGAACGCATTGT CGTCCAGAGGTTGGGATTT 

Human 

negative 

GGCTCCTGTAACCAACCACTACC CCTCTGGGCTGGCTTCATTC 

Gapdh P AGAGAGGGAGGAGGGGAAATG AACAGGGAGGAGCAGAGAGCAC 

Oct4 E GTGGTGTGAGCAAGTAGGTAG CTGGCTTAGAGTGTGAACCTTAT 

Oct4 P CAGACTCCATGAGTCACCTTTAC AGGGTGTCCCTTTCTTGTTTAC 

Sox2 E GCTTACTGGAACTTTCCCTAGAA GGAGACCTGCCATCATCAAA 

Mouse 

negative 

TGGCATAGTCCAAGCAGGGATAG TCAGATGAGAGACCAAGGCAGAG 

qRT-PCR 

Primers 

BCL2 Taqman probe ID: Hs00608023_m1 

MYC Taqman probe ID: Hs0015348_m1 
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LMO4 Taqman probe ID: Hs01086790_m1 

CDK6 Taqman probe ID: Hs01026371_m1 

RUNX1 Taqman probe ID: Hs00231079_m1 

BCL11A Taqman probe ID: Hs01093197_m1 

MBNL1 Taqman probe ID: Hs02569862_s1 

ARID1B Taqman probe ID: Hs00368175_m1 

BCL2 

intronic 

CGATAACGCCTGCCATCTAA CCACCACATCCTACTGGATTAC 

CDC25 

intronic  

TTTCGGATTGCTCCGTACTC  GTGCCTAGAAGAGCCTGATTT  

CDK6 

intronic 

GGGGATCCTGCGACTAAAAT TGTCAAAACCCCAACTCTGG 

EXO1 

intronic  

GCCTGAGTGGAGTATGTGTTT  CGGAATCGTCTGCTCTCTTATC  

FLT3 

intronic  

GACACTTCTGGTGTCTGTGTAG  CCCTAATTCAAGCCCTCGTTAT  

IKZF1 

intronic  

AGAGGAATTATCCCGGCTTTG  CCTGAGAAGGTTTGGTGACTT  

LMO4 

intronic 

GTTCGCCTTCTTCTGAGGTATC  GCCTGTATTGTCTTTGTCCTCT  

MYC 

intronic 

AAGGGAGGCGAGGATGTGTCC GGCTGGGTGCGGAGATTCG 

RUNX1 

intronic  

CAAAGAGACAACCAGCATCTTTC  AGCTGCGAGAATGCTTAACT  

SPI1 

intronic  

AAGGCTGACTCCAGAAAGTG  GATCCCTATGTAGCCAACAGTC  

CRISPR 

sgRNA 

MYB C-

term 1 

CACCGGTCTCACATGACCAGCGTC 

 

AAACGACGCTGGTCATGTGAGACC 

 

MYB C-

term 2 

CACCGGCATTCTCAGCCCGGACGCT 

 

AAACAGCGTCCGGGCTGAGAATGCC 

 

MYB C-

term 3 

CACCGGAGAACACTTCAAGTTGACT AAACAGTCAACTTGAAGTGTTCTCC 

Genotyping 

primers 

MYB C-

term 

TGAAGCTGCTTGGAATGGGT TGGTGCTGCTCTCAACTGTT 

TetO 

primers 

TetO  

-30 kb 

GCCGAAGGCTTAGTCTTGAA 

 

AATGGCTGAAACCAGAGCAG 
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(used for 

ChIP-qPCR 

and qRT-

PCR) 

TetO  

-10 kb 

GGCAAGGATACAGGGAGTCA 

 

AAGGACCACCTTAGCCAACA 

TetO  

-5 kb 

TTGGACATAGCACTGAGAAAGAAG 

 

TCCAGACAGGGACTTTGAGTG 

 

TetO  

-1 kb 

TTTTCCTCATGATGGTACATGG 

 

AATTTGTTGTAGGTGCCATTCA 

 

TetO  

-0.5 kb 

CTTTAGGAGGGGAGCTGCAT 

 

TTGCCAGTTTTAAGAGAATTTGC 

 

TetO TGTGGGCAGGTCACAAGTTA 

 

ATCTCATCCCCAATGCTGTC 

 

TetO  

+0.5 kb 

AAAGGAAAATGAGGGGCCTA 

 

CAGGCAGGTAAACACGATAAGTT 

 

TetO  

+1 kb 

CAAATCCGTCCTTGATCTTGA 

 

GCAGTAGGATGGGGAGACAG 

 

TetO  

+5 kb 

AAGCAACTGGTGTTCACT 

 

CAACCAGAACTCTCCAATACT 

 

TetO  

+10 kb 

TTCTTCCAAGGCCCTAACCT 

 

CAAGGCAACGTCAAACAATG 

 

TetO  

+30 kb 

AATGGGAGGCCACCTACAG 

 

TCCGAAGGCCTCAAATGAT 

 

L1 CCTGTCGGGAAACTGATTTGA CACTGGAACTGTAGGATTGAGG 

L2 AAGCAGGAACAGAAGGATACG AGAGCTTCCCACTGGATTTG 

L3 TAGGCACACAGAATGCAAGAG GCTCAGAAGAAGACAGGAAGATG 

L4 GAGGACACAGATGGAAGAAGAG ACCAGAGGATCTAGGGAAAGT 

 



   14 

Supplemental Table 3. Antibodies used in this study. 

 
Target Catalogue Number Company WB dilution 

ACTIN A4700 Sigma 1:1000 

BRD4 A301-985A Bethyl  

CTCF 3418 Cell Signalling Technology  

FS2 (detects r/TetR) Gift of Prof Rob Klose (University of Oxford)  

GAPDH A300-641A Bethyl 1:10000 

H3K4me1 pAb-194-050 Diagenode  

H3K4me3 39159 Active Motif  

H3K27ac C15410196 Diagenode  

HA (detects MYB-FKBP) 3724S Cell Signaling Technology 1:5000 

MED1 A300-793A Bethyl  

MENIN A300-105A Bethyl 1:10000 

MYB ab109127 Abcam 1:2000 

MYBL1 HPA008791 Cambridge Bioscience LtD 1:500 

MYBL2 33056T Cell Signalling Technology 1:500 

P300 A300-358A Bethyl  

RNAPII sc-899 Santa Cruz  

RAD21  Ab992 Abcam  

TBP A301-229A Bethyl  
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Supplemental Table 4. Next-Generation Sequencing datasets used in this study. 

 
Cell line Details Source 

Transient transcriptome-seq 

SEM MYB-FKBP ±dTAG-13 24h This study 

Nascent RNA-seq 

THP-1 ±MYB siRNA KD 24h This study 

Poly(A) minus RNA-seq 

mESC No TetR This study 

mESC TetR This study 

mESC TetR-MYBTA This study 

ChIP-seq 

SEM 

BRD4 GSE83671 

CTCF GSE117865 

H3K4me1 GSE74812 

H3K4me3 GSE74812 

H3K27ac GSE74812 

MED1 GSE83671 

MYB GSE117865 

P300 GSE85988 

RAD21 GSE139437 

RNAPII GSE8656968 

SEM MYB-FKBP 
H3K27ac ±dTAG-13 24h This study 

mESC  

TetR 

TetR (anti-FS2) This study 

H3K27ac This study 

Ctcf ±doxycycline 24h This study 

Rad21 ±doxycycline 24h This study 

mESC  

TetR-MybTA 

TetR (anti-FS2) This study 

H3K27ac ±doxycycline 24h This study 

Ctcf ±doxycycline 24h This study 

Rad21 ±doxycycline 24h This study 

TOPmentation 

SEM MYB-FKBP MYB-FKBP (anti-HA) This study 

CUT&Tag 

SEM MYB-FKBP 
MYB-FKBP (anti-HA) ±dTAG-

13 2h and 24h 
This study 

SEM MYB-FKBP 
MYB-FKBP (anti-HA) ±dTAG-

13 2h, then 24h washout 
This study 

SEM MYB-FKBP 
H2K27ac ±dTAG-13 2h and 

24h 
This study 

SEM MYB-FKBP 
H2K27ac ±dTAG-13 2h, then 

24h washout 
This study 

OCI-AML3 MYB  ±MYB siRNA KD 24h This study 

OCI-AML3 
H2K27ac ± MYB siRNA KD 

24h 
This study 

THP-1 MYB  ±MYB siRNA KD 24h This study 
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THP-1 
H2K27ac ± MYB siRNA KD 

24h 
This study 

RCH-ACV MYB  ±MYB siRNA KD 24h This study 

RCH-ACV 
H2K27ac ± MYB siRNA KD 

24h 
This study 

ATAC-seq 

SEM GSE117863 

SEM MYB-FKBP ±dTAG-13 24h This study 

OCI-AML3 ±MYB siRNA KD 24h This study 

mESC No TetR This study 

mESC TetR This study 

mESC TetR-MybTA This study 

Micro-Capture-C 

SEM MYB-FKBP ±dTAG-13 2h and 24h This study 

SEM MYB-FKBP 
H2K27ac ±dTAG-13 2h, then 

24h washout 

This study 

OCI-AML3 MYB  ±MYB siRNA KD This study 

Next Generation Capture-C 

SEM  GSE117865 

mESC  

TetR-MybTA 

±doxycycline 1h & 24h This study 

mESC  

rTetR-MybTA 

±doxycycline 0.5h This study 
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Supplemental Figure 1.  

(A) Proportion of ATAC-seq and MYB peaks overlapping with promoters (within 2 kb of a 

transcriptional start site [TSS]), active enhancers (H3K27ac peak more than 2 kb from a TSS), 

specified enhancers (H3K4me1 but no H3K27ac peak, more than 2 kb from a TSS) or other sites. 

(B) Genome-wide Spearman correlation coefficients for ChIP-seq data at ATAC-seq peaks in 

SEM cells. (C) Capture-C, ChIP-seq and ATAC-seq at the LMO4 gene and enhancer regions 

(green horizontal lines labelled E) in SEM cells. Capture-C was conducted using the promoter 

(blue horizontal line labelled P) as the viewpoint, indicated by the vertical gray bar, mean of 

three biological replicates. Capture-C traces are scaled to emphasize distal interactions. Upper 

track shows Capture-C for the broad locus, with an expanded view below. (D) Capture-C, ChIP-

seq, and ATAC-seq data at FLT3 as in (B). 
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Supplemental Figure 2. 

(A) Schematic of the FKBP12F36V locus inserted immediately upstream of the stop codon of 

MYB. (B) Genomic PCR of the edited locus confirming homozygous insertion of the 

FKBP12F36V sequence. (C) Sanger sequencing traces confirming accurate insertion at the MYB 

locus. (D) Western blot for MYB in MYB-FKBP12F36V tagged SEM cells following addition of 

0.5 μM dTAG-13. Cells were fractionated, with MENIN used as loading control for the cytosolic 

and soluble nuclear fractions. Whole cell and chromatin-bound fractions are shown in Figure 2A. 

(E) ChIP-qPCR for MYB in MYB-FKBP12F36V tagged SEM cells following treatment with 

DMSO or 0.5 μM dTAG-13 for 2 h or 24h. Representative of three biological replicates. (F) 

Growth of untreated (DMSO) or 0.5 μM dTAG-13 treated wild-type and MYB-FKBP12F36V 

tagged SEM cells over time. Representative of three biological replicates, *p<0.05. (G) Colony 

counts 14 days after plating 500 cells per condition (DMSO vs treated with 0.5 μM dTAG-13 for 

24h) onto 1 ml of semisolid methylcellulose medium. Data are the mean ± SD of three 

independent experiments. Three replicates were plated per experiment. (H) Representative 

example of methocellulose assay colonies of MYB-FKBP12F36V tagged SEM cells as in (G). (I) 

Proportion of apoptotic MYB-FKBP12F36V tagged SEM cells following treatment with DMSO or 

0.5 µM dTAG-13 for the indicated times. Propidium iodide was used as a live/dead stain, with 

Annexin V used to identify apoptotic cells by flow cytometry. Data are the mean ± SD of three 

independent experiments. (J) Western blot for A-MYB and B-MYB in MYB-FKBP12F36V tagged 

SEM cells following addition of 0.5 μM dTAG-13 for 24h. GAPDH is used as a loading control. 

(K) Expression of A-MYB and B-MYB in TT-seq of MYB-FKBP12F36V tagged SEM cells 

following treatment with DMSO or 0.5 μM dTAG-13 for 24h. Mean of three biological 

replicates. (L) Changes in TT-seq levels following 24h treatment with dTAG-13. Statistically 

significant differences (green: decreased; orange: increased; black: unchanged) from three 

biological replicates, FDR < 0.05. (M) qRT-PCR analysis of gene expression using mature 

mRNA and intronic PCR primers following 24h treatment with dTAG-13. Values are normalized 

toYWHAZ mature mRNA levels, relative to DMSO treatment. Mean of three biological 

replicates; error bars show SEM. (N) qRT-PCR analysis of BCL2 and MYC expression following 

0.5 μM dTAG-13 treatment for the indicated times, using primers to amplify mature mRNA (left) 

or intronic RNA (right). Values are normalized to ACTB (mature mRNA) or YWHAZ (intronic 

RNA), relative to DMSO treatment. Mean of three biological replicates; error bars show SEM. 
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Supplemental Figure 3.  

(A) Proportion of differentially expressed genes (dTAG-13 24h treatment) associated with MYB 

binding at the promoter or neighboring enhancer. (B) Gene Ontology enrichment of differentially 

expressed genes associated with MYB binding at the promoter or nearest enhancer. (C) Changes 

in eRNA transcription at intergenic enhancers measured by TT-seq following 24h treatment with 

dTAG-13 in MYB-FKBP12F36V tagged SEM cells. Statistically significant differences from three 

biological replicates, FDR < 0.05. (D) H3K27ac levels at MYB-bound enhancers and promoters 

under control conditions and following 24h treatment with dTAG-13. p-values are reported from 

a Wilcoxon test. (E) Change in H3K27ac at intergenic enhancers, separated by the change in 

eRNA transcription as in C. p-values are reported from a Wilcoxon test. (F) Correlation between 

change in eRNA transcription at intergenic enhancers and change in transcription of the nearest 

gene. Enhancers are colored by change in eRNA transcription. Spearman correlation coefficient 

is shown. 
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Supplemental Figure 4. 

(A) Western blot for MYB in OCI-AML3, THP-1 and RCH-ACV cells following 24h MYB 

knockdown (KD) or non-targeting control. GAPDH is used as loading control. Representative of 

three biological replicates. (B) Colony counts 14 days after plating 500 OCI-AML3, THP-1 and 

RCH-ACV cells per condition (NT vs MYB KD for 24h) onto 1 ml of semisolid methylcellulose 

medium. Data are the mean ± SD of three independent experiments. Three replicates were plated 

per experiment. Analysis of MYB-dependent enhancer activity in OCI-AML3 (C), THP-1 (D) 

and RCH-ACV (E) cells. Left: Mean MYB CUT&Tag signal at MYB-bound enhancers in 

control (non-targeting) and 24h MYB KD cells. Middle: Correlation between the change in 

chromatin accessibility (ATAC-seq) and H3K27ac following MYB KD at MYB-bound and -

unbound enhancers and all ATAC peaks. Right: qRT-PCR analysis of gene expression following 

MYB KD. Values are normalized to YWHAZ mature mRNA levels, relative to control treatment. 

Mean of three biological replicates; error bars show SEM. Spearman correlation coefficients are 

shown. MYB and H3K27ac ChIP-seq/CUT&Tag and ATAC-seq at BCL2 in THP-1 (F) and 

RCH-ACV (G) cells in control (non-targeting) and 24h MYB KD cells. Differential tracks show 

the difference between control and KD conditions (KD minus control). 
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Supplemental Figure 5.  

(A) Capture-C and ChIP-seq in SEM cells, and Micro-Capture-C (MCC), CUT&Tag, ATAC-seq 

and TT-seq in MYB-FKBP12F36V tagged SEM cells, with or without the addition of dTAG-13 for 

24h at the MYC locus. (B) Enlarged views of regions within the MYC enhancer are highlighted 

by the gray gradient box, and their relative positions within the enhancer annotated by the gray 

horizontal lines. Capture-C and MCC traces are scaled to emphasize distal interactions. 

Differential tracks show the difference between DMSO and dTAG-13 conditions (dTAG-13 

minus DMSO).  (C) Overlap of MCC promoter-interacting peaks and MYB peaks within ~500 

kb of each gene indicated. (D) Change in interaction frequency at all MCC peaks showing 

interaction with target promoters following 24h treatment with dTAG-13 in MYB-FKBP12F36V 

tagged SEM cells. Statistically significant differences (red: decreased MYB bound peaks; black: 

decreased non-MYB-bound peaks; gray: unchanged) from three biological replicates, FDR 

<0.05. (E) Enrichment of SEM ChIP-seq datasets within differential MCC peaks. Statistically 

significant (FDR <0.05) MCC peaks with ChIP factor bound divided by total number of MCC 

peaks analyzed with ChIP factor bound. MYB, its interaction partner P300 and enhancer-

associated MED1 and BRD4 are highlighted. (F) Mean distribution of H3K27ac at MYB-bound 

MCC interaction peaks in control (untreated) and 24h dTAG-13-treated MYB-FKBP12F36V 

tagged SEM cells. (G) Change in interaction frequency at all MCC peaks bound by MYB, 

following 24h treatment with dTAG-13 in MYB-FKBP12F36V tagged SEM cells. Peaks enriched 

for H3K27ac are shown in green. (H) Correlation of the change in promoter-interaction 

frequency and the change in H3K27ac (left) and ATAC-seq (right) at MYB-bound MCC peaks, 

following 24h treatment with dTAG-13 in MYB-FKBP12F36V tagged SEM cells. Spearman 

correlation coefficients are shown for peaks that show a statistically significant decrease in 

interaction frequency (FDR <0.05, green) or where interaction frequency is unchanged (gray). 
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Supplemental Figure 6. 

(A) Proportion of MYB peaks that overlap with CTCF or RAD21. Peaks are separated based on 

genomic location. (B) Proportion of MYB peaks at MCC interaction sites that overlap with 

CTCF or RAD21. Peaks are separated based on the effect of dTAG-13 treatment on interaction 

frequency. ChIP-qPCR for CTCF (C) and RAD21 (D) in MYB-FKBP12F36V tagged SEM cells 

following treatment with DMSO or 0.5 μM dTAG-13 for 2h or 24h. Representative of three 

biological replicates. 
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Supplemental Figure 7. 

(A) Schematic showing the timecourse workflow. MYB-FKBP12F36V tagged SEM cells were 

treated with DMSO or 0.5 µM dTAG-13 for 2h or 24h before processing. After 2h treatment, a 

second batch of cells were transferred to drug-free medium and allowed to recover for 24h 

before processing (washout). (B) Western blot for MYB in MYB-FKBP12F36V tagged SEM cells 

treated with DMSO (-) or 0.5 μM dTAG-13 (+) for 2h, or 2h treatment followed by 24h washout 

in drug-free medium. GAPDH is used as loading control. Representative of three biological 

replicates.  (C) Mean MYB CUT&Tag signal at MYB-bound enhancers in control (untreated) 

MYB-FKBP12F36V tagged SEM cells treated with dTAG-13 for 2h or 24h, or treated for 2h then 

washed out for 24h (w/o). (D) Mean H3K27ac CUT&Tag signal at MYB-bound enhancers in 

control (untreated), dTAG-13-treated or washout MYB-FKBP12F36V tagged SEM cells. (E) 

Correlation between the change in gene expression measured by TT-seq after 2h and 24h dTAG-

13 treatment (left) or after 2h dTAG-13 treatment and subsequent washout (right). Enhancers are 

coloured by the change at 24h, FDR<0.05. Spearman correlation coefficients are shown. (F) 

Correlation between the change in MCC interaction frequency at MYB-bound peaks after 2h and 

24h dTAG-13 treatment. Peaks are coloured by the change at 24h, FDR<0.05. (G) Correlation 

between the change in H3K27ac at MYB-bound MCC peaks after 2h and 24h dTAG-13 

treatment (left) or after 2h dTAG-13 treatment and subsequent washout (right). Peaks are 

coloured by the change in MCC interaction frequency at 24h, FDR<0.05. Spearman correlation 

coefficients are shown. Micro-Capture-C (MCC), MYB and H3K27ac CUT&Tag and ATAC-seq 

in MYB-FKBP12F36V tagged SEM cells at BCL2 (H) and CXCR4 (I), under control (untreated), 

2h or 24h dTAG-13 treatment, or washout (WO). Differential tracks show the difference in 

interaction frequency between the indicated conditions. 
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Supplemental Figure 8. 

(A) ChIP-qPCR analysis across the TetO-containing locus in cell lines stably expressing either 

TetR (top row) or TetR-MybTA (bottom row) and at endogenous loci (bottom row), for H3K27ac 

(left), H3K4me1 (middle) and H3K4me3 (right). Error bars represent the standard deviation from 

three biological replicates. (B) ChIP-qPCR for p300, Brd4, Med1, Tbp, RNAPII at endogenous 

loci in the indicated TetR mESCs. Error bars represent the standard deviation from three 

biological replicates. (C) H3K27ac ChIP-seq, ATAC-seq and poly-A minus RNA-seq at L1-4 

loci. Arrows represent predominant direction of transcription (green = bidirectional; blue = 

unidirectional). (D) Motif locations within ATAC-seq peak sequences L1-L4 for expressed TFs, q 

< 0.05. Block arrows denote individual motif occurrences, with arrow direction indicating strand 

orientation. Arrows are coloured by TF class. Where motifs overlap spatially, they are collapsed 

by motif and stacked vertically and ranked by a composite score (CPM × −log₁₀(q-value)), with 

higher-scoring motifs positioned above lower-scoring ones. 
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Supplemental Figure 9. 

(A) Capture C across the TetO locus in rTetR-MybTA, TetR-only and TetR-MybTA expressing 

cells following treatment with doxycycline. Differential track shows the difference in interaction 

frequency between untreated and doxycycline conditions, or between untreated TetR-MybTA and 

TetR-only cells. (B) ATAC-seq in cells not expressing TetR, expressing TetR-only or TetR-

MybTA. ChIP-seq for Ctcf (C) or Rad21 (D) in cells not expressing TetR, expressing TetR-only 

or TetR-MybTA, under control (untreated) conditions or following 24h treatment with 

doxycycline.  
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Supplemental Figure 10. 

(A) Capture C and ChIP-seq for Ctcf and Rad21 across the broad TetO locus in cells not 

expressing TetR, expressing TetR-only or TetR-MybTA under control (untreated) conditions or 

following 24h treatment with doxycycline. (B) As in A, expanded view of the regions indicated 

by vertical gray shading. 
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Supplemental Figure 11. 

(A) ChIP-qPCR for H3K27ac at L1-4 following doxycycline treatment for 0.5 and 24h in rTetR-

MybTA expressing cells. Representative of three biological replicates. (B) As in (A), ChIP-qPCR 

in TetR-MybTA expressing cells following doxycycline treatment for 1 h. Error bars represent the 

standard deviation from three biological replicates. (C) ChIP-qPCR analysis across the TetO 

containing locus in cell lines stably expressing either TetR-MYBTA (gray), TetR-MybTAM303V 

(pink), or TetR-MybTAL302A (blue), using antibodies against TetR, p300, Brd4 and RNAPII 

(Pol2). Error bars represent the standard deviation from three biological replicates. 
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