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SUMMARY

Delineating how chromosomes fold at length scales beyond one megabase remains obscure 

relative to smaller-scale folding into TADs, loops, and nucleosomes. We find that rather than 

simply unfolding chromatin, histone hyperacetylation results in interactions between distant 

genomic loci separated by tens to hundreds of megabases, even in the absence of transcription. 

These hyperacetylated “megadomains” are formed by the BRD4-NUT fusion oncoprotein, interact 

both within and between chromosomes, and form a specific nuclear subcompartment that has 

elevated gene activity with respect to other subcompartments. Pharmacological degradation of 

BRD4-NUT results in collapse of megadomains and attenuation of the interactions between them. 

In contrast, these interactions persist and contacts between newly acetylated regions are formed 

after inhibiting RNA polymerase II initiation. Our structure-function approach thus reveals that 

broad chromatin domains of identical biochemical composition, independent of transcription, form 

nuclear subcompartments, and also indicates the potential of altering chromosome structure for 

treating human disease.
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eTOC Blurb

Rosencrance et al. find that hyperacetylated chromatin domains formed by the BRD4-NUT fusion 

oncoprotein interact over hundreds of megabases and even between chromosomes resulting in 

formation of a specific nuclear subcompartment. Subcompartment interactions are lost after small-

molecule degradation of BRD4-NUT, but persist when RNA polymerase II initiation is inhibited.

Graphical Abstract

INTRODUCTION

Chromosomes are one of the most mysterious cellular structures. At multiple length scales 

chromosomes exhibit different folding patterns, most of which lack a molecular basis. 

Active and inactive genes are differently folded and often located in different regions of the 

nucleus, but the biochemical basis and functional significance of this relationship remains to 

be fully determined (Bickmore, 2013; Bickmore and van Steensel, 2013).

Chromosome folding in situ can be detected by Hi-C (Lieberman-Aiden et al., 2009), which 

combines chemical cross-linking, proximity ligation, and high-throughput DNA sequencing. 

At a scale of several to hundreds of kilobases, Hi-C has revealed both pairs of loci as well as 

stretches of chromatin in close physical proximity that form DNA loops (Rao et al., 2014) 

and that are referred to as topologically associating domains or TADs (also referred to as 

physical domains, topological domains, or contact domains), respectively (Dixon et al., 

2012; Nora et al., 2012; Rao et al., 2014; Sexton et al., 2012). At longer length scales, 

extending to entire nuclei, groups of loci preferentially associate thereby segregating into a 

euchromatic A compartment or heterochromatic B compartment (Lieberman-Aiden et al., 

2009), both of which can be divided into nuclear subcompartments with distinct patterns of 

histone post-translational modifications (Rao et al., 2014).

Many TADs coincide with chromatin loops forming loop domains, whose boundaries or 

anchors are bound by CTCF and cohesin (Rao et al., 2014). Cohesin and CTCF are required 

for the formation of loops and loop domains (Gassler et al., 2017; Haarhuis et al., 2017; 

Nora et al., 2017; Rao et al., 2017; Schwarzer et al., 2017; Wutz et al., 2017), consistent with 

a model of chromatin folding by processive enlargement of DNA loops, referred to as loop 

extrusion (Fudenberg et al., 2016; Nasmyth, 2001; Sanborn et al., 2015), but the function of 

cohesin and CTCF cannot account for all chromosome folding patterns detected by Hi-C. 

Segregation of chromatin into A and B compartments was independent of CTCF or cohesin 

(Gassler et al., 2017; Haarhuis et al., 2017; Nora et al., 2017; Rao et al., 2017; Schwarzer et 

al., 2017; Wutz et al., 2017), and, in the case of cohesin removal, chromosome 

compartmentation became more apparent (Gassler et al., 2017; Haarhuis et al., 2017; Rao et 
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al., 2017; Schwarzer et al., 2017; Wutz et al., 2017). Large-scale chromosome folding over 

many megabases must reflect an undetermined, cohesin-independent folding mechanism 

(Eagen, 2018; Falk et al., 2019; Nuebler et al., 2018; Rao et al., 2017; Schwarzer et al., 

2017). Furthermore, how megabase-scale chromatin folding contributes to gene regulation or 

is specifically altered in human disease remains unknown.

BRD4-NUT is a fusion oncoprotein that drives NUT carcinoma, a highly aggressive 

squamous cell carcinoma (French, 2018). The BRD4 portion binds acetylated chromatin; the 

NUT portion binds the p300 histone acetyltransferase (French, 2018). This dual function of 

BRD4-NUT results in exceptionally broad (100 kb to 2 Mb), hyperacetylated chromatin 

domains, previously defined as megadomains on the basis of chromatin immunoprecipitation 

with high-throughput sequencing (ChIP-seq) analysis (Alekseyenko et al., 2015), that were 

identified by liquid chromatography-mass spectrometry based proteomics to be composed of 

hyperacetylated histones (Zee et al., 2016). BRD4-NUT also forms nuclear foci visible by 

light microscopy (French et al., 2008; Reynoird et al., 2010; Yan et al., 2011), but the 

function and significance of these foci with respect to chromosome structure is unknown. 

These dramatic biochemical and cytological properties prompted us to exploit the genomic 

changes caused by BRD4-NUT to investigate large-scale chromosome structure and nuclear 

compartmentation. Based on Hi-C and ChIP-seq analysis, we observe human disease-

associated changes in chromosome folding between distant genomic loci that can be 

pharmacologically modulated. We also relate chromosome folding on the scale of multiple 

megabases to nuclear subcompartment formation and gene regulation.

RESULTS

Long-Range Interactions Between Broad, Hyperacetylated Chromatin Domains

To examine the relationship between nuclear foci and megabase-scale chromosome folding 

in a biologically relevant context where BRD4-NUT is endogenously expressed, we turned 

to a NUT carcinoma patient-derived cell line, TC-797 (Toretsky et al., 2003) (Figure S1A) 

that exhibits BRD4-NUT nuclear foci colocalized with H3K27ac (Figure 2A). We 

performed ChIP-seq for BRD4-NUT and for histone H3K27ac with spike-in normalization 

(Bonhoure et al., 2014; Hu et al., 2015; Orlando et al., 2014) to determine the location of 

164 megadomains (Figure S1B) in TC-797 cells. We also performed in situ Hi-C (Rao et al., 

2014) to identify 5,407,548,894 chromosomal contacts (read pairs that remain after removal 

of duplicates, unligated fragments, and reads that align poorly with the reference genome), 

achieving the densest human Hi-C contact map to date, with a resolution of 850 bp (Table 

S1).

Visual inspection of Hi-C contact maps from TC-797 cells revealed extensive megadomain-

megadomain interactions (Figure 1A). We enumerated all possible pairwise interactions and 

identified, in a manner similar to that used to annotate chromatin loops (Rao et al., 2014) 

(Figure S1C), 289 intrachromosomal megadomain-megadomain interactions enriched 

relative to local background. Each interaction was much stronger than the genome-wide 

average for pairs of loci separated by the same genomic distance (Figure 1B). The average 

number of contacts between interacting megadomains was 5.09-fold enriched (median 4.02-
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fold enriched, range of 1.27- to 25.9-fold enrichment) relative to contacts between all pairs 

of loci separated by the same genomic distance.

Since all megadomain-megadomain interactions were, like chromatin loops, enriched 

relative to local background, we asked how megadomain-megadomain interactions might 

differ from loops. We annotated 8,029 chromatin loops (Rao et al., 2014) and compared the 

distribution of distances separating interacting megadomains to the distribution of chromatin 

loop sizes. This revealed two distinct distributions: interacting megadomains were separated 

by 10–100 Mb whereas chromatin loops spanned 100 kb-1 Mb (Figure 1C).

To evaluate if long-range interactions due to BRD4-NUT could be detected in non-NUT 

carcinoma cells, we transgenically expressed BRD4-NUT under an inducible promoter in 

human 293TRex cells (Figure S1D), performed immunofluorescence (Figure S1E) and 

ChIP-seq for BRD4-NUT and histone H3K27ac with spike-in normalization (Bonhoure et 

al., 2014; Hu et al., 2015; Orlando et al., 2014) to determine the location of megadomains 

(Figures S1F and S1G), as well as in situ Hi-C to identify chromosomal contacts (Figure 

S1H and Table S1). Upon induction with tetracycline, we detected off-diagonal interactions 

between megadomains separated by tens of megabases distinctively in cells expressing 

BRD4-NUT (Figure S1I), indicating that this fusion protein initiates specific long-range 

interactions between distant genomic loci.

Pharmacological Modulation of Megadomain-Megadomain Interactions

As a further test of altered chromosome folding at the megabase scale through formation of 

hyperacetylated megadomains by BRD4-NUT, we asked whether megadomain-megadomain 

interactions could be pharmacologically attenuated. Proteolysis Targeted Chimeras 

(PROTACs) are small molecules that induce targeted protein degradation by recruiting a 

protein of interest to an E3 ubiquitin ligase for proteasome-mediated proteolysis (Coleman 

and Crews, 2018). Several PROTACs have been developed that target the bromo- and 

extraterminal (BET) domain family of proteins, which includes BRD2, BRD3, BRD4, and 

BRDT (Lu et al., 2015; Winter et al., 2015; Zengerle et al., 2015). Since the BRD4 portion 

of BRD4-NUT contains the bromodomains targeted by BET PROTACs, we treated TC-797 

cells for 4 hours with 100 nM of the PROTAC MZ1 (Zengerle et al., 2015) followed by 

washout of the drug for 24 hours. MZ1 treatment for 4 hours resulted in nearly complete loss 

of BRD4-NUT by Western blot as well as loss of BRD4-NUT foci by immunofluorescence 

that recovered 24 hours after washout (Figures 2A and S2A). Global H3K27ac levels, as 

detected by Western blot, remained unchanged after 4 hours of MZ1 treatment, but H3K27ac 

nuclear foci were greatly diminished, recovering 24 hours after washout (Figures 2A and 

S2A).

Next, we performed ChIP-seq for both BRD4-NUT and histone H3K27ac, and in situ HiC 

after MZ1 treatment and washout, identifying 924,609,952 and 1,195,025,122 chromosomal 

contacts, respectively (Figure S2B and Table S1). BRD4-NUT binding within megadomains 

was virtually undetectable upon MZ1 treatment and partially recovered after washout 

(Figure 2B). H3K27ac within megadomains was largely reduced after MZ1 treatment and 

also partially recovered after washout (Figure 2B). Consistent with ChIP-seq analysis, 

interactions between megadomains detected by Hi-C were greatly reduced upon MZ1 
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treatment and partially recovered after washout (Figure 2C). We substantiated this analysis 

across all chromosomes by extracting each megadomain-megadomain interaction plus 

flanking DNA from the Hi-C contact map, re-scaling these extracted regions to the same 

dimensions, and then averaging the Hi-C signal, pixel-by-pixel, across all such regions. This 

aggregate analysis demonstrated reduction in megadomain-megadomain interactions upon 

MZ1 treatment that partially recovered after washout (Figures 2D and S2C), thus confirming 

alterations of chromosome folding over many megabases through formation of 

hyperacetylated chromatin domains by BRD4-NUT.

Extensive Interchromosomal Interactions Between Megadomains

Our Hi-C analysis enabled us to interrogate interchromosomal contacts at 100 kb resolution. 

Similar to intrachromosomal megadomain-megadomain interactions, we also observed 

interactions between megadomains on different chromosomes that coincided with BRD4-

NUT and H3K27ac localization (Figure 3A). Frequently, a single megadomain would 

contact many other megadomains spread across different chromosomes, thus forming a 

network of interchromosomal megadomain-megadomain interactions (Figure 3A).

After enumerating all possible pairwise interchromosomal megadomain-megadomain 

interactions, we identified 2,100 interactions enriched relative to local background. These 

interactions were also sensitive to MZ1 treatment and partially recovered after drug washout 

(Figures 3A and 3B).

Since super-enhancers, like megadomains, are broad, highly enriched for H3K27ac (Whyte 

et al., 2013), and interact with one another over long genomic distances (Beagrie et al., 

2017; Rao et al., 2017), we asked if we could detect interchromosomal interactions between 

megadomains and super-enhancers. Megadomain–super-enhancer interactions were weaker 

than megadomain-megadomain interactions and were mildly sensitive to MZ1 treatment 

(Figure 3C). Though detectable, super-enhancer–super-enhancer interactions were not 

sensitive to MZ1 treatment (Figure 3C).

A Megadomain-Specific Nuclear Subcompartment

Combining the intrachromosomal and interchromosomal analysis identified that a single 

megadomain could interact with up to 103 other megadomains. The number of interacting 

partners for a single megadomain was correlated with both H3K27ac (Spearman’s ρ = 0.75) 

and BRD4-NUT (Spearman’s ρ = 0.69) ChIP-seq enrichment (Figure 4A), but not with 

megadomain size (Figure S3A). H3K27ac and BRD4-NUT ChIP-seq enrichment was also 

not correlated with pairwise intrachromosomal or interchromosomal contact strength (Figure 

S3B and S3C).

The integrated ChIP-seq and Hi-C analysis, together with directly observable 

hyperacetylated foci suggests cooperativity in megadomain-megadomain interactions and 

that multiple megadomains may physically cluster within the nucleus. To search for 

evidence of megadomain clustering, we examined our Hi-C data for simultaneous contacts 

between three or more loci, specifically focusing on triple interactions between distinct 

megadomains (see Methods). We identified four times more triple interactions between 

megadomains (255 triples) than between a random shuffle control set of megadomains (54 
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triples) in TC-797 cells (Figures 4B and S3D and Table S2). Clustering of three different 

megadomains was also observed by FISH (Figure S3F). Triple interactions were reduced 

after MZ1 treatment (Figures 4B, 4C, S3D, and S3E; p-value < 0.0001; permutation test) 

and partially recovered after drug washout (Figures 4B, 4C, S3D, and S3E; p-value = 

0.0016; permutation test).

Physical clustering of megadomains could indicate they are preferentially associating with 

each other to form a nuclear compartment or subcompartment (Lieberman-Aiden et al., 

2009; Rao et al., 2014). Our exceptionally deeply sequenced Hi-C dataset enabled us to use 

machine learning to classify inter-chromosomal contact patterns (Rao et al., 2014), thus 

revealing six subcompartments in TC-797 cells (Figures S4A-F), five of which corresponded 

to those in GM12878 lymphoblastoid cell lines (Rao et al., 2014) (see Methods). For each 

subcompartment, this classification, based on a hidden Markov model, parameterized every 

locus in the genome with a mean value based on a Gaussian distribution. This mean value, 

which we refer to as the subcompartment score, reflects how likely every locus is to be in 

each subcompartment, with positive subcompartment scores indicating a high likelihood of 

being in the subcompartment compared with negative values. One subcompartment, which 

we refer to as subcompartment M, had exceptionally positive subcompartment scores at 

megadomains that made strong interchromosomal contacts with other megadomains (Figure 

4D and S4G). Scores for the other subcompartments at megadomains was much weaker than 

that for subcompartment M, indicating that these megadomains were not in the other 

subcompartments (Figure 4D).

Interactions between loci within subcompartment M were much more enriched than 

interactions between loci within any of the five other subcompartments, including the active 

A1L and A2L subcompartments (Figure 4E). Chromatin within subcompartment M was 

depleted for contacts with chromatin in each of the five other subcompartments, including 

the other two active subcompartments A1L and A2L (Figure 4E). Subcompartment M is 

therefore not a subset of another active subcompartment. Subcompartment M overlapped 

almost exclusively with megadomains, thus revealing a megadomain-specific nuclear 

subcompartment (Figure 4F). A megadomain-specific subcompartment is also supported by 

a loss of strong interchromosomal contacts between megadomains within subcompartment 

M after MZ1 treatment that partially recovered after drug washout (Figure 4D).

Megadomain Formation Does Not Alter Local Chromatin Structure

Changes in interchromosomal or long-range intrachromosomal interactions resulting in 

subcompartment M formation could reflect re-organization of chromatin structure at the sub-

megabase scale. At 5 kb resolution, megadomains in both TC-797 cells and 293TRex cells 

often spanned many chromatin loops, visible in Hi-C contact maps as radially symmetric 

focal peaks of contact enrichment, and were co-incident with TADs, apparent in contact 

maps as on-diagonal boxes of enriched contact frequency (Figures 5A and S5A). Local loop 

and TAD organization was unaltered after de novo formation of megadomains in 293TRex 

cells or after MZ1-mediated removal of BRD4-NUT in TC-797 cells (Figures 5A and S5A).

We performed genome-wide analysis to more extensively assess if megadomain formation 

alters local domain structure. To examine intradomain contacts, each domain plus flanking 
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DNA was extracted from the Hi-C contact map and re-scaled to the same dimensions. The 

Hi-C signal was then averaged, pixel-by-pixel, across all such extracted regions. We 

observed not change in signal after removal or expression of BRD4-NUT, indicating that 

domain organization appears largely unchanged after megadomain removal or formation 

(Figures 5B and S5B-D).

Similarly, we performed genome-wide aggregate peak analysis (APA) (Rao et al., 2014), in 

which a single pixel of interest (e.g. peak pixel of a chromatin loop) plus a constant amount 

of flanking DNA is extracted from the Hi-C contact map and then all extracted regions are 

averaged, to assess if megadomain formation alters chromatin loops. We also divided contact 

domains into those that have a loop at their corner, referred to as loop domains (Rao et al., 

2014), that reflect TAD formation (Haarhuis et al., 2017; Nora et al., 2017; Rao et al., 2017; 

Schwarzer et al., 2017), and those that do not, referred to as loop-independent contact 

domains, to examine if megadomains were related to loop-like structures. This analysis 

indicated that loop and domain organization appear largely unchanged after megadomain 

formation or removal, and also indicated the equivalence of megadomains with loop-

independent contact domains, but not with chromatin loops (Figures 5B, 5C, S5B-E). Since 

chromatin looping is distinct from compartmentation (Eagen, 2018; Rao et al., 2017; 

Schwarzer et al., 2017), many loop-independent contact domains seem to correspond to 

subcompartment intervals, also known as compartment domains (Eagen, 2018; Rao et al., 

2017; Rowley et al., 2017). That loci within subcompartment intervals exhibit the same 

pattern of histone modifications (Rao et al., 2014), that megadomains are broad, 

hyperacetylated regions of chromatin (Alekseyenko et al., 2015), and that we have identified 

a nuclear subcompartment consisting nearly entirely of megadomains indicate that 

megadomains are equivalent to large, loop-independent contact domains or compartment 

domains.

Elevated Gene Expression Within the Megadomain-Specific Subcompartment

Genes residing in megadomains are important for NUT carcinoma growth (Alekseyenko et 

al., 2015). A megadomain is found within the Myc locus in numerous NUT carcinoma 

samples, including upstream of Myc in TC-797 cells (Alekseyenko et al., 2015), and Myc 

blocks differentiation and maintains cell growth in this cancer (Grayson et al., 2014). Hi-C 

and ChIP-seq from TC-797 cells indicated that the megadomain within the upstream 

regulatory region for Myc lies within subcompartment M, (Figure 6A) which also contains 

Nrg1, another gene important for NUT carcinoma growth (Alekseyenko et al., 2015). We 

assessed nascent transcription by performing transient transcriptome sequencing (TT-seq) 

(Schwalb et al., 2016), revealing elevated gene activity at these loci (Figure 6A).

To extend this analysis genome-wide, we examined gene expression within 

subcompartments. Genes within subcompartment M were more highly expressed than genes 

within other subcompartments (Figure 6B). Although megadomains are bound by BRD4-

NUT and are hyperacetylated, expression levels of genes within all megadomains were not 

correlated with H3K27ac or BRD4-NUT ChIP-seq enrichment (Figure S6A). It seems that 

residence in a particular region of the nucleus, for instance subcompartment M, is associated 

with enhanced gene activity.
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Expression of genes within megadomains that interact with the Myc locus was greatly 

reduced after MZ1 treatment and partially recovered after drug washout (Figure 6A), and 

differential gene expression analysis over the course of PROTAC treatment and withdrawal 

also revealed a relationship between nuclear subcompartments and gene regulation. Of the 

7,610 differentially expressed genes (≥ 2-fold change in expression and Benjamini-

Hochberg adjusted p-value < 0.01) after MZ1 treatment, downregulated genes within 

subcompartment M (107 of 5,932 all downregulated genes) were 5.04-fold enriched relative 

to upregulated genes within subcompartment M (6 of 1,678 all upregulated genes) (Figure 

6C). Of the 8,438 differentially expressed genes after MZ1 washout, upregulated genes 

within subcompartment M (111 of 7,003 all upregulated genes) were 4.55-fold enriched 

relative to downregulated genes within subcompartment M (5 of 1,435 all downregulated 

genes) (Figure 6C). 98.1% (105 genes) of the genes downregulated after MZ1 treatment 

were subsequently upregulated after drug washout (Table S3). Such specificity was not 

observed across the other subcompartments (Figure S6B).

Subcompartment Persistence in the Absence of Transcription

As MZ1 treatment results in loss of BRD4-NUT, H3K27ac (Figure 2B), and transcription 

(Figure 6A) within megadomains, we asked whether we could decouple gene expression 

from chromatin composition by inhibiting RNA polymerase II initiation with triptolide 

(Jonkers et al., 2014; Titov et al., 2011; Y. Wang et al., 2011). Treating TC-797 cells for 4 

hours with 500 nM of triptolide resulted in clearance of RNA polymerase II from promoters, 

gene bodies (Figure 7A) and megadomains (Figure S7A) as well as genome-wide loss of 

transcription (Figure 7B). However, BRD4-NUT or H3K27ac nuclear foci persisted in the 

absence of transcription (Figure 7C). H3K27ac increased genome-wide, including at 

megadomains (Figure 7D), indicating that chromatin hyperacetylation did not depend on 

RNA polymerase II initiation or transcription.

Megadomain-megadomain interactions identified by in situ Hi-C (2,201,862,149 contacts; 

Table S1) persisted in the absence of transcription, and additional interactions were also 

formed between newly hyperacetylated regions that were previously highly transcribed and 

occupied by RNA polymerase II (Figure 7E). On average, megadomain-megadomain 

interactions were unchanged genome-wide in the absence of transcription (Figure 7F), 

consistent with megadomain-megadomain interaction strength not being correlated with 

H3K27ac ChIP-seq enrichment (Figures S3B and S3C). Triple megadomain interactions also 

remained unaltered (Figures S7B-D) and the vast majority of subcompartment M persisted 

in the absence of transcription (Figures 7G and S7E).

DISCUSSION

The chromosome folding pattern reported here is notable for several reasons: 1) 

megadomains interact over hundreds of megabases and even between chromosomes to form 

a novel nuclear subcompartment, 2) altered chromosome folding by a small-molecule 

PROTAC, 3) PROTAC-induced specific changes in expression only for genes within this 

subcompartment, and 4) subcompartment formation in the absence of transcription. Long-

range megadomain-megadomain interactions are significant for delineating large-scale 
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chromosome folding that arises due to interactions between distant genomic loci with 

similar composition of the chromatin fiber but without reorganization of local structure. 

Unaltered local structure was surprising because unfolding or re-organization of pre-existing 

structures might have been expected due to histone hyperacetylation (Shogren-Knaak et al., 

2006). Rather, after changing the local composition of the chromatin fiber, loci now interact 

over long genomic distances within and between chromosomes to form a nuclear 

subcompartment.

Sequential imaging of multiple loci suggested a polarized arrangement of A and B 

compartments (S. Wang et al., 2016), but the physical organization of subcompartments 

within the nucleus remains unexplored. The most parsimonious interpretation of the HiC, 

ChIP-seq, and imaging results presented here is that BRD4-NUT nuclear foci identified by 

immunofluorescence physically represent subcompartment M. Approximately 100 foci are 

observed in single NUT carcinoma cells (French et al., 2008; Reynoird et al., 2010; Yan et 

al., 2011), suggesting that every megadomain-megadomain interaction detected in a cell 

population by Hi-C does not occur in each cell, and that a single subcompartment identified 

on the basis of genomics is composed of many distinct physical regions of the nucleus.

Persistence of megadomain-megadomain interactions after inhibiting RNA polymerase II 

initiation importantly demonstrates that a nuclear subcompartment can be maintained in the 

absence of transcription. We have also identified newly hyperacetylated regions and 

interactions between them after inhibiting transcription suggesting, in certain cases, that 

transcription may actually inhibit these interactions. It seems likely that the local 

composition of the chromatin fiber holds the subcompartment together and is even perhaps 

instructive for forming new contacts independent of transcription, suggesting that histone 

post-translational modifications and/or proteins that bind to modified histones establish 

nuclear compartmentation.

Genome-wide approaches have identified physical proximity of highly transcribed or 

regulatory loci that tend to be important for determining cell fate and that are separated by 

large genomic distances or even located on different chromosomes (Beagrie et al., 2017; 

Bonev et al., 2017; Monahan et al., 2019; Rao et al., 2017). Here, we have altered folding 

and related these changes to human disease. Modifying structure begins to delineate how 

these interactions arise, identifying roles for BRD4-NUT and H3K27ac. By co-opting 

normal cellular machinery, BRD4-NUT alters megabase-scale chromosome folding, which 

can be pharmacologically modulated through removal of the oncogenic fusion protein. 

Large-scale chromosome folding into nuclear subcompartments thus depends on histone 

post-translational modifications and/or proteins that bind to modified histones. Specific 

interactions we report here between chromosomes due to an oncogenic fusion protein reveal 

that the inter-chromosomal interactions identified in mouse olfactory neurons (Monahan et 

al., 2019) are not restricted to cellular differentiation, but also occur in the context of human 

disease. In olfactory neurons (Monahan et al., 2019), inter-chromosomal interactions are 

attributed to LHX2, a transcription factor, and LDB1, an adaptor protein, which both bind to 

specific genomic loci, whereas subcompartment M arises due to spreading of BRD4NUT 

across large stretches of chromatin.
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Megadomain locations, like those of super-enhancers, are cell-lineage specific, but 

megadomains do not arise from preexisting super-enhancers (Alekseyenko et al., 2015). 

Since we can detect interactions between megadomains and super-enhancers, and since both 

are broad and highly enriched for H3K27ac (Whyte et al., 2013), it is likely that these 

interactions are due to local composition of the chromatin fiber. Unlike super-enhancer–

super-enhancer interactions, which are observed in the absence of cohesin (Rao et al., 2017), 

megadomains interact in the presence of cohesin, suggesting that cohesin does not 

necessarily restrict subcompartmentation. Super-enhancer–super-enhancer interactions are 

also not sensitive to MZ1 treatment, whereas megadomain-megadomain interactions are 

sensitive.

The identification of a megadomain-specific subcompartment indicates aberrant nuclear 

compartmentation in NUT carcinoma. Rather than TAD dysfunction through boundary 

misregulation, as in congenital limb malformations (Franke et al., 2016; Lupiáñez et al., 

2015), glioma (Flavahan et al., 2016), and T-cell acute lymphoblastic leukemia (Hnisz et al., 

2016), oncogenic BRD4-NUT results in pathological long-range interactions within a novel 

nuclear subcompartment. Results presented here identify an additional mechanism by which 

chromosome folding is aberrantly regulated in human disease.

BRD4-NUT and H3K27ac localization patterns from many NUT carcinoma samples led to a 

feed-forward model of megadomain formation (Alekseyenko et al., 2015). BRD4 

bromodomains bind acetylated histones and NUT recruits p300 leading to spreading of 

BRD4-NUT and histone acetylation across long stretches of chromatin (Alekseyenko et al., 

2015). Conceptualized in terms of chemical composition of a one-dimensional chromatin 

fiber, our findings now place this model in the context of three-dimensional chromosome 

structure. Megadomains, particularly those harboring genes important for NUT carcinoma 

pathogenesis, are not physically isolated within the nucleus, but extensively interact with one 

another in a nuclear subcompartment. At present, it is unclear if megadomain formation and 

megadomain-megadomain interactions arise simultaneously, or if megadomains need to be 

established prior to the formation of the megadomain-specfic subcompartment.

Loop extrusion, a leading model for the formation of many TADs and chromatin loops 

(Fudenberg et al., 2016; Sanborn et al., 2015), apparently is inconsistent with the 

megadomain-megadomain and subcompartment interactions reported here. Loop sizes, 

which likely reflect processivity of the loop extrusion machinery (Haarhuis et al., 2017; 

Wutz et al., 2017), are orders of magnitude shorter than distances separating interacting 

megadomains (Figure 1C). The megadomain-specific subcompartment is most apparent as 

megadomain-megadomain interactions between chromosomes (Figures 3 and 4); loop 

extrusion acts along a single chromatin fiber. BRD4-NUT and interacting proteins 

(Alekseyenko et al., 2017) contain intrinsically disordered regions, which stabilize many 

weak, multivalent interactions throughout the cell (Banani et al., 2017; Shin and 

Brangwynne, 2017) including interactions established by recombinant BRD4 on in vitro 
reconstituted, acetylated chromatin fibers (Gibson et al., 2019). If weak, multivalent 

interactions, which have been linked to heterochromatin formation (Larson et al., 2017; 

Strom et al., 2017) and transcriptional regulation (Boija et al., 2018; Cho et al., 2018; Chong 

et al., 2018; Sabari et al., 2018), do promote megadomain-megadomain interactions, 
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apparent as hyperacetylated, BRD4-NUT nuclear foci, then these molecular interactions now 

seem to be important for chromosome structure, particularly for maintaining contacts 

between loci separated by many megabases and for nuclear compartmentation.

Genetic manipulations (de Wit et al., 2015; Guo et al., 2015; Haarhuis et al., 2017; Sanborn 

et al., 2015; Schwarzer et al., 2017; Wutz et al., 2017), including those coupled with 

inducible protein degradation (Nora et al., 2017; Rao et al., 2017; Wutz et al., 2017) have 

been used to study chromatin folding. We have used BRD4-NUT and a small-molecule BET 

PROTAC as tools to study chromosome structure. BET inhibitors have been used to treat 

NUT carcinoma (Filippakopoulos et al., 2010; French, 2018) and BET degraders act on 

proteins that regulate transcription (Winter et al., 2017). Our results suggest that these 

transcriptional defects may be due, in part, to altered chromosome folding. Furthermore, the 

therapeutic potential of PROTACs (Coleman and Crews, 2018) indicates that 

pharmacological modulation of chromosome structure may be one option for the treatment 

of human disease.

STAR METHODS

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Kyle P. Eagen (eagen@northwestern.edu). Distribution of the 

293TRex-Flag-BRD4-NUT-HA and TC-797 cell lines are restricted due to Material Transfer 

Agreements with Brigham and Women’s Hospital and Georgetown University, respectively.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Culture—293TRex-Flag-BRD4-NUT-HA cells were a kind gift from Christopher A. 

French (Brigham and Women’s Hospital, Boston, MA). Cells were grown in DMEM with 

4.5 g/L glucose and sodium pyruvate without L-glutamine (Corning #15013CV) + 10% 

Fetal Bovine Serum (Atlanta Biologicals #S10350) + 1% GlutaMAX (Gibco #35050061) + 

1% Penicillin-Streptomycin (Gibco #15140122) + 15 μg/mL blasticidin (Gibco #A1113903) 

+ 100 μg/mL hygromycin (Corning #30240CR) at 37° C wi th 5% CO2. TC-797 cells were a 

kind gift from Jeffrey A. Toretsky (Georgetown University, Washington, DC). Cells were 

grown in DMEM with 4.5 g/L glucose and sodium pyruvate without L-glutamine (Corning 

#15013CV) + 10% Fetal Bovine Serum (Atlanta Biologicals #S10350) + 1% GlutaMAX 

(Gibco #35050061) + 1% Penicillin-Streptomycin (Gibco #15140122) at 37° C with 5% 

CO2. 293TRex-Flag-BRD4-NUT-HA cell line was validated by immunofluorescence before 

and after induction of BRD4-NUT. Sex of the TC-797 cell line is male and this cell line was 

validated by karyotyping and immunofluorescence for BRD4-NUT expression. Cell lines 

regularly tested negative for mycoplasma with the Universal Mycoplasma Detection Kit 

(ATCC #30–1012K).

Kc167 cells were obtained from the Drosophila Genomics Resource Center (#1; 

RRID:CVCL_Z834; Bloomington, IN). Cells were grown in CCM3 Media (HyClone 

#SH30062.02) at 25° C.
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Tetracycline hydrochloride (Sigma-Aldrich #T7660) was solubilized in water. 293TRexFlag-

BRD4-NUT-HA were induced to express BRD4-NUT with 1 μg/mL tetracycline for 8 hours.

MZ1 (Cayman Chemical #21622) was solubilized in DMSO. TC-797 cells were treated with 

100 nM MZ1 (0.01% final DMSO) for 4 hours. For washout experiments, TC-797 cells were 

treated with 100 nM MZ1 (0.01% final DMSO) for 4 hours, washed three times with PBS, 

and then returned to normal culture media (as described above) for 24 hours.

Triptolide (TPL; Cayman Chemical #11973) was solubilized in DMSO. TC-797 cells were 

treated with 500 nM TPL (0.01% final DMSO) for 4 hours.

METHOD DETAILS

Immunofluorescence

Immunofluorescence was performed on 293TRex-Flag-BRD4-NUT-HA and TC-797 cells 

with DAPI counterstaining. Primary antibodies used were NUT rabbit monoclonal antibody 

(Cell Signaling Technologies #3625, lot 4, RRID: AB_2066833) and H3K27ac mouse 

monoclonal antibody (Active Motif #39685, RRID: AB_2722569). Secondary antibodies 

included Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 

488 (Thermo Fisher #A-11008, RRID: AB_143165) and Goat anti-Mouse IgG (H+L) 

Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 (Thermo Fisher #A-21236, 

RRID: AB_2535805).

High-precision cover glass (Bioscience Tools #CSHP-No1.5–22×22) was cleaned by 

submerging the cover glass in 1 M KOH and sonicating for 15 minutes in an ultrasonic 

cleaner. Cover glasses were washed 5 times with ultrapure water, once with 70% ethanol, 

and then air dried in a tissue culture hood. One cover glass was placed in each well of a 6-

well culture dish. Cover glasses were treated for 5 minutes with 0.01% poly-lysine (Sigma 

#P4707–50ML) while at room temperature. Cover glasses were washed three times with 

sterile water, air dried, and sterilized by UV light overnight in the tissue culture hood.

Cells were seeded in wells 2–24 hours before fixation, adjusting for optimal density. Cells 

were washed with 5 mL of PBS per well, and fixed with 5 mL of 4% EM-grade 

paraformaldehyde (Electron Microscopy Sciences #15714) in PBS for 5 minutes at room 

temperature while rocking. Cells were then permeabilized with 5 mL of 4% PFA, 0.1% 

Triton X-100 in PBS while rocking for 1 minute at room temperature. Cells were washed 

three times with 5 mL of PBS, and then blocked for 30 minutes at room temperature with 

blocking buffer (5% normal goat serum (Cell Signaling Technologies #5425S), 0.1% Triton 

X-100 in PBS) while rocking. Primary antibodies were diluted 1:1000 using antibody 

dilution buffer (1% BSA IgG-free, Protease-free (Jackson ImmunoResearch #001–000-161), 

0.1% Triton X-100 in PBS) and 0.5 mL of diluted primary antibody was added to each well 

and then incubated with the fixed, permeabilized cells with rocking for 2 hours at room 

temperature. Cells were washed three times with 5 mL of PBS. Secondary antibodies, 

diluted 1:1000 with antibody dilution buffer, were added after the last wash and incubated 

with rocking for 1 hour at room temperature protected from light. While maintaining 

protection from light, cells were washed with 5 mL of PBS followed by counterstaining with 
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300 nM DAPI dilactate (Fisher #D3571) in PBS for 10 minutes at room temperature with 

rocking. Three final rounds of washing were done with 5 mL of PBS and the cover glass was 

mounted on microscope slides using ProLong Diamond (Thermo Fisher #P36965). Slides 

were left to cure overnight protected from light.

Slides were imaged on a ZEISS LSM 800 confocal microscope using a Zeiss Plan-

Apochromat 63x/1.40 NA oil DIC M27 objective and images acquired with Zeiss Zen 2.3 

(blue edition) software at an image bit depth of 8 bits. Images were collected as Z-stacks on 

a GaAsP detector, one for each imaging channel, with a 65 nm pixel size. Appropriate filters 

for fluorochromes Alexa Fluor 488, Alexa Fluor 647, and DAPI were used. Images were 

projected along the Z-axis taking the maximum intensity, the BRD4-NUT channel was 

pseudocolored magenta, the histone H3K27ac channel was pseudocolored green, and the 

DAPI channel was pseudocolored blue each using a linear LUT that covered the full range 

of the data, the channels merged, and the image converted to TIFF format using Zeiss Zen 

2.3 lite (blue edition) software.

DNA FISH

DNA FISH was performed on TC-797 cells using Oligopaint FISH probes (Beliveau et al., 

2012). A pool of 959 probes per megadomain (Table S4) was selected from the previously 

designed “balanced” set of Oligopaint probes against human genome build 38 (Beliveau et 

al., 2018). A 20 bp constant reverse transcriptase priming sequence was added to the 5’ end 

of each probe. Each set of probes corresponding to one megadomain was then flanked with 

unique 20 bp priming sequences on both the 5’ and 3’ ends. The resulting oligo pool was 

ordered from CustomArray (Bothell, WA). Probe sets were amplified from the pool using 

limited cycle PCR with unique flanking primers, further amplified via T7 in vitro 
transcription, and then reverse transcribed to ssDNA containing a unique 5’ fluorophore per 

megadomain as previously described (Beliveau et al., 2017).

Cells were seeded on high-precision cover glass (prepared as described above) in wells 2–24 

hours before fixation, adjusting for optimal density. In situ hybridization was performed as 

previously described (Bintu et al., 2018), with minor modifications. Cells were washed with 

5 mL of PBS per well, and fixed with 5 mL of 4% EM-grade paraformaldehyde (Electron 

Microscopy Sciences #15714) in PBS for 10 minutes at room temperature while rocking. 

Cells were washed three times with 5 mL of PBS and then treated with 5 mL of freshly 

prepared 1 mg/mL sodium borohydride for 7 minutes at room temperature. Cells were 

washed three times with 5 mL of PBS and then permeabilized with 5 mL 0.5% v/v Triton 

X-100 in PBS while rocking for 10 minutes at room temperature. Cells were washed three 

times with 5 mL of PBS and then permeabilized a second time with 5 mL of 0.1 M HCl 

while rocking for 5 minutes at room temperature. Cells were washed three times with 5 mL 

of PBS and then endogenous RNA was digested by incubating the cells in 1 mL 0.1 mg/mL 

RNase A in PBS for 45 min at 37° C. Cells were washed three t imes with 5 mL of 2xSSC 

(300 mM NaCl, 30 mM sodium citrate, pH 7.0) per well each time and then incubated in 1 

mL prehybridization buffer (2xSSC, 0.1% v/v Tween 20, 50% formamide) for 30 minutes at 

room temperature. Cells on coverslips were inverted onto 25 μl of hybridization mix (2x 

SSC, 0.1% v/v Tween 20, 50% formamide, 10% dextran sulfate, 25 pmol of each probe) 
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deposited on a glass slide. The sample was denatured at 78° C for 3 minutes in a Slide 

Denaturation & Hybridization System (Biotang #TDH-500).

The sample was hybridized overnight at 37° C in the Slide Denaturation & Hybridization 

System. Coverslips were washed with 2xSSC + 0.1% v/v Tween 20 twice at 60° C and then 

twice at room temperature for 10 minutes each time while protected from light. Coverslips 

were washed with 2xSSC at room temperature and then counterstained with 300 nM of 

DAPI dilactate in 2xSSC for 10 minutes at room temperature while protected from light. 

Three final rounds of washing were done with 5 mL of 2xSSC and the cover glass was 

mounted on microscope slides using ProLong Diamond (Thermo Fisher #P36965).

Slides were imaged as above, with appropriate filters for fluorochromes Alexa Fluor 488, 

Alexa Fluor 565, Alexa Fluor 647, and DAPI, and maximum intensity Z-projections were 

also taken as above.

Cell Cross-linking for Hi-C and ChIP-seq

Mammalian cells were grown to a density of 1×106 cells/mL and then washed twice with 10 

mL of media without serum while attached to the dish. 2.5 mL of TrypLE Express (Gibco 

#12605010) was added to the dish and incubated for 5–10 minutes to detach adherent cells. 

TrypLE Express was quenched by adding media without serum. Kc167 cells were detached 

from the plate by blowing medium at the cells using a serological pipette. Kc167 cells were 

then centrifuged at 500 × g for 5 minutes and resuspended in mammalian media without 

serum to reach a density of 1×107 cells/mL. Multiples of 5 million mammalian cells were 

added to conical tubes, and Kc167 cells were added to the tube to achieve a spike-in ratio of 

2:1 (mammalian cells:fly cells). Cells were then centrifuged at 300 × g for 5 minutes and 

resuspended at a density of 1×106 cells/mL in media without serum three times to remove 

traces of serum. Cell suspensions were crosslinked by adding 32% EM-grade 

paraformaldehyde (Electron Microscopy Sciences #15714) to a final concentration of 1%, 

and incubated at room temperature for 10 minutes while constantly rotating end-over-end. 

Paraformaldehyde was quenched by adding 2.5 M glycine to a final concentration of 0.15 M 

while constantly rotating end-over-end for 5 minutes at room temperature. Cells were 

centrifuged at 500 × g for 5 minutes at 4° C, resuspended in 1 mL of ice-cold PB S per 10 

million mammalian cells, and subsequently pelleted. The cell pellet was then flash frozen in 

liquid nitrogen and stored at −80° C.

Immunoblotting

Primary antibodies were NUT (C52B1) Rabbit mAb (Cell Signaling Technologies #3625, 

lot 4, RRID: AB_2066833) diluted 1:100000, Acetyl-Histone H3 (Lys27) (D5E4) XP Rabbit 

mAb (Cell Signaling Technology #8173S, lot 6, RRID: AB_10949503) diluted 1:1000. 

Loading control primary antibodies were beta-tubulin mouse antibody (Developmental 

Studies Hybridoma Bank #E7, RRID: AB_528499) diluted 1:1000, and histone H3 rabbit 

antibody (Shilatifard Lab #42) diluted 1:5000. Secondary antibodies were goat anti-rabbit 

IgG–HRP conjugate (Sigma #A6154, RRID: AB_258284) diluted 1:5000, and goat anti-

mouse IgG-HRP conjugate (Sigma #A4416, RRID: AB_258167) diluted 1:5000.
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1 million uncrosslinked cells, collected simultaneously with those cross-linked for ChIP-seq 

and Hi-C, were collected in a 1.5 mL tube, centrifuged at 300 × g for 5 minutes at 4° C, the 

supernatant discarded, and the cell pellet resuspended in 1 mL of ice-cold PBS. Cells were 

then centrifuged at 300 × g for 5 minutes at 4° C, the supernatant discarded, and the cell 

pellet resuspended in 50 μL of lysis buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 1% SDS). Cells were lysed at 95° C for 5 minutes, cooled to room temperature, and 

whole-cell extracts flash frozen in liquid nitrogen and stored at −80° C.

Cell extracts were thawed on ice. Nucleic acid was removed by treated samples with 250 U 

of Benzonase (Sigma-Aldrich #1014) and incubated at room temperature for 5 minutes. 

Protein concentration was quantified using a Bio-Rad DC Protein Assay (Bio-Rad 

#5000112). 10 μg of protein in 1× Laemmli Sample Buffer (Bio-Rad #161–0737) with 2.5% 

2-mercaptoethanol (Sigma #M6250) was incubated at 95° C for 2 minutes, and then run on a 

4–20% Mini-PROTEAN TGX Stain-Free gel (Bio-Rad #456–8093) at 150 V. Samples were 

transferred to a 0.2 μM PVDF membrane using a Bio-Rad Trans-Blot Turbo Transfer 

System and Trans-Blot Turbo Transfer Pack (Bio-Rad #1704156). The membrane was 

blocked with blocking buffer (TBST + 5% non-fat dry milk) for 30 minutes at room 

temperature while rocking. Blocking buffer was discarded and primary antibody (diluted in 

blocking buffer) was added and incubated overnight at 4° C while rocking. Buffer was 

discarded and the membrane was washed three times for 10 minutes at room temperature 

with TBST (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Tween 20) while rocking. 

Secondary antibody (diluted in blocking buffer) was added, incubated for 1 hour while 

rocking at room temperature, and then washed three times for 10 minutes at room 

temperature with TBST while rocking. After removing the TBST, the blot was developed 

with Clarity Max Western ECL Substrate (Bio-Rad #1705062) and imaged with a Bio-Rad 

ChemiDoc Imaging System (Bio-Rad, Hercules, CA).

For loading controls, membranes were first treated with blocking buffer + 1 mM sodium 

azide and incubated overnight at 4° C while rocking . Tubulin loading control primary 

antibody was added as described above except incubated for 1 hour at room temperature. For 

total histone H3 loading control, stripping buffer (200 mM glycine pH 2.2, 0.1% SDS, 

0.01% Tween 20) was added to the blot, incubated for 10 minutes at room temperature while 

rocking, washed twice with PBS and twice with TBST. The membrane was then blocked a 

second time and antibody was added as described above.

ChIP-seq Library Preparation

40 million cross-linked mammalian cells (with Kc167 cell spike-in), thawed on ice, were 

lysed with 3 mL of buffer I (50 mM HEPES-KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 

10% glycerol, 0.50% Igepal CA-630, 0.25% Triton ×−100, 1 cOmplete, Mini, EDTA-free 

Protease Inhibitor Cocktail tablet (Sigma-Aldrich #11836170001) added fresh per 10 mL of 

buffer) and incubated on ice for 10 minutes, occasionally being inverted by hand. The lysate 

was centrifuged at 1,811 × g for 5 minutes at 4° C and the supernatant discarded. Pellets 

were resuspended in 3 mL of buffer II (10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM 

EDTA, 0.5 mM EGTA, 1 cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail tablet 

added fresh per 10 mL of buffer) and incubated at room temperature for 10 minutes while 
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slowly rotating end-over-end. The sample was centrifuged at 1,811 × g for 5 minutes at 4° C 

and the supernatant discarded. Pe llets were resuspended in 1 mL of buffer III (10 mM Tris-

HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 0.5% 

sarkosyl, 1 cOmplete, Mini, EDTA-free Protease Inhibitor Cocktail tablet added fresh per 10 

mL of buffer) corresponding to an initial cell density of 4 × 107 cells/mL. A 10 μL aliquot 

was removed prior to sonication as an unsonicated control.

For histone H3K27ac and RNA polymerase II ChIP: For chromatin shearing, 

samples were transferred to Covaris milliTUBE 1 mL AFA Fiber (Covaris #520135) and 

sonicated using a Covaris E220 focused-ultrasonicator (Covaris, Woburn, MA) at 20% duty 

factor, 140 peak intensity power, and 200 cycles per burst for 5 minutes for histone 

H3K27ac ChIP or at 10% duty factor, 140 peak intensity power, and 200 cycles per burst for 

4 minutes for RNA polymerase II ChIP. The sample was transferred to a fresh 1.5 mL low-

bind tube, the milliTUBE washed with 200 μl of buffer III, and added to the sample on ice. 

Triton ×−100 was added to the sonicated chromatin to a final concentration of 1% and 

incubated at 4° C for 5 minutes while slowly rotating end-over-end. The sample was 

centrifuged at 15,493 × g for 10 minutes at 4° C to remove insoluble material. The 

supernatant was transferred to a fresh 1.5 mL low-bind tube, and a 10 μl aliquot was 

removed as a sonicated control. The chromatin was then aliquoted into 1.5 mL low-bind 

tubes to obtain a concentration corresponding to an initial cell density of 5 × 106 cells per 

tube for H3K27ac ChIP or 10 ×106 cells per tube for RNA polymerase II ChIP. 20 ng of 

each control (unsonicated and sonicated) was run on a 1X TBE 1% analytical agarose gel 

with Quick-Load 2-log DNA Ladder (NEB #N0550) to verify successful DNA shearing.

50 μl of Protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology #sc-2003) were 

washed twice with 1 mL of buffer III + 1% Triton ×−100. 50 μl of beads was added to 

chromatin and rotated end-over-end for 2 hours at 4° C to preclear the chromatin. Beads 

were centrifuged at 1000 ×g for 5 minutes at 4° C, the supernatant transferred to a fresh 1.5 

mL low-bind tube, and a 1% aliquot removed as the input control.

For immunoprecipitation, 5 μl of Acetyl-Histone H3 (Lys27) (D5E4) XP Rabbit mAb (Cell 

Signaling Technology #8173S, lot 6, RRID: AB_10949503) for H3K27ac ChIP or 10 μL of 

Rpb1 NTD (D8L4Y) Rabbit mAb (Cell Signaling Technology #14958S, lot 3, RRID: 

AB_2687876) for RNA polymerase II ChIP was added to the chromatin and incubated 

overnight at 4° C while slowly rotating end-over-end. 50 μl of beads was added to the 

antibody/chromatin mix and rotated end-over-end for 2 hours at 4° C. The beads were 

washed 5 times with 1 mL of ice-cold ChIP washing buffer (50 mM HEPES pH 7.5, 0.5 M 

LiCl, 1 mM EDTA, 0.7% sodium deoxycholate, 1% Igepal CA-630). For each wash, the 

sample was rotated for 5 minutes at 4° C, centrifuged at 1,000 ×g for 2 minutes at 4°C, and 

the supernatant discarded. The beads were washed once with 1 mL of ice-cold 10 mM Tris-

HCl pH 8.0, 50 mM NaCl, 1 mM EDTA, rotated for 5 minutes at 4° C, centrifuged at 1,000 

× g for 2 minutes at 4° C, and the supernatant discarded.

For BRD4-NUT ChIP: As NUT is only expressed in post-meiotic spermatids (French, 

2018; French et al., 2003), we employed an anti-NUT antibody for BRD4-NUT ChIP, as 

done previously (Alekseyenko et al., 2015).
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For chromatin shearing for BRD4-NUT ChIP, we adapted a combined mild sonication and 

nuclease digestion approach (Pchelintsev et al., 2016) that can improve the 

immunoprecipitation of high molecular weight proteins (BRD4-NUT MW: 200.1 kDa). 

Samples were transferred to Covaris milliTUBE 1 mL AFA Fiber (Covaris #520135) and 

sonicated using a Covaris E220 focused-ultrasonicator (Covaris, Woburn, MA) at 1% duty 

factor, 140 peak intensity power, and 200 cycles per burst for 20 minutes. The sample was 

transferred to a fresh 1.5 mL low-bind tube, the milliTUBE washed with 200 μl of buffer III, 

and added to the sample on ice. Triton ×−100 was added to the sonicated chromatin to a 

final concentration of 1%. The sample was centrifuged at 15,493 × g for 10 minutes at 4° C 

to remove insoluble material. Th e supernatant was transferred to a fresh 1.5 mL low-bind 

tube, and a 10 μl aliquot was removed as a sonicated control. The chromatin was then 

aliquoted into 1.5 mL low-bind tubes to obtain a concentration corresponding to an initial 

cell density of 20 ×106 cells per tube. 100 μl of 10× TBS (10× TBS: 0.5 M Tris pH 8.0, 1.5 

M NaCl), 100 μl of 10% Triton X-100, then 10 μl of 100 mM MgCl2 was added for every 1 

mL of chromatin. 11.2 units of Benzonase (Sigma-Aldrich #1014) was added to the sample 

and incubated for 25 minutes at room temperature. Benzonase was inactivated by adding 0.5 

M EDTA pH 8.0 to a final concentration of 5 mM, and a 10 μL aliquot was removed as the 

Benzonase-treated control. 20 ng of each control (unsonicated, sonicated, and Benzonase-

treated) was run on a 1× TBE 1% analytical agarose gel with Quick-Load 2-log DNA 

Ladder (NEB #N0550) to verify successful DNA shearing.

The day before immunoprecipitation, 50 μL of DynaBeads Protein A (Thermo Scientific 

#10001D) were blocked overnight at 4° C with 1 mL o f buffer III (without protease 

inhibitors) + 1% Triton ×−100, 0.1% SDS, 1 mg/mL BSA. The beads were then resuspended 

in 50 μl of buffer III + 0.1% SDS. 10 μL (2.55 μg) of NUT (C52B1) Rabbit mAb (Cell 

Signaling Technology Signaling #3625S, lot 4 RRID: AB_2066833) was added to the beads 

and incubated for 8 hours at 4° C. The beads were then collected with a magnet and the 

supernatant discarded.

A 1% aliquot was removed from the sample as the input control prior to 

immunoprecipitation and an amount of sample equivalent to 20 × 106 cells was added to the 

antibody-bound beads and incubated overnight at 4°C while rotating end-over-end. The 

beads were washed three times with 1 mL of ice-cold ChIP washing buffer (50 mM HEPES 

pH 7.5, 0.5 M LiCl, 1 mM EDTA, 0.7% sodium deoxycholate, 1% Igepal CA-630). For each 

wash, the sample was rotated for 5 minutes at 4° C, collected with a magnet, and the 

supernatant discarded. The beads were washed once with 1 mL of ice-cold 10 mM Tris-HCl 

pH 8.0, 50 mM NaCl, 1 mM EDTA, rotated for 5 minutes at 4° C, collected with a magnet, 

and the supernatant discarded.

Proceeded identically for both histone H3K27ac and BRD4-NUT ChIP: DNA 

extraction was performed by adding 120 μl of elution buffer (20 mM Tris pH 8.0, 50 mM 

NaCl, 5 mM EDTA, 1% SDS, 0.1 μg/μl proteinase K) to the beads, resuspending the beads 

by vortexing at medium speed or tapping the tube, and incubating for at least 2 hours (up to 

overnight) at 65° C with constant mixing at 750 rpm on a ThermoMixer (Eppendorf). DNA 

(ChIP, input, and controls) was purified using a GenCatch PCR Cleanup Kit (Epoch Life 

Science #2360250) following the manufacturer’s instructions, eluting with 20 μl of elution 
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buffer. DNA concentration was determined by Qubit 3.0 fluorometer and Qubit dsDNA HS 

Assay Kit (Invitrogen #Q32854).

DNA (ChIP and input) was prepared for high-throughput sequencing following the 

directions for “NEBNext End Prep” and “Adaptor Ligation” in the NEBNext Ultra II DNA 

Library Prep Kit for Illumina (New England Biolabs #E7645). After cleanup of adaptor-

ligated DNA without size selection, the sample was eluted and reclaimed using 15 μL 10 

mM Tris-HCl pH 8.0. DNA concentration was determined by Qubit 3.0 fluorometer and 

Qubit dsDNA HS Assay Kit (Invitrogen #Q32854). A PCR was set-up using 15 μL adaptor-

ligated DNA, 5 μL i7 Index Primer, 5 μL Universal Primer or 5 μL i5 Index Primer, and 25 

μL NEBNext Ultra II Q5 Master Mix. The sample was run on a thermocycler at 98° C for 30 

seconds followed by 6 cycles of 98° C for 10 seconds, 65° C for 75 seconds, followed by 1 

cycle at 65° C for 5 minutes, and finally held at 4° C. 50 μl of 10 mM Tris-HCl pH 8.0 was 

added to each sample and the sample size selected by first adding 65 μL (0.65x) of 

SPRIselect mixture (Beckman Coulter #B23318). This was vortexed to mix, incubated for 5 

minutes at room temperature, and then the beads were collected in a magnetic stand for 5 

minutes. The supernatant was transferred to a new tube, 15 μL (0.8x final) of SPRIselect was 

added, vortexed to mix, and incubated for 5 minutes at room temperature. Beads were 

collected with a magnet and washed twice with 200 μL 85% ethanol for 30 seconds. Beads 

were air dried on the magnet, resuspended in 15 μL of 10 mM Tris-HCl pH 8.0, and then 

incubated at room temperature for 5 minutes to elute the DNA. Beads were collected with a 

magnet and 15 μL of the eluate was transferred to a new tube. Sample concentration was 

determined with a Qubit dsDNA HS Assay. A second round PCR was set-up using 15 μL 

adaptor-ligated DNA, 5 μL i7 Index Primer, 5 μL Universal Primer or 5 μL i5 Index Primer, 

and 25 μL NEBNext Ultra II Q5 Master Mix. The sample was run on a thermocycler at 98° 

C for 30 seconds followed by 9 cycles of 98° C for 10 seconds, 65° C for 75 seconds, 

followed by 1 cycle at 65° C for 5 minutes, and fin ally held at 4° C. The amplified library 

was purified twice as in “Cleanup of PCR Amplification” in the NEBNext Ultra II DNA 

Library Prep Kit for Illumina, using SPRIselect volumes of 0.9x. The DNA was eluted and 

reclaimed in 15 μL 10mM Tris-HCl pH 8.0.

Final sample concentration was determined with a Qubit dsDNA HS Assay and DNA 

integrity assessed with a Bioanalyzer High Sensitivity DNA Chip (Agilent, Santa Clara, 

CA). DNA was either single-read sequenced with 50 sequencing cycles on an Illumina 

NextSeq 500 instrument or paired-end sequenced, 150 cycles each read, on an Illumina 

HiSeq × instrument.

ChIP-seq was performed in duplicate, where each biological replicate represents cells from a 

different passage as well as treated and cross-linked independently.

Hi-C Library Preparation

Hi-C libraries were prepared using minor modifications to the previously described in situ 
Hi-C protocol (Rao et al., 2014). Five million cross-linked mammalian cells (with Kc167 

cell spike-in), thawed on ice, were resuspended in 250 μL of Hi-C lysis buffer (10 mM Tris-

HCl pH 8.0, 10 mM NaCl, 0.2% Igepal CA-630) with 50 μL of 100x Protease Inhibitor 

Cocktail (Sigma #P8340), and incubated on ice for 15 minutes. The lysate was then 
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centrifuged at 2,500 x g for 5 minutes at 4°C and the supernatant discarded. Nuclei were 

washed with 500 μL of ice-cold Hi-C lysis buffer, centrifuged at 2,500 × g for 5 minutes at 

4°C, and the supernatant discarded. The pellet was gently resuspended in 50 μL of 0.5% 

SDS, incubated at 62° C for 10 minutes, and immediately cooled on ice. SDS was 

neutralized by adding 145 μL of water and then 25 μL of 10% Triton X-100 to the tube, 

mixed gently by inversion, and incubated for 15 minutes at 37° C. A 10% aliquot of the 

sample was taken as an undigested control. 25 μL of 10x NEBuffer 2 (New England 

Biolabs), followed by 4 μL of 25 U/μL MboI (New England Biolabs #R0147) was added to 

the sample and then gently inverted to mix. The sample was incubated overnight at 37° C in 

a ThermoMixer (Eppe ndorf) set to 750 rpm, 15 seconds on, 4 minutes 45 seconds off, to 

digest the chromatin.

To inactivate MboI, samples were incubated at 62° C for 20 minutes while shaking at 750 

rpm, 15 seconds on, 4 minutes 45 seconds off in a ThermoMixer, and immediately cooled on 

ice. A second 10% aliquot was taken as a digested control. Restriction fragment overhangs 

were filled in and biotin labeled by adding 50 μL of fill-in master mix (24.75 μL water, 16.5 

μL 1 mM Biotin-14-dATP (Axxora #JBS-NU-835-BIO14-L), 1.65 μL 10 mM dTTP, 1.65 μL 

10 mM dGTP, 1.65 μL 10 mM dCTP, 8.8 μL 5U/μL DNA Polymerase I, Large (Klenow) 

Fragment (New England Biolabs #M0210) and incubated at 37° C for 45 minutes while 

shaking at 750 rpm, 1 5 seconds on, 4 minutes 45 seconds off in a ThermoMixer. 900 μL of 

ligation master mix (695 μL water, 126 μL 10x T4 DNA Ligase Buffer (New England 

Biolabs), 105 μL 10% Triton X-100, 12.6 μL 10 mg/mL BSA, 1.05 μL of Hi-C Ligation 

Control Template (pUC19 digested with SmaI @ 21pg/μL), 5.25 μL 400U/μL T4 DNA 

ligase (New England Biolabs #M0202)) was added and incubated at room temperature while 

slowly rotating end-over-end for 4 hours.

DNA extraction was performed by centrifuging the nuclei at 2,500 x g for 5 min at 4° C, 

discarding the supernatant, and resuspending the pellet in 300 μL of extraction buffer (10 

mM Tris-HCl pH 8.0, 0.5 M NaCl, 1% SDS). For the undigested and digested control 

samples, 275 μL of extraction buffer was added to each control sample. 50 μL of 800 U/mL 

proteinase K was added and samples were incubated at 55° C for 30 minutes with constant 

mixing at 750 rpm on a ThermoMixer. The temperature was increased to 68° C and constant 

mixing was maintained while incubating overnight to reverse the cross-links. Samples were 

cooled to room temperature and briefly centrifuged. 1 μL of 20 mg/mL glycogen followed 

by 875 μL of 100% ice-cold ethanol was added to each sample, mixed by inverting the tube, 

and incubated at −80° C for 20 minutes. Samples were centrifuged at max speed for 30 

minutes at 4° C. The pellet was washed twice with 800 μL of 70% ethanol and centrifuging 

at 20,627 × g for 10 minutes at 4° C. Samples were air-dried on ice for < 5 minutes, and, 

before completely drying, resuspended in 80 μL of 10 mM Tris-HCl pH 8.0. Samples were 

incubated at 42° C for 15 minutes mixing constantly at 750 rpm on a ThermoMixer to 

completely dissolve the DNA. 1 μL of RNase A (Thermo Scientific #EN0531) was added 

and incubated at 37° C for 30 minutes while constantly mixing at 750 rpm on a 

ThermoMixer. DNA concentration was determined by Qubit 3.0 fluorometer and Qubit 

dsDNA HS Assay Kit (Invitrogen #Q32854).
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No more than 10 μg of DNA per Covaris microTUBE AFA Fiber (Covaris #520045) was 

sheared to a target peak of 400 bp using a Covaris E220 focused-ultrasonicator (Covaris, 

Woburn, MA) at duty factor 10%, peak incident power 140 W, 200 cycles per burst for 60 

seconds. 125 μL of sample was transferred to a fresh 1.5 mL low-bind tube, the microTUBE 

washed with 75 μL of 10 mM Tris-HCl pH 8.0, 1 mM EDTA and added to the sample, and 

the sample size selected by first adding 130 μL (0.65x) of SPRIselect mixture (Beckman 

Coulter #B23318). This was vortexed to mix, incubated for 5 minutes at room temperature, 

and then the beads were collected in a magnetic stand for 5 minutes. The supernatant was 

transferred to a new tube, 30 μL (0.8× final) of SPRIselect was added, vortexed to mix, and 

incubated for 5 minutes at room temperature. Beads were collected with a magnet and 

washed twice with 200 μL 85% ethanol for 30 seconds. Beads were air dried on the magnet, 

resuspended in 53 μL of 10 mM Tris-HCl pH 8.0, and then incubated at room temperature 

for 5 minutes to elute the DNA. Beads were collected with a magnet and 51 μL of the eluate 

was transferred to a new tube. Sample concentration was determined with a Qubit dsDNA 

HS Assay.

50 μL of Dynabeads MyOne Streptavidin C1 beads (Life Technologies #65001) were 

washed twice with 100 μL 1× B&W buffer + 0.05% Tween 20 (2x Bind & Wash (B&W) 

buffer: 10 mM Tris-HCl pH 7.5, 2 M NaCl, 1 mM EDTA) and then resuspended in 50 μL of 

2x B&W buffer. DNA was added to the beads and incubated at room temperature for 30 

minutes while rotating end-over-end. Beads were washed twice with 100 μL 1x B&W buffer 

+ 0.05% Tween 20, washed twice with 100 μL of TE buffer, and resuspended in 50 μL of 10 

mM Tris-HCl pH 8.0. DNA was prepared for high-throughput sequencing following the 

directions for “NEBNext End Prep” and “Adaptor Ligation” in the NEBNext Ultra II DNA 

Library Prep Kit for Illumina (New England Biolabs #E7645) while still bound to the beads. 

Beads were then collected with a magnet, the supernatant discarded, the beads washed twice 

with 100 μL 1x B&W buffer + 0.05% Tween 20, and then twice with 100 μL 10 mM Tris-

HCl pH 8.0, 1 mM EDTA. The sample was eluted by resuspending the beads in 5 μL of 95% 

freshly deionized formamide, 10 mM EDTA pH 8.0, and incubating at 90° C for 10 minutes. 

Beads were collected with a magnet and the supernatant was transferred to a fresh tube 

containing 16 μL of 10 mM Tris-HCl pH 8.0.

Small-scale qPCR was utilized to determine the optimal number of PCR cycles for library 

amplification. Reactions were performed in triplicate with 4 μL 100x diluted library DNA, 6 

μL primer mix (3.33 μM Universal PCR primer, 3.33 μM Index Primer, 1.66 mM MgCl2, 

3.33x SYBR Green I), 10 μL NEBNext Ultra II Q5 Master Mix and thermocycled at 98° C 

for 30 seconds followed by 35 cycles of 98 ° C for 10 seconds, 65° C for 75 seconds. Linear 

Rn versus cycle number was plotted to determine the cycle number corresponding to one-

third of maximum fluorescent intensity, and, after accounting for 100-fold dilution, the 

optimal number of PCR cycles needed was determined. Final library amplification was 

performed in duplicate using 2.5 μL water, 2.5 μL 10 mM MgCl2, 5 μL i5 Index Primer, 5 

μL i7 Index Primer, 10 μL eluted DNA (undiluted), 25 μL NEBNext Ultra II Q5 Master Mix. 

The split sample was run on a thermocycler at 98° C for 30 seconds followed by X cycles 

(as determined above by qPCR) of 98° C for 10 seconds, 65° C for 75 seconds, followed by 

1 cycle at 65° C for 5 minutes, and finally held at 4° C. The amplified library was purified 

twice as in “Cleanup of PCR Amplification” in the NEBNext Ultra II DNA Library Prep Kit 
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for Illumina, using SPRIselect volumes of 0.7x and 0.8x. The DNA was eluted in 17 μL 

10mM Tris-HCl pH 8.0 and 15 μL was collected as the final product.

Final sample concentration was determined with a Qubit dsDNA HS Assay and DNA 

integrity assessed with a Bioanalyzer High Sensitivity DNA Chip (Agilent, Santa Clara, 

CA). DNA was paired-end sequenced, 150 cycles each read, on either an Illumina HiSeq × 

or NovaSeq 6000 instrument.

Hi-C was performed across six replicates for untreated TC-797 cells, in duplicate for 

uninduced and induced 293TRex cells, and in duplicate for MZ1, MZ1 washout, and TPL 

treated TC-797 cells, where each biological replicate represents cells from a different 

passage as well as treated and cross-linked independently. Of the untreated TC-797 cell 

replicates, four replicates were completely untreated and two replicates were 0.01% DMSO 

controls.

TT-seq Library Preparation

Media was removed from TC-797 cells growing on a 15 cm plate and replaced with media 

containing 500 μM 4-thiouridine (Sigma-Aldrich #T4509) prewarmed to 37° C. Cells were 

incubated for 5 minutes at 37° C with 5% CO2. The media was then removed, 2.5 mL of 

TRIzol reagent (Thermo Fisher #15596018) was immediately added to lyse the cells and 

total RNA was isolated following the manufacturer’s instructions, except 1 μL of 20 mg/mL 

RNase-free glycogen and 1 μL of freshly prepared 1 M DTT (1 mM final) was added during 

the isopropanol precipitation step and the samples were protected from light. Sample 

concentration was determined by Qubit 3.0 fluorometer and Qubit RNA BR Assay Kit 

(Invitrogen #Q10210). A 1 μL aliquot was removed and RNA integrity was confirmed (RIN 

≥ 9.0) with a Bioanalyzer RNA 6000 Pico or Nano Chip (Agilent, Santa Clara, CA).

From the yield of total RNA determined above, the amount of total RNA per 10 million cells 

was determined. 400 ng of 4-thiouridine labelled total Drosophila Kc167 cell RNA was 

added/spiked-in to an aliquot of total RNA corresponding to 10 million cells. 2 μL 10x 

NEBNext RNA Fragmentation Buffer (New England Biolabs #E6150S) was added to 18 μL 

of sample (no more than 50 μg RNA, if more than 50 μg of RNA all volumes were linearly 

scaled up accordingly). The sample was incubated for exactly 2 minutes at 94° C in a 

preheated thermal cycler and then immediately transferred to ice followed by addition of 2.5 

μL of 10x NEBNext RNA Fragmentation Stop Solution (New England Biolabs #E6150S) 

and 2.5 μL of 164 mM DTT (1 mM final DTT during RNAClean XP bead-binding below) 

for every 20 μL reaction volume. If necessary, total sample volume was adjusted to 50 μL 

using RNase-free (DEPC-treated) water and 1.8 volumes of RNAClean XP mixture 

(Beckman Coulter #A63987) and 270 μL of 100% isopropanol was added to each sample. 

The sample was mixed by pipetting up and down 10 times and then incubated at room 

temperature for 5 minutes. Tubes were placed in a magnetic stand for 5 minutes, or until the 

supernatant turned completely clear, at room temperature, and then the supernatant 

discarded. Beads were washed twice with 600 μL of freshly prepared 85% ethanol while the 

beads are still on the magnetic stand. Beads were incubated in the presence of ethanol for 30 

seconds during each wash. Beads were air dried on the magnetic stand until the alcohol had 

completely evaporated. Beads were resuspended in 52 μL of RNase-free (DEPC-treated) 
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water, mixed by pipetting up and down 10 times, and then incubate at room temperature for 

2 minutes. Beads were collected with a magnetic stand for 2 minutes, or until the 

supernatant turns completely clear, at room temperature and then 50 μL of the supernatant 

transferred to a fresh microcentrifuge tube.

RNA was denatured by incubating at 65° C for 5 minu tes and then rapidly cooled on ice. 

RNA was biotinylated by mixing 1.5 μL 1 M HEPES-KOH pH 7.5, 1.5 μL 0.1 M EDTA, 

fragmented RNA (no more than 50 μg RNA, if more than 50 μg of RNA all volumes were 

linearly scaled up accordingly), RNase-free (DEPC-treated) water to 120 μL and then 30 μL 

0.167 mg/mL MTSEA-biotin-XX (Biotium #90066) dissolved in DMF was added. The 

sample was incubated at room temperature while slowly rotating end-over-end for at least 30 

minutes, but no more than 2 hours. One volume of 24:1 chloroform:isoamyl alcohol was 

added to each tube, mixed by shaking by hand for 15 seconds and then let sit for 2 minutes. 

The sample was centrifuged at 12,000 ×g for 5 minutes at 4° C. The aqueous upper phase 

was trans ferred to a new microcentrifuge tube and the RNA purified using RNAClean XP 

with supplemental isopropanol, as described above, except the sample was eluted with 55 μL 

of RNase-free (DEPC-treated) water.

100 μL of Dynabeads MyOne Streptavidin C1 beads (Life Technologies #65001) were 

washed twice with 100 μL pre-wash buffer 1 (50 mM NaCl, 0.1 M NaOH in DEPC-treated 

water), once with 100 μL pre-wash buffer 2 (0.1 M NaCl in DEPC-treated water), twice with 

1x B&W buffer (2x Bind & Wash (B&W) buffer: 200 mM Tris-HCl pH 7.5, 2 M NaCl, 20 

mM EDTA, 0.1% (v/v) Tween 20 in DEPC-treated water), and then blocked with 100 μL 1× 

B&W buffer + 40 ng/μL RNase-free glycogen by incubating for 1 hour at room temperature. 

Beads were washed twice with 100 μL 1X B&W buffer and then resuspended in 50 μL of 

2X B&W buffer.

RNA was denatured by incubating at 65° C for 5 minutes and then rapidly cooled on ice. A 

5 μL aliquot was saved as the input and then 50 μL of the bead suspension was rapidly added 

to the denatured, labelled RNA, pipetted up and down to mix, and then incubated for 15 

minutes at room temperature while slowly rotating end-over-end while protected from light. 

Beads were washed three times with 100 μL 1x B&W buffer pre-warmed to 65° C. For each 

wash, the sample was incu bated for 2 minutes at 65° C in a ThermoMixer set to 750 rpm. 

Beads were then washed three times with 100 μL room-temperature 1x B&W buffer. RNA 

was eluted twice by incubating the beads in 50 μL of freshly prepared 100 mM DTT for 15 

minutes at room temperature while protected from light and then purified using RNAClean 

XP with supplemental isopropanol, as described above, except the sample was eluted with 

15 μL of RNase-free (DEPC-treated) water. Sample concentration was determined with a 

Qubit RNA HS Assay and RNA fragmentation verified with a Bioanalyzer RNA 6000 Pico 

Chip (Agilent, Santa Clara, CA).

rRNA was depleted from the sample using a NEBNext rRNA Depletion Kit (New England 

Biolabs #E6310) following the manufacturer’s instructions, except the RNA was purified 

using RNAClean XP with supplemental isopropanol, as described above, eluted with 65 μL 

of RNase-free (DEPC-treated) water, and sample concentration was determined with a Qubit 

RNA HS Assay. A DNA library (from reverse transcribed RNA) was prepared for high-
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throughput sequencing following chapter 5 in the NEBNext Ultra II Directional RNA 

Library Prep Kit for Illumina (New England Biolabs #E7760) with the following minor 

modifications to account for small insert sizes: During the cleanup after adaptor ligation 96.5 

μL (1.0 volume) of SPRIselect beads was used. During the PCR cleanup step 60 μL (1.2 

volumes) of SPRIselect beads was used, DNA was eluted and reclaimed using 50 μL 0.1× 

TE buffer or 10 mM Tris-HCl pH 8.0, and the PCR cleanup step repeated using 60 μL (1.2 

volumes) of SPRIselect beads. During the second cleanup, DNA was eluted with 17 μL 10 

mM Tris-HCl pH 8.0 and 15 μL reclaimed from the beads as the final product.

Final sample concentration was determined with a Qubit dsDNA HS Assay and DNA 

integrity assessed with a Bioanalyzer High Sensitivity DNA Chip (Agilent, Santa Clara, 

CA). DNA was paired-end sequenced, 150 cycles each read, on an Illumina HiSeq × 

instrument.

TT-seq was performed in triplicate for paired DMSO, MZ1, and MZ1 washout treated 

TC-797 cells and in duplicate for paired DMSO and TPL treated TC-797 cells, where each 

biological replicate represents cells from a different passage as well as treated and 

subsequently labelled with 4-thiouridine independently.

QUANTIFICATION AND STATISTICAL ANALYSIS

ChIP-seq Data Processing

ChIP-seq Profile Generation—Reads were trimmed for adaptor sequences using 

trimmomatic v0.36 and then aligned to concatenated hg38/Genome Reference Consortium 

Human Reference 38 Patch 15 (GRCh38.p15) and dm6/BDGP Release 6 + ISO1 MT 

assemblies of the human and Drosophila melanogaster genomes, respectively, using bowtie2 

v2.3.1 with option --very-sensitive. Only reads with a MAPQ ≥ 30 were retained using 

samtools v1.3.1. PCR duplicates were removed with picard MarkDuplicates v2.9.2. MACS2 

v2.1.4 (Zhang et al., 2008) was used to compute signal tracks by first running macs2 

callpeak with parameters -B --SPMR --keep-dup all -g hs -f BAM and then running macs2 

bdgcmp with parameter -m FE. Histone H3K27ac ChIP-seq profiles were calibrated using 

spike-in normalization with D. melanogaster as the calibration genome, as previously 

described (Bonhoure et al., 2014; Hu et al., 2015; Orlando et al., 2014). As the NUT epitope 

is not expressed in Drosophila Kc167 cells, BRD4-NUT ChIP-seq profiles were not spike-in 

normalized.

Megadomain and Super-enhancer Annotation—We used histone H3K27ac ChIP-seq 

data to identify megadomains, as done previously (Alekseyenko et al., 2015). The epic 

v0.2.12 implementation of the SICER algorithm (Xu et al., 2014) was used to identify 

broadly enriched domains from histone H3K27ac ChIP-seq data setting the window size to 

2500 bp and gap size to 1 with parameters -w 2500 -g 1, respectively. Input libraries were 

used as controls for domain annotation. Often, we observed closely spaced enriched regions 

and to span these regions and capture the entire domain, SICER/epic-identified domains 

within 25 kb of one another were combined using bedtools v2.27.1 with command bedtools 

merge. To identify megadomains, the list of called domains was filtered by signal strength 

and by domain size. Signal strength was determined by subtracting the rpm normalized input 
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reads from rpm normalized sample reads for each called domain and subsequently ranked in 

increasing order of counts. The ROSE algorithm (Rank Ordering of Super-Enhancers) 

(Whyte et al., 2013) was applied to the ranked dataset to determine the cutoff threshold for 

signal strength by sliding a diagonal line and finding the point along the abscissa where the 

diagonal line was tangent to the rank-ordered curve. The cutoff for feature size was 

determined in a similar manner by ranking the domain length in base pairs and applying 

ROSE. Domains that exceeded both the signal cutoff and the size threshold were retained 

using bedtools intersect with default parameters. The above was performed for each 

biological replicate, and, then, to create the highest confidence domain list, domains 

identified in both replicates were merged using bedtools intersect with default parameters. 

The resulting domains were considered “megadomains”.

To identify super-enhancers, domains that exceeded both the megadomain signal and 

megadomain size threshold were removed from the list of SICER/epic-identified domains 

and the above filtering procedure for both signal strength and domain size was repeated. 

Super-enhancers within 100 kb of one another were combined using bedtools v2.27.1 with 

command bedtools merge for analysis of megadomain–super-enhancer and super-enhancer–

super-enhancer interactions.

Random Shuffle Control Generation—A random shuffled control set of megadomains 

was determined using bedtools shuffle with parameters -chrom -noOverlapping -excl to 

ensure that shuffled megadomains are retained on the chromosome they originated from, that 

shuffled megadomains do not overlap, and that shuffled megadomains are excluded from 

genome assembly gaps, respectively.

Metaplot and Heatmap Visualization—deepTools v3.1.3 (Ramírez et al., 2016) was 

used to generate metaplots and heatmaps of BRD4-NUT, H3K27ac, and RNA polymerase II 

ChIP-seq profiles within megadomains and 50 kb flanking regions.

Hi-C Data Processing

Hi-C Contact Map Generation—Data was processed as previously described using the 

Juicer pipeline (Durand et al., 2016a; 2016b; Rao et al., 2014). In brief, reads were aligned 

to concatenated hg38/Genome Reference Consortium Human Reference 38 Patch 15 

(GRCh38.p15) and dm6/BDGP Release 6 + ISO1 MT assemblies of the human and 

Drosophila melanogaster genomes, respectively, using BWA-MEM v0.7.15-r1140. Reads 

were then assigned to MboI restriction fragments, duplicates removed, reads with a MAPQ 

≥ 30 were retained, and intra restriction fragment reads removed. The genome was divided 

into equally spaced, non-overlapping bins and the number of reads counted in each pair of 

bins gave the number of contacts, generating a Hi-C contact map.

Hi-C contact maps were normalized by matrix balancing using the method of Knight and 

Ruiz (KR normalization) using Juicer Tools v1.8.9 with command juicer pre (Durand et al., 

2016b; Knight and Ruiz, 2012; Rao et al., 2014). As biological replicates were highly 

reproducible, including those between completely untreated and 0.01% DMSO control 

TC-797 cells (referred to simply as DMSO treated TC-797 cells), datasets were merged after 

filtering, as described above, and the combined contact maps KR normalized. Hi-C contact 
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maps were further normalized for differences in the number of contacts between samples 

using a normalization factor of contacts per billion (CPB). This is equivalent to reads per 

million (RPM) normalization for ChIP-seq and RNA-seq data. All figures represent merged, 

KR normalized, and sequencing depth normalized contact maps.

Pearson correlation matrices of Hi-C contact maps were computed using Juicer Tools 

(Durand et al., 2016b) v1.8.9 with command juicer pearsons with options KR BP 100000.

Contact Domain and Loop Annotation—Contact domains were annotated at 10 kb 

resolution using the previously described Arrowhead algorithms (Durand et al., 2016b; Rao 

et al., 2014) using Juicer Tools v1.8.9 with command juicer arrowhead with option -r 10000. 

Loops were annotated using the previously described HiCCUPS algorithm (Durand et al., 

2016b; Rao et al., 2014) using Juicer Tools v1.9.0 with command juicer hiccups with default 

parameters.

Contact domains overlapping loops, that is loop domains, were identified by determining for 

every contact domain corner at location Mi,j was a loop located within distance 0.2*|i-j| (Rao 

et al., 2014). Loop-independent contact domains were identified as those contact domains 

that did not meet this criterion.

Aggregate Analysis of Domains and Loops—Aggregate domain analysis (ADA) was 

performed similarly to that as previously described (Flyamer et al., 2017). For every domain 

at location Mi,j with size l=|i-j|, a submatrix from [i-l:i+l, j-l:j+l] was extracted from the 

observed and log2(observed/expected) Hi-C contact maps. The expected number of contacts 

was determined as previously described (Durand et al., 2016b; Lieberman-Aiden et al., 

2009; Rao et al., 2014) and, in the case of TC-797 cells, normalized to the DMSO sample 

based on the Drosophila spike-in data. Submatrices that extended beyond the ends of the 

chromosome were excluded from further analysis. This submatrix was then rescaled to 90 × 

90 pixels using linear interpolation and block-averaging (Flyamer et al., 2017). The average 

signal at each pixel was then computed across all submatrices (Figure S5B).

An aggregate domain analysis (ADA) score was implemented to assess the log2(observed/

expected) Hi-C contact enrichment at the domain corner relative to outside the domain and 

adjacent to the boundaries. The domain corner was chosen as loop domains visually have 

more contact enrichment at the corner than loop-independent contact domains; outside the 

domain and adjacent to the domain boundaries was chosen as these regions should be 

depleted of contacts if the domains analyzed are contact domains. From the 90 × 90 pixel 

observed/expected ADA matrix, the domain corner was defined as the upper triangle of the 

submatrix from rows 30 to 44 and columns 45 to 59 ([30:45, 45:60] in Python slicing 

notation). From the 90 × 90 pixel observe/expected ADA matrix, outside the domain and 

adjacent to the boundaries was defined as two regions: the lower triangle of the submatrix 

from rows 15 to 29 and columns 30 to 44 ([15:30, 30:45]) and the lower triangle of the 

submatrix from rows 45 to 59 and columns 60 to 74 ([45:60, 60:75]). The mean of the 

log2(observed/expected) contacts within these three regions was determined and the ADA 

score computed as the difference of the mean of the domain corner region and ½ the sum of 

the means of the outside the domain and adjacent to the boundary regions (Figure S5C).
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Aggregate peak analysis (APA) was performed as previously described (Durand et al., 

2016b; Rao et al., 2014) using Juicer Tools v1.8.9 with command juicer apa with default 

parameters, except the aggregate signal was averaged instead of summed.

Contacts as a Function of Genomic Distance—The average number of 

intrachromosomal contacts as a function of genomic distance was computed by determining 

the ratio of the number of observed contacts separated by a given genomic distance to the 

number of pairs of loci separated by that same genomic distance. Genomic distance was 

logarithmically binned.

Annotating Megadomain-Megadomain Interactions—Robust megadomain-

megadomain interactions were identified based on enrichment relative to local background, 

similar to that used for identifying chromatin loops (Rao et al., 2014).

First, all possible megadomain-megadomain interactions are enumerated. Next, a local 

background region, defined as a donut surrounding each possible megadomain-megadomain 

interaction region, is identified. This donut is defined to have a 1-pixel gap (e.g. at 100 kb 

resolution a 100 kb gap) between the possible megadomain-megadomain interaction region 

and the inner part of the donut and a width of 3 pixels (e.g. at 100 kb resolution a 300 kb 

width). The average number of KR normalized (if KR normalization was not available VC 

normalization (Rao et al., 2014) was used) contacts in the donut is determined. For 

interchromosomal interactions genome-wide normalizations were used. To account for all 

donut pixels not being the same distance from the diagonal and for the donut pixels being a 

different distance from the diagonal than the possible megadomain-megadomain interaction 

region, this value is normalized by multiplying by the average expected value within the 

megadomain-megadomain interaction region divided by the average expected value within 

the donut region. As there is no one-dimensional distance dependence (i.e. no diagonal) for 

interchromosomal contacts, this step was omitted during identification of interchromosomal 

megadomain-megadomain interactions. This expected value is KR (or VC) normalized and 

does not obey Poisson statistics, so this value is multiplied by the average of the KR (or VC) 

correction factors within the possible megadomain-megadomain interaction region.

Prior to determination of statistical significance and multiple hypothesis testing, two filtering 

steps are performed. First, possible megadomain-megadomain interaction regions where its 

respective donut region would overlap with the diagonal are removed to ensure that the 

donut reflects the true local background and not the symmetric half of the Hi-C contact map. 

Second, possible megadomain-megadomain interaction regions less than 2-fold enriched for 

both intrachromosomal and interchromosomal relative to its respective donut region are 

removed for DMSO treated TC-797 cells and less than 2fold enriched for intrachromosomal 

interactions or 4-fold enriched for interchromosomal interactions relative to its respective 

donut region are removed for MZ1 treated, MZ1 washout, and triptolide treated TC-797 

cells. This allowed for very stringent identification of megadomain-megadomain 

interactions, in a manner similar to that for chromatin loop annotation (Rao et al., 2014). 

Stronger enrichment of interchromosomal interactions was chosen because of the greater 

sparsity of interchromosomal Hi-C contact maps in MZ1 treated, MZ1 washout, and 

triptolide treated TC-797 cells.
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We then test the hypothesis that the average number of observed raw contacts (rounded to 

obey Poisson statistics) within the possible megadomain-megadomain interaction region is 

significantly enriched relative to the donut region, defined above. We then corrected for 

multiple hypothesis testing using the Benjamini-Hochberg FDR control procedure with an 

FDR threshold of 0.005. Again, an extremely stringent value is used for robust and 

conservative identification of megadomain-megadomain interactions.

This process was performed at 100 kb resolution genome-wide for DMSO treated TC-797 

cells and at 100 kb resolution for intrachromosomal interactions and 250 kb resolution of 

interchromosomal interactions in MZ1 treated, MZ1 washout, and triptolide treated TC-797 

cells to generate the final annotation of megadomain-megadomain interactions.

Analysis of Megadomain-Megadomain Interactions—Aggregate analysis of 

megadomain-megadomain interactions was performed as above for aggregate domain 

analysis (ADA), except observed contacts instead of the log2(observed/expected) contacts 

were used and since megadomain-megadomain interactions are typically rectangular they 

were re-scaled to be square during linear interpolation and block-averaging.

The domain-domain interaction score was implemented to assess the observed Hi-C contact 

enrichment within the interaction relative to that outside this region. This score was 

computed as the ratio of the mean of the number of Hi-C contacts within the rescaled 

interaction region, rows 30 to 59 and columns 30 to 59 ([30:60, 30:60] in Python slicing 

notation) to the mean of the number of Hi-C contacts outside this region, all pixels except 

those from rows 30 to 59 and columns 30 to 59 ([30:60, 30:60]) (Figure S2C).

Analysis of Triple Interactions—Interactions between three genomic loci (triples) were 

identified from higher-order contacts identified as DNA concatemers in Hi-C data (Darrow 

et al., 2016; Rao et al., 2017). Abnormal chimeric read pairs that aligned to two or more loci 

were identified by the Juicer pipeline (Durand et al., 2016b; 2016a; Rao et al., 2014) and 

parsed into triple, quadruple, or quintuple contacts. Duplicates were removed analogously to 

the deduplication procedure implemented by the Juicer pipeline (Durand et al., 2016b; 

2016a; Rao et al., 2014). Counts of unique (non-duplicated) higher-order contacts are given 

in Table S2.

Triple and quadruple interactions that overlapped megadomains were identified using 

bedtools intersect. Only megadomains separated by greater than 1 Mb were considered, and 

changing the window size from 0.1 to 2 Mb did not influence the results. Interactions were 

filtered for those where each locus overlapped a distinct megadomain. Among quadruple 

interactions, triple megadomain-megadomain-megadomain interactions were extracted 

where one and only one locus in the quadruple did not overlap a megadomain. Where each 

locus in the quadruple overlapped a megadomain, the quadruple was collapsed to four 

distinct triple megadomain-megadomain-megadomain interactions. Differences due to 

sequencing depth between samples were normalized by dividing by the ratio of total unique 

higher-order contacts between samples.
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We used a bootstrapping approach to account for the sparse number of higher-order 

interactions in Hi-C datasets (Darrow et al., 2016; Rao et al., 2017), thereby estimating the 

expected random distribution of megadomain-megadomain-megadomain interactions and 

evaluating for differences between DMSO treated, MZ1 treated, MZ1 washout, and 

triptolide treated TC-797 cells. Following the above procedure, we identified the number 

triple megadomain-megadomain-megadomain interactions using a random shuffle control 

set of megadomains and then determined the ratio of random shuffle triple interactions 

between DMSO treated versus MZ1 treated, MZ1 washout versus MZ1 treated, and 

triptolide versus DMSO treated TC-797 cells. This procedure was repeated 10,000 times 

generating a new ratio each time. P-values were then determined by comparing the observed 

ratio to the distribution of shuffled ratios using a random permutation test.

Subcompartment Annotation—Subcompartments were annotated at 100 kb resolution 

using machine learning to cluster loci based on interchromosomal contact patterns, similar to 

that as previously described (Rao et al., 2014). An interchromosomal, genome-wide KR 

normalized contact matrix was constructed with odd chromosomes on the rows and even 

chromosomes on the columns. Rows and columns with undefined or zero contacts were 

removed. A row-based z-score of each entry was determined using R’s scale function. Then, 

an unsupervised Gaussian hidden Markov model (GHMM) with 2–19 components (i.e. 

putative subcompartments) was trained on the resulting matrix using Python’s 

hmmlearn.hmm.GaussianHMM.fit function with 1000 iterations to estimate model 

parameters. Python’s hmmlearn.hmm.GaussianHMM.predict function was then used to infer 

the states (i.e. putative subcompartments) on the odd chromosomes. The matrix was 

transposed and the above procedure followed to infer the states on the even chromosomes. 

Sixteen states (i.e. putative subcompartments) were chosen for further analysis.

To assess both accuracy of clustering and to match clusters from the even chromosomes with 

those from the odd chromosomes, we calculated the contact enrichment between each pair 

of states on the even and odd chromosomes. Contact enrichment was determined as the 

mean number of contacts for each pair of states divided by the number of contacts from the 

average of 100 random shuffled control set of states. State 14 on even chromosomes 

preferentially interacted with state 15 on the odd chromosomes, indicating a one-to-one 

mapping between these states and visual inspection of these states revealed that they 

overlapped with megadomains. After merging states even 14 and odd 15, we referred to this 

state as subcompartment M (196 100 kb bins, or 63 merged subcompartment intervals after 

merging adjacent bins).

However, there was not a clear one-to-one mapping between the other states. An apparent 

lack of one-to-one mapping could be due to the necessity to fix ab initio the number of 

components for the GHMM resulting in one subcompartment being split into smaller states. 

For example, the patterns of contact enrichment (Figure S4A) and the mean parameter 

estimated by the GHMM (Figure S4B) for states 1 and 8 on the odd chromosomes appear 

very similar, implying that these states should be merged together. Therefore, to merge states 

lacking a clear one-to-one mapping, subcompartment M was first removed from further 

consideration, each row of the contact enrichment matrix was rescaled using R’s scale 

function, dissimilarity values between the rows were calculated by R’s dist(method = 
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“Euclidean”) function, and the resulting vectors were then clustered using hierarchical 

clustering by R’s hclust(method = “complete”, members = NULL) function (Figure S4C, 

left). The same method was applied for the columns, which corresponded to the odd 

chromosomes (Figure S4C, right). After each round of merging, we computed a new contact 

enrichment between each pair of merged states on the even and odd chromosomes, as 

described above. Our final choice of five states (in addition to subcompartment M) was 

based on the finding of a one-to-one mapping between states on the even and odd 

chromosomes (Figure S4D).

We next checked if the above procedure resulted in putative subcompartments with 

properties in agreement with previously defined compartments (Lieberman-Aiden et al., 

2009) and subcompartments (Rao et al., 2014). The five states separated into two groups: 

A1L and A2L in one group, had contact enrichment correlated with each other and 

anticorrelated with the other states (Figure S3G), and had higher GC content than the other 

states (Figure S4D). The other group, B1L, B2L, and B3, had contact enrichment correlated 

with each other and anticorrelated with states A1L and A2L (Figure S3G), and had lower 

GC content than the other states (Figure S4D). Histone H3K27ac is highly enriched in 

subcompartment M (Figure S4E). Histone H3K27ac is also enriched in subcompartments 

A1L and A2L (Figure S4E) and positively correlated with these subcompartments (Figure 

S4F). We labelled these subcompartments A1L (i.e. A1-Like), A2L (i.e. A2-Like), B1L (i.e. 

B1-Like), etc. for consistency with previously defined subcompartments (Rao et al., 2014).

A subcompartment score was implemented to assess the how likely each locus is to be in 

each subcompartment. This score was defined to be the mean parameter from the GHMM 

for each locus in the genome. For subcompartments derived from merged states, given that 

the subcompartment score is similar between states (Figure S4B), the average of the mean 

score from each state was used for the subcompartment score. As this score comes from a 

parameter from the model, we compared the subcompartment score to a biased inter-

chromosomal contact frequency, similar to that as previously described (Monahan et al., 

2019). From the genome-wide KR normalized contact map, the number of inter-

chromosomal megadomain contacts for every 100 kb bin in the genome was determined and 

this value was divided by the total interchromosomal contacts for each respective bin to 

yield the percent of inter-chromosomal Hi-C contacts to megadomains.

Subcompartment M was annotated in triptolide treated TC-797 cells by applying the 

GHMM model trained on the interchromosomal Hi-C matrices from DMSO treated cells to 

the interchromosomal Hi-C matrices from triptolide treated cells. First, 100 kb 

interchromosomal contact matrices from triptolide treated cells were normalized using a 

row-based z-score, as described above. Next, to match the exact coordinates from DMSO 

treated cells, undefined rows or columns due to genome-wide KR normalization specifically 

from the triptolide treated cells were replaced with zeros. Finally, subcompartment M was 

predicted using hmmlearn.hmm.GaussianHMM.predict by retaining states even 14 and odd 

15 after filtering out rows and columns in these states which were all zeros. Hi-C contact 

maps from MZ1 treated and MZ1 washout TC-797 cells were too sparse for accurate 

subcompartment annotation.
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TT-seq Data Processing

TT-seq Profile Generation—Reads were trimmed for adaptor sequences using 

trimmomatic v0.36 and then aligned to concatenated hg38/Genome Reference Consortium 

Human Reference 38 Patch 15 (GRCh38.p15) and dm6/BDGP Release 6 + ISO1 MT 

assemblies of the human and Drosophila melanogaster genomes, respectively, using STAR 

(Dobin et al., 2013) v2.5.2b with options --outFilterType BySJout --outFilterMultimapNmax 

20 -alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --outFilterMismatchNmax 999 --

outFilterMismatchNoverReadLmax 0.04 --alignIntronMin 20 --alignIntronMax 1000000 -

alignMatesGapMax 1000000. Duplicate and multimapper reads were marked with STAR 

with option --bamRemoveDuplicatesType UniqueIdentical and then removed with samtools 

v1.3.1 with option -F 1024. STAR was used to compute signal tracks with options --

outWigType bedGraph --outWigStrand Stranded --outWigNorm RPM. TT-seq profiles were 

calibrated using spike-in normalization with D. melanogaster as the calibration genome, as 

previously described (Lugowski et al., 2018).

Heatmap Visualization—deepTools v3.1.3 (Ramírez et al., 2016) was used to generate 

metaplots and heatmaps of TT-seq profiles within genes.

Differential Gene Expression Analysis—Reads overlapping genes were counted using 

htseq-count v0.9.1 (Anders et al., 2015) with parameters -f bam -r pos -s reverse -t gene -i 

gene_id. The gene set used consisted of protein-coding genes and lincRNAs from human 

GENCODE v24 (gtf column “transcript_type” either “protein_coding” or “lincRNA”) 

concatenated with those from FlyBase release 6.21. Expression levels (fpkm) and 

differentially expressed genes were determined using DESeq2 v1.18.1 (Love et al., 2014), 

excluding genes with less than 10 counts in all samples, using size factors determined from 

the D. melanogaster gene counts, and calling significance at a Benjamini-Hochberg adjusted 

p-value < 0.01.

DATA AND CODE AVAILABILITY

Hi-C, ChIP-seq, and TT-seq datasets generated in this study have been deposited in the Gene 

Expression Omnibus (GEO) and are publicly available under accession numbers 

GSE133163, GSE133122, and GSE133164, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Hyperacetylated chromatin interacts over multiple megabases and between 

chromosomes

• BRD4-NUT oncoprotein drives interactions to form a specific nuclear 

subcompartment

• Pharmacological degradation of BRD4-NUT abolishes subcompartment 

interactions

• Subcompartment persists in the absence of transcription
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Figure 1. Distant Interactions Between Broad, Hyperacetylated Chromatin Domains
(A) Hi-C contact maps at 100 kb resolution for the patient-derived TC-797 cell line 

endogenously expressing BRD4-NUT. BRD4-NUT (magenta) and histone H3K27ac (green) 

ChIP-seq profiles are aligned with the maps. Black bars indicate megadomains. 

Megadomain-megadomain interactions are indicated by green circles above the diagonal in 

the leftmost map; below the diagonal is unannotated for clarity. The rightmost two maps are 

additional examples displayed as off-diagonal slices of the Hi-C contact map.
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(B) Intrachromosomal contacts for loci separated by the distance given on the abscissa. The 

genome-wide average is indicated as a gray line. Each megadomain-megadomain interaction 

is displayed as a red dot indicating that interactions between megadomains are stronger than 

the genome-wide average for loci separated by the same distance.

(C) Percent of megadomain-megadomain interactions (green) separated by the distance 

given on the abscissa and percent of chromatin loops (yellow) of a given size. Distances 

between interacting megadomains are orders of magnitude larger than chromatin loops. 

Sizes/distances are logarithmically binned.

See also Figure S1 and Table S1.
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Figure 2. A Small-molecule PROTAC Modulates Megadomain-Megadomain Interactions
(A) Immunofluorescence for BRD4-NUT (magenta) and histone H3K27ac (green) from 

TC-797 cells treated with DMSO, MZ1 (4 hours), or MZ1 (4 hours) followed by drug 

washout (24 hours) counterstained with DAPI (blue) indicates loss of nuclear foci after 

treatment with MZ1 that recover after drug washout. Scale bars, 5 μm.

(B) Mean BRD4-NUT (purple) and histone H3K27ac (green) ChIP-seq profiles for 

megadomains (upper) and heatmap of the ChIP-seq signal for each megadomain (lower) 

from TC-797 cells treated with DMSO, MZ1, or MZ1 followed by drug washout indicate 
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loss or reduction of BRD4-NUT or H3K27ac, respectively, within megadomains after 

treatment with MZ1 that partially recover after drug washout. Megadomains were 

normalized to the same length and 50 kb of flanking DNA is shown next to each normalized 

megadomain.

(C) Off-diagonal slices of Hi-C contact maps at 100 kb resolution from TC-797 cells treated 

with DMSO, MZ1, or MZ1 followed by drug washout demonstrating reduced megadomain-

megadomain interactions after MZ1 treatment that partially recovered after drug washout. 

BRD4-NUT (magenta) and histone H3K27ac (green) ChIP-seq profiles are aligned with the 

maps. Black bars indicate megadomains in DMSO treated cells.

(D) Intrachromosomal, genome-wide aggregate analysis of megadomain-megadomain 

interactions from TC-797 cells treated with DMSO, MZ1, or MZ1 followed by drug 

washout demonstrating genome-wide reduction in intrachromosomal megadomain-

megadomain interactions after MZ1 treatment that partially recovered after drug washout. 

Regions around each megadomain-megadomain interaction were extracted from 5 kb 

resolution Hi-C contact maps, normalized to the same size, and the resulting submatrices 

then averaged. Domain-domain interaction scores are given at bottom right.

See also Figure S2.
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Figure 3. Interchromosomal Interactions Between Acetylated Loci
(A) Hi-C contact maps at 100 kb resolution from TC-797 cells demonstrating 

interchromosomal interactions between twelve example megadomains. Interactions between 

all pairs of megadomains were reduced after MZ1 treatment and partially recovered after 

drug washout. Each contact map is a 2 × 2 Mb region centered on a single megadomain. 

BRD4-NUT (magenta) and histone H3K27ac (green) ChIP-seq profiles are aligned with the 

maps. Black bars indicate megadomains in DMSO treated cells.

(B) Interchromosomal, genome-wide aggregate analysis of megadomain-megadomain 

interactions from TC-797 cells treated with DMSO, MZ1, or MZ1 followed by drug 

washout demonstrating genome-wide reduction in interchromosomal megadomain-

megadomain interactions after MZ1 treatment that partially recovered after drug washout. 

Regions around each megadomain-megadomain interaction were extracted from 5 kb 

resolution Hi-C contact maps, normalized to the same size, and the resulting submatrices 

then averaged. Domain-domain interaction scores are given at bottom right.

(C) Domain-domain interaction scores for interchromosomal megadomain-megadomain 

(red), megadomain-super-enhancer (green), and super-enhancer-super-enhancer interactions. 
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Unlike megadomain-megadomain interactions, super-enhancer-super-enhancer interactions 

are not sensitive to MZ1.
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Figure 4. A Megadomain-Specific Nuclear Subcompartment
(A) For each megadomain, the number of genome-wide (sum of intra- and 

interchromosomal) megadomain-megadomain interactions versus the average histone 

H3K27ac (green) or BRD4-NUT (purple) ChIP-seq enrichment within that megadomain. 

ChIP-seq enrichment was normalized for differences in megadomain size.

(B) Normalized counts of triple interactions between three distinct megadomains in TC-797 

cells treated with DMSO, MZ1, or MZ1 followed by drug washout demonstrating reduction 

in triple interactions after MZ1 treatment that partially recovered after drug washout. The 
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observed megadomain triple interactions (left) are compared to a random shuffled control set 

of interactions (right).

(C) Three-dimensional plot of triple interactions between different megadomains in TC-797 

cells treated with DMSO, MZ1, or MZ1 followed by drug washout. The coordinate along 

each axis represents a distinct megadomain. The maximum value of the colorbar for each 

condition differs to highlight that the density of distinct triples interactions is reduced after 

MZ1 treatment and partially recovers after drug washout.

(D) Subcompartment scores and percent of inter-chromosomal Hi-C contacts to 

megadomains for every 100 kb bin on chromosome 5. Megadomains that strongly interact 

with megadomains on other chromosomes coincide with very positive subcompartment 

scores for subcompartment M (gray shading). Inter-chromosomal Hi-C contacts to 

megadomains at these loci is reduced after MZ1 treatment and partially recovers after drug 

washout. Colored bars (topmost row) indicate subcompartment invervals in DMSO treated 

cells; black bars (bottommost row) indicate megadomains.

(E) Contact enrichment between subcompartments on the even and odd chromosomes 

relative to a random shuffle control of subcompartments indicates that subcompartment M is 

distinct from the other five subcompartments.

(F) For each subcompartment, the fraction of that subcompartment that overlaps with 

megadomains compared to a random shuffled control set of megadomains indicates that 

subcompartment M is specific for megadomains.

See also Figures S3 and S4 and Table S2.
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Figure 5. Local Chromatin Organization is Unchanged After Removal of BRD4-NUT
(A) Hi-C contact maps at 5 kb resolution of DMSO (above the diagonal) and MZ1 (below 

the diagonal) treated TC-797 cells. BRD4-NUT (magenta) and histone H3K27ac (green) 

ChIP-seq profiles are aligned with the maps. Black bars indicate megadomains identified in 

induced and DMSO cells. The Hi-C contact map from DMSO treated cells was at a 

comparable sequencing depth to that from MZ1 treated cells.

(B) Genome-wide, aggregate analysis at 5 kb resolution of Hi-C signal from DMSO, MZ1, 

and MZ1 followed by drug washout treated TC-797 cells centered on contact domains, loop 

domains, loop-independent contact domains, megadomains, and random shuffled control 

megadomains. Megadomains and contact domains remained unchanged after treatment with 

MZ1 or after treatment with MZ1 followed by drug washout. Contact domain annotations 

and megadomain locations are from DMSO treated cells. Domains were re-scaled to the 

same size and observed submatrices around each megadomain-megadomain interaction were 

averaged.
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(C) Genome-wide, aggregate peak analysis (APA) at 5 kb resolution of Hi-C signal from 

DMSO, MZ1, and MZ1 followed by drug washout treated TC-797 cells centered on loops, 

contact domain corners, loop domain corners, loop-independent contact domain corners, 

megadomain corners, and random shuffled control megadomain corners. Loops, 

megadomains, and contact domains remain largely unchanged after treatment with MZ1 or 

after treatment with MZ1 followed by drug washout. Loop and contact domain annotations 

and megadomain locations are from DMSO treated cells. APA scores are given at bottom 

right.

See also Figure S5.
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Figure 6. Elevated Gene Expression in the Megadomain-Specific Subcompartment
(A) Off-diagonal slices of Hi-C contact maps at 100 kb resolution from TC-797 cells treated 

with DMSO, MZ1, or MZ1 followed by drug washout. BRD4-NUT (magenta) and histone 

H3K27ac (green) ChIP-seq profiles are aligned with the maps. Purple bars indicate 

subcompartment M intervals and black bars indicate megadomains in DMSO treated cells. 

Zoomed areas show nascent transcription profiles analyzed by TT-seq (sense transcripts in 

blue, anti-sense transcripts in red).
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(B) Violin plots overlaid with Tukey box plots (white bars show medians; boxes indicate 

interquartile range; whiskers extend 1.5 times the interquartile range; black dots are outliers) 

indicating that expression levels for genes within subcompartment M are greater than that 

for genes in the other subcompartments. Value in parenthesis indicate the number of genes in 

each subcompartment. p-value is from one-sided Mann-Whitney U tests.

(C) Volcano plots (significance versus fold change) of differentially expressed genes show 

that after MZ1 treatment genes within subcompartment M (purple dots) are downregulated 

(left) whereas after drug washout genes within subcompartment M (purple dots) are 

upregulated (right) in TC-797 cells. Horizontal dashed line indicates a Benjamini-Hochberg 

adjusted p-value of 0.01; vertical dashed lines indicate 2-fold change in expression.

See also Figure S6 and Table S3.

Rosencrance et al. Page 49

Mol Cell. Author manuscript; available in PMC 2021 April 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Subcompartment Persistence in the Absence of Transcription
(A) Mean RNA polymerase II ChIP-seq profiles for expressed genes (FPKM ≥ 0.5) (upper) 

and heatmap of the ChIP-seq signal for each expressed gene (lower) from TC-797 cells 

treated with DMSO or triptolide indicate clearance of RNA polymerase II from promoters 

and gene bodies after triptolide treatment.

(B) Heatmaps of TT-seq signal (nascent transcription) for expressed genes (FPKM ≥ 0.5) 

from TC-797 cells treated with DMSO or triptolide (4 hours) indicate inhibition of nascent 

transcription after triptolide treatment.

(C) Immunofluorescence for BRD4-NUT (magenta) and histone H3K27ac (green) from 

TC-797 cells treated with DMSO or triptolide counterstained with DAPI (blue) indicates that 

nuclear foci persist in the absence of transcription. Scale bars, 5 μm.

(D) Heatmaps of H3K27ac ChIP-seq signal for each H3K27ac enriched region from TC-797 

cells treated with DMSO or triptolide indicate an increase in H3K27ac after inhibiting 
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transcription. H3K27ac enriched regions were normalized to the same length and 50 kb of 

flanking DNA is shown next to each normalized region.

(E) Hi-C contact maps at 50 kb resolution from TC-797 cells treated with DMSO or 

triptolide demonstrating persistence of old and formation of new contacts between 

hyperacetylated loci in the absence of transcription. Histone H3K27ac ChIP-seq (green) and 

TT-seq profiles (sense transcripts in blue, anti-sense transcripts in red) are aligned with the 

maps.

(F) Genome-wide aggregate analysis of megadomain-megadomain interactions from TC-797 

cells treated with DMSO or triptolide demonstrating no genome-wide change in average 

megadomain-megadomain interactions after inhibiting transcription. Regions around each 

megadomain-megadomain interaction were extracted from 5 kb resolution Hi-C contact 

maps, normalized to the same size, and the resulting submatrices then averaged. Aggregate 

scores are given at bottom right.

(G) Loci (100 kb bins) within subcompartment M (ovals) are largely preserved after TC-797 

cells are treated with triptolide, indicating persistence of the subcompartment in the absence 

of transcription. 47 of 63 (75%) of subcompartment M intervals remained after triptolide 

treatment. Colors alternate for successive chromosomes.

See also Figure S7
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