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Abstract 

Chromatin loops enable transcription factor-bound distal enhancers to interact with their target 

promoters to regulate transcriptional programs. Although developmental transcription factors, 

such as active forms of Notch, can directly stimulate transcription by activating enhancers, the 

effect of their oncogenic subversion on the 3-dimensional (3D) organization of the cancer genome 

is largely undetermined. By mapping chromatin looping genome-wide in Notch-dependent triple-

negative breast cancer and B-cell lymphoma, we show that far beyond the well-characterized role 

of Notch as an activator of distal enhancers, Notch regulates its direct target genes through 

establishing new long-range regulatory interactions. Moreover, a large fraction of Notch-promoted 

regulatory loops forms highly interacting enhancer and promoter spatial clusters, termed “3D 

cliques”. Loss- and gain-of-function experiments show that Notch preferentially targets 

hyperconnected 3D cliques that regulate the expression of crucial proto-oncogenes. Our 

observations suggest that oncogenic hijacking of developmental transcription factors can 

dysregulate transcription through widespread effects on the spatial organization of cancer 

genomes.  
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Introduction 

Folding of chromatin into structural and regulatory chromatin loops is emerging as an important 

regulator of gene expression1,2. Chromatin-folding organization is often perturbed at different 

hierarchical levels in cancer3-6. Changes in spatial chromatin organization due to genomic 

rearrangements or dysregulation of conformation-associated proteins in cancer have been 

reported5-10, yet chromatin-folding reorganization in response to oncogenic subversion of 

developmental transcription factors, a frequent class of oncogenic drivers, is not well understood. 

Notch transcription complexes control cellular development and tissue homeostasis11 and when 

dysregulated contribute to the pathogenesis of multiple malignancies12. Here, we used Notch to 

examine the impact of oncogenic transcription factors on long-range chromatin contacts among 

and between enhancers and promoters in Notch-dependent tumors. 

Notch target genes play crucial oncogenic roles in several hematologic malignancies and solid 

tumors12. Activating Notch mutations often disrupt the Notch negative regulatory region (NRR) or 

C-terminal PEST degron domain, producing ligand-independent release of the Notch intracellular 

domain (NICD) or an increase in NICD half-life, respectively. NICDs translocate to the nucleus 

and form Notch transcription complexes (NTCs) with the DNA-binding factor RBPJ and other co-

factors. Oncogenic Notch transcription complexes recruit histone acetyltransferase p30013, 

histone demethylase KDM1A14,15 and components of the mediator complex16 to Notch-responsive 

elements to turn on the transcription of target genes with oncogenic activity. In hematologic 

malignancies, Notch binding events are often associated with increased histone acetylation and 

activation of distal enhancer elements17. Direct regulation of the proto-oncogene MYC in both B- 

and T-lymphoid malignancies by Notch-activated enhancers, which are located up to 1.5 Mb away 

from the MYC promoter, exemplifies Notch-dependent long-range gene regulation18-21. Although 

looping of chromatin, which enables physical contacts between Notch-bound enhancers and 

promoters, is essential for proper and selective gene expression, it remains unclear to what extent 

Notch transcription complexes influence long-range regulatory contacts. 

Chromatin loops, juxtaposing transcription factor-bound distal enhancers with the promoters of 

target genes are facilitated by structural proteins, including the DNA-binding insulator protein 

CCCTC-binding factor (CTCF) and cohesin5-8,22-25. Ring-shaped cohesin complexes are loaded 

at active enhancers and promoters to stabilize their physical interactions26-29. Enhancer-promoter 

loops are mostly constrained within larger genome organizational structures, variably referred to 

as contact domains, interaction domains, topologically associated domains (TADs), sub-TADs, 
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loop domains, and insulated neighborhoods1,4,28,30-34, the boundaries of which are occupied by 

cohesin complexes and CTCF1,6,28,30,32-35. More recently, it was shown that the ubiquitous 

transcription factor YY1, in addition to a limited number of architectural proteins, binds to 

enhancers and facilitates their looping to promoters, suggesting that enhancer-promoter 

interactions could be mediated by particular transcription factors bound at DNA elements engaged 

in transcriptional regulation36.  

Oncogenic Notch transcription complexes bind distal enhancers17,18, raising the question of 

whether oncogenic Notch regulates transcription by positively influencing interactions among and 

between enhancers and promoters. To investigate the impact of oncogenic Notch on the 3D 

genome organization of cancer cells, we generated cohesin HiChIP and 1D epigenomic data sets 

in two different Notch-dependent cancer cell types, triple-negative breast cancer (TNBC) and 

mantle cell lymphoma (MCL), in the Notch-on and -off states. We report here that Notch 

transcription complexes control their direct target genes through two distinct regulatory modes: 

either through existing loops or by facilitating new long-range regulatory interactions. This 

combination of pre-existing and Notch-promoted loops coalesce enhancers and promoters to form 

highly interacting clusters, termed “3D cliques”. Notch preferentially activates enhancers and 

promotes looping interactions within highly connected 3D cliques that regulate key oncogenes. 

These observations suggest a general mechanism that oncogenic transcription factors can exploit 

to regulate the transcriptional outputs of cancer cells. 

Results 

Contact domains of Notch-mutated cancer cells are lineage invariant 

Genome-wide chromatin conformation capture methods such as HiChIP, PLAC-seq and ChIA-

PET were used to accurately map chromatin contact domains in multiple cell types30,37-40. Given 

that the cohesin complex is loaded at enhancer-promoter loops and is involved in CTCF-mediated 

interactions, we first performed HiChIP for the cohesin subunit SMC1a in MCL Rec-1 cells with 

an activating Notch mutation and used chromosome-wide insulation potential41 to systematically 

identify high-confidence contact domain boundaries (Table S1). To validate the sensitivity and 

specificity of our cohesion HiChIP, we compared the Rec-1 contact domains with the contact 

domains delineated by in situ Hi-C in the EBV-transformed GM12878 lymphoblastoid B cell line33. 

GM12878 cells express an EBV-encoded RBPJ-binding factor, EBNA2, that mimics Notch 

activities42, and its genome organization is similar to Rec-1 cells18. The contact domain boundaries 
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identified in Rec-1 cells using cohesin HiChIP (~760 million sequenced reads) were concordant 

with the ones identified by in situ Hi-C of GM12878 cells33 (~3 billion sequenced reads), both at 

the level of a single chromosome (Figure S1A) and genome-wide (Fisher’s exact p-value < 1E-

15, Figure S1B). This level of reproducibility was similar to that observed when the HiChIP37 and 

in situ Hi-C of GM12878 were compared (Fisher’s exact p-value < 1E-04, Figure S1C). These 

results demonstrate that our cohesin HiChIP data were of high quality and provide an efficient 

method to accurately delineate chromatin contact domains with ~4-fold lower sequencing depth 

in Notch-mutated cells.  

In addition to MCL, activating Notch mutations are frequent in TNBC43-47. We performed cohesin 

HiChIP in the Notch-mutated TNBC cell lines HCC1599 and MB15744,46, analyzing more than 1.5 

billion read pairs. A sizable fraction of contact domains is enclosed by a structural chromatin loop 

with CTCF-bound and cohesin-occupied anchors1,28,48-50. Examination of CTCF and cohesin 

binding events showed that these proteins co-occupy 81.4% of MB157 contact domain 

boundaries (proportion test p-value < 1E-15, Figure S1D). As expected for a high-quality data set, 

more than 85% of the CTCF-bound contact domain boundaries in MB157 cells had inward-

oriented CTCF motifs (785 inward-oriented versus 2 outward-oriented, Figure S1E). 

TNBC HCC1599 and MB157 contact domains showed highly similar organization, as exemplified 

by the organization of chromosome 8 (Figure 1A and Table S1). Genome-wide, out of 4,767 and 

4,847 contact domain boundaries identified in HCC1599 and MB157 cells, respectively, 4,223 

domain boundaries were common to both (Fisher’s exact p-value < 1E-15, Figure S1F). 

Furthermore, most contact domain boundaries were also shared by MCL Rec-1 and TNBC cells, 

as exemplified here by MYC locus at chromosome 8 (Figure 1B, 5 Kb genomic resolution). 

Genome-wide, nearly 70% of the identified contact domain boundaries were shared by these two 

different Notch-mutated cancer cell lineages (Fisher’s exact p-value < 1E-15, Figure 1C), 

consistent with the extent of concordance previously noted when other cell lineages were 

compared1,32,33,51. Thus, chromatin contact domains are largely lineage-independent 

organizational features of Notch-mutated cancer cell genomes.  

Contact domains are insensitive to Notch signals 

To test the effect of Notch transcription complexes binding on genome organization, we first 

performed RBPJ ChIP sequencing (ChIP-seq) in MB157. We observed 19% of the RBPJ binding 

events localized to domain boundaries (Figure S1G) and, conversely, 43% of CTCF-bound, 
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cohesion-occupied boundaries showed significant RBPJ binding (permutation proportion 14%, 

proportion test p-value < 1E-15, Figures 1D and 1E). To determine if Notch transcription complex 

binding influenced insulation potential of contact domain boundaries, we performed a gamma-

secretase inhibitor (GSI)-washout assay52, which permits timed loading of Notch transcription 

complexes onto chromatin17. Notch transcription complex binding to genomic elements involved 

in Notch target gene regulation exhibit rapid loading following GSI washout and Notch activation17, 

an event that also increases the RBPJ occupancy at regulatory sites17,53. By comparing the Notch 

active (GSI-washout, Notch-on) and inactive (GSI, Notch-off) states in MB157 cells, we identified 

3,216 Notch-response elements with significant and reproducible increase in NICD1 and RBPJ 

occupancy (Figure 1F, Table S2). However, Notch- and RBPJ-bound contact domain boundaries 

were, on average, unaffected by Notch activity, as shown by pile-up plots of interactions centered 

on contact domain boundaries (Figure 1G). This observation was confirmed by inspection of 

genomic-distance-adjusted chromatin interaction maps and insulation profiles of the MYC locus 

before and after Notch inhibition (Figure 1H). Measurements of Notch transcription complex 

binding events in HCC1599 TNBC cells also showed that while Notch transcription complexes 

bound to many HCC1599 contact domain boundaries (Figures S1H and S1I), alterations in Notch 

activity did not impact contact domain integrity (Figures S1J and S1K). Together, these data 

suggest that contact domains are unaffected by the presence or absence of Notch transcription 

complex binding. 

Chromatin state of contact domains in Notch-mutated tumors is lineage-specific  

Contact domains generally restrict propagation of chromatin states along chromosomes1,30,54. In 

line with this prediction, contact domains in MB157 and HCC1599 cell lines were either enriched 

for active (H3K27ac and/or H3K4me1 histone marked) or repressed (H3K27me3 marked) 

chromatin (Figures 2A, 2B, and S2A-D), with active contact domains containing, on average, twice 

the number of expressed genes as repressed domains. Repressed contact domains with higher 

H3K27me3 were on average 1.37 Mb and larger than active contact domains whose average size 

was 0.92 Mb (Figures 2B and S2C). Overall, the chromatin states in 79% of contact domains were 

identical in MB157 and HCC1599 TNBC cell lines (Fisher’s exact p-value < 1E-15, Figure S2E). 

Analysis of active and repressed contact domains in Notch-mutated MCL cells (Figures S2F-H) 

and comparison with TNBC cells showed that on average 37% of contact domain chromatin states 

were lineage-specific (Fisher’s exact p-value < 1E-06, Figure 2C). Together, our data indicate that 

while contact domains are largely invariant in Notch-mutated MCL and TNBC, the chromatin 

signature within contact domains is lineage-specific. 
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Interactions within active enhancer-marked contact domains are Notch sensitive in TNBC 

Intradomain interactions linking regulatory DNA elements, such as enhancers and promoters, are 

implicated in gene control26,30,31,55. To determine whether Notch signaling impacts intradomain 

interactions in TNBC, we first used 286 million unique read pairs of MB157 cohesin HiChIP to 

identify high-resolution (~5 Kb) significant interactions. We relied on a statistical model that 

controls for both the protein occupancy level and linear genomic distance between the connected 

DNA loop anchors56. This approach identified 265,216 significant cohesin-associated DNA 

interactions in MB157 cells supported by at least 4 read pairs (Table S3). Unless stated otherwise, 

the high-confidence set of interacting loci (also referred to as significant interactions) was used 

for further quantitative analysis. After Notch inhibition in MB157 cells, 236 contact domains 

showed at least a 4-fold decrease in overall intradomain interaction (Figure 2D). These Notch-

sensitive contact domains were enriched within the active chromatin state (proportion test p-value 

< 1E-09, Figure 2E). To independently confirm this observation, we studied HCC1599 cells where 

472,073 significant cohesin-associated DNA interactions were identified (Table S3). We again 

detected Notch-sensitivity of intradomain interactions connecting loci within contact domains with 

high loads of active enhancer histone marks (proportion test p-value < 1E-15, Figures 2F and 

2G). Together, these results show that in contrast to invariant contact domain boundaries, long-

range intradomain chromatin loops with potential regulatory functions are Notch-sensitive in 

TNBC. 

Notch activates TNBC distal enhancers 

We next quantitated the direct effect of Notch on active enhancers in TNBC MB157 and HCC1599 

cells. On average, Notch binding events were 19 Kb away from the closest transcription start site 

(Figure S3A). H3K27ac, a histone mark of active enhancers, was deposited at nearly 85% of the 

Notch transcription complex-bound chromatin (proportion test p-value < 1E-15, Figure S3B). 

Furthermore, Notch inhibition markedly decreased the H3K27ac levels, while having negligible 

effects on the level of H3K4me1 (Figure S3B). Together, these data suggest that Notch 

transcription complexes preferentially bind and activate distal enhancers in TNBC, as in T-ALL 

and MCL17,18,20.  

Notch-promoted and preformed enhancer-promoter contacts regulate direct Notch target 
genes in TNBC 
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Regulatory DNA loops between promoters and distal enhancers are crucial for proper gene 

control57,58. We thus asked whether distal Notch-responsive elements (Figures S3A and S3B) that 

are likely to directly regulate TNBC transcriptional outputs are also associated with Notch-

sensitive intradomain long-range interactions (Figures 2E and 2G).  To this end, we first identified 

TNBC Notch-sensitive genes (i.e. Notch-upregulated genes) using RNA-seq in MB157 and 

HCC1599 cells. Notch activation concordantly increased the transcription level of 2,038 genes in 

these two cell lines (Table S4). To assess the lineage-specificity of Notch-sensitive genes, we 

also performed differential gene expression analysis in T-ALL DND41 and MCL Rec-1 cells. We 

found that 504 genes, including the well-characterized Notch target genes MYC, HES1, and 

CR215,18,44, were positively regulated by Notch in all three Notch-mutated cell types (Figure S3C, 

Table S4). Lineage-independent Notch-activated genes were enriched for known MYC targets 

and MYC-regulated biological processes (Figure S3D), suggesting that these genes 

predominantly belong to a MYC-driven expression program and are a secondary effect of Notch 

activation in these three Notch-mutated cancer cell types. Overall, 204 Notch sensitive genes 

were specific to TNBC (Figure S3C, Table S4), including CCND1, KIT and SAT1, all of which 

have been implicated in TNBC43,59-62. Furthermore, gene set enrichment analysis showed the 

TNBC-specific Notch target genes were enriched for genes associated with breast cancer and 

mammary epithelium biology (Figures S3C and S3E, Table S5). These data indicate the existence 

of a TNBC-specific Notch-driven transcription program, in line with the lineage-specificity of the 

TNBC contact domain chromatin state (Figure 2C). 

We next assessed how Notch-dependent gene expression relates to TNBC 3D genome 

organization. After aligning the Notch-sensitive genes to the TNBC 3D genome landscape, we 

observed that these genes were preferentially associated with active contact domains and with 

Notch-sensitive intradomain interactions (Fisher’s exact p-value < 1E-04, Figure 3A). Integrative 

analysis of Notch-binding events, Notch-dependent enhancers (Table S6) and transcripts, and 

high confidence chromatin loops distinguished direct from indirect Notch targets, and identified 

215 and 386 direct Notch-upregulated genes (i.e. Notch-activated genes) in MB157 and 

HCC1599 cells, respectively. In both TNBC lines, inhibition of Notch signaling markedly 

decreased H3K27ac level at Notch-bound enhancer elements linked to Notch-activated genes 

(Wilcoxon rank sum p-value < 1E-15, Figure 3B). We also observed a significant reduction in the 

frequency of long-range interactions between the Notch-bound DNA elements and their target 

promoters upon Notch inhibition (Wilcoxon rank sum p-value < 1E-03, Figure 3C).  
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We defined Notch-promoted loops as Notch-sensitive interactions that connect promoters to distal 

Notch transcription complex-bound elements. To further dissect the mechanisms of direct gene 

activation by Notch transcription complexes, we considered four possible regulatory modes: (a) 

Notch-promoted loops (DL) linking Notch-activated enhancers (DE) to promoters; (b) Notch-

promoted loops (DL) linking Notch-independent active enhancers (ÆE) to promoters; (c) Notch-

independent (preformed) loops (ÆL) linking Notch-activated enhancers (DE) to promoters; (d) 

Notch-independent (preformed) loops (ÆL) linking Notch-independent active enhancers (ÆE) to 

promoters (Figure 3D). Integrating the Notch-dependent regulatory loops, enhancers, and Notch-

binding events from MB157 cells showed that the greatest increase in transcription between the 

Notch-off and -on states occurred in genes in which Notch both activated the enhancers and 

promoted enhancer-promoter interactions (mode a, Wilcoxon rank sum p-value < 2E-03, Figure 

3E). Similar observations were made in HCC1599 cells (mode a, Wilcoxon rank sum p-value < 

3E-02, Figure 3F). Although “mode a” was associated with a more pronounced effect on 

expression of direct Notch gene targets, our analysis also identified a group of Notch-activated 

genes in which only loops (mode b) or enhancers (mode c) were Notch-dependent (Figure 3D). 

Finally, transcriptional outputs of another group of genes linked to Notch-independent enhancers 

through preformed loops were shown to only depend on distal Notch binding, suggesting that 

Notch functions as the final transcriptional trigger at these loci (mode d, Figures 3D-F and S3F). 

We next closely scrutinized Notch-promoted enhancer-promoter contacts (Figure 3D modes a 

and b), a previously unrecognized mode of Notch-dependent gene regulation. The proto-

oncogene MYC, a known Notch direct target in B- and T-lymphoid malignancies18-21, exemplifies 

genes with Notch-promoted enhancer-promoter loops in TNBC (Figure 3G, also see Figure 5). 

To independently evaluate the Notch-dependency of promoter-enhancer loop formation at this 

critical proto-oncogene, we performed 3D DNA-fluorescence in situ hybridization (FISH) for three 

loci in MB157 cells: 1) the MYC promoter; 2) a MYC enhancer located 451 Kb 5’ of the promoter 

that interacted with the promoter through a Notch-sensitive long-range interaction; 3) an 

H3K27me3-marked T-ALL-specific Notch-dependent MYC enhancer located 3' of the MYC 

promoter which was inactive in TNBC. In concordance with the HiChIP-measured decrease in 

MYC promoter-enhancer interaction frequency (Figure 3G), FISH analysis showed that the MYC 

promoter and the MYC 5' enhancer probes became significantly separated upon Notch inhibition 

(Figure 3H). Interestingly, we observed that the MYC promoter and the 3' MYC probes became 

markedly closer after Notch inhibition (Figure 3H), as observed throughout TNBC genomes 

(Figures 2E and 2G). Critically, for both cases the FISH data agreed with changes seen in 
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the HiChIP-measured contact frequencies (Figures 3G and 3H). Together, these data support the 

observation of Notch-promoted long-range interactions in TNBC as measured by cohesin HiChIP. 

We examined genes which were activated by Notch-promoted interactions to Notch-insensitive 

enhancers (Figure 3D mode b), to further analyze this previously unappreciated mode of Notch-

dependent gene regulation. Virtual 4C (v4C) analysis of the TNBC-specific long noncoding RNA 

(lncRNA) LINC0051163 showed gain of contacts between the promoter and Notch-insensitive 3’ 

enhancers E3 (Figure 3I). Normalized contact tracks showed that in addition to LINC00511, Notch 

binding significantly increased the frequency of contacts between anchors linking Notch-bound 

Notch-insensitive enhancers and the Notch-sensitive gene SOX9 (mode b, paired t-test p-value 

< 1E-03, Figure 3I). The same mode of Notch regulation of LINC00511 and SOX9 also operates 

in HCC1599 cells (model b, paired t-test p-value = 2E-03, Figure S3G). Together, these data are 

consistent with the ability of Notch to promote or strengthen certain enhancer-promoter 

interactions to activate direct Notch target genes, independent of changes in enhancer H3K27ac 

level.  

In some instances, a common enhancer spatially co-regulates multiple genes through looping 

interactions with the promoters of each gene57,64-68. In MB157 and HCC1599 TNBC cells, Notch 

activation promotes looping interactions involved in spatial co-regulation of the kinase RIPK4 and 

the serine protease TMPRSS2 (Figures 3J and S3H), both of which are implicated in breast 

cancer pathogenicity69-73. Based on normalized contact tracks (Figures 3J and S3H), Notch 

activation significantly increased transcript abundance and contact frequency of RIPK4 and 

TMPRSS2 promoters to common Notch-bound and -activated enhancers, located 155 and 150 

Kb away, respectively. Taken together, these results suggest that in addition to activating 

enhancers already in contact with promoters, Notch signaling can promote and strengthen 

physical interactions between promoters and enhancers in TNBC.  

Notch preferentially targets hyperconnected 3D regulatory cliques in TNBC 

In addition to long-range enhancer-promoter loops, enhancer-enhancer and promoter-promoter 

interactions are implicated in gene control38,74-79. To examine the higher-order structure of 

regulatory interactions in Notch-mutated TNBC, we integrated our high-resolution connectivity 

maps and epigenomic data to annotate the regulatory loop anchors connecting enhancer or 

promoter elements (Table S7). We observed that a multiplicity of enhancer and promoter 

interactions were common in the Notch-mutated TNBC genomes, with each element on average 
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connecting to 6 other regulatory elements (Figure S4A), as reported in other cell types80,81. 

Enhancer-promoter interactions accounted for only 30% of the long-range connections between 

regulatory elements in the Notch-mutated TNBC genomes (Figure 4A), also consistent with 

frequencies reported in other studies of mammalian cells36. Notably, only 30% of Notch-sensitive 

loops connected an enhancer to a promoter, while the majority linked pairs of enhancers (64%) 

(Figure 4A). In addition, 18% of interactions were between promoter pairs, in line with other 

reports suggesting the existence of regulatory promoter-promoter interactions75,77.  

To globally model the higher-order structure of interactions involving Notch-sensitive regulatory 

interactions in TNBC cells, we used undirected graph mathematical abstraction82, and 

algorithmically83 searched for groups of densely connected enhancers and promoters with high 

intra-group and sparse inter-group interactions (see Method). We called these groups of highly 

interconnected elements “3D cliques”. We observed a significant asymmetry in the 3D clique 

connectivity distributions (Figures 4B and 4C, Table S8). Although 90% of 3D cliques contained 

less than 20 interactions, nearly 140 cliques were categorized as hyperconnected 3D cliques and 

had more than 100 interactions in either MB157 or HCC1599 (Figure 4B). The clique containing 

MYC was identified as a hyperconnected 3D clique, ranking among the top 10 most connected 

3D cliques in both HCC1599 and MB157 cells (Figure 4B). Inspection of the MYC cliques in 

MB157 and HC1599 cells showed that Notch significantly promoted up to 46% of its constituent 

enhancers and more than 30% of interactions among and between its promoters and enhancers 

(Figures 4D and S4C).  

This observation led us to ask whether Notch preferentially targets highly connected cliques in 

TNBC. We observed that the Notch-bound cliques exhibited significantly more connectivity than 

cliques lacking Notch binding (Wilcoxon rank sum p-value < 1E-15, Figures 4E and S4B). More 

connected cliques also contained significantly more Notch-sensitive loops (Wilcoxon rank sum p-

value < 1E-15, Figure 4F). Furthermore, promoters connecting to Notch-activated enhancers 

through Notch-promoted loops interacted with more enhancers on average (Wilcoxon rank sum 

p-value < 1E-15, Figure S4D) and fell within cliques with higher connectivity (Wilcoxon rank sum 

p-value < 1E-02, Figures 4G and 4H). More importantly, the top 25% of the most connected 

cliques were enriched for direct Notch target genes relative to other cliques after correcting for 

clique connectivity (Wilcoxon rank sum p-value < 1E-03, Figures 4I and 4J). Direct Notch-

activated genes within hyperconnected 3D cliques, such as MYC (Figure 4D and S4C), were 

associated with processes and pathways that have important functions in TNBC pathobiology 

(Figure S4E, Table S9). Overall, these results suggest that oncogenic Notch activates not only 
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large stretches of enhancers as reported17,20, but also promotes regulatory DNA loops linking 

multiple distally located enhancers to their target genes.  

Perturbation of Notch-bound interacting enhancers reveals cooperativity in the MYC 
clique.  

Multiple enhancers are found in the several megabase region flanking the MYC gene body, but 

which transcription factors regulate MYC via these enhancers is not completely understood18-21,84-

89. We observed that the MYC enhancers identified in Notch-mutated TNBC were also active in 

other TNBC lines but not non-TNBC cell lines (Figure S5A). Based on our observations that MYC 

enhancers in TNBC cells are organized into a hyperconnected 3D clique with frequent inter-

enhancer interactions (Figures 4B, 4D, and S4C, Table S8), and that several distinct Notch-bound 

super-enhancers lie 5’ of the MYC promoter (Figures 4D and 5A), we next asked whether MYC 

enhancers cooperatively regulate MYC expression. Our data showed that among all MYC 

enhancer pairs (labeled E1 to E5 in Figure 5A), the strongest RBPJ/NOTCH1 ChIP-seq signals 

and the largest Notch-dependent changes in H3K27ac were observed in E1 and E5 (Figure 5A), 

located 451 and 65 Kb 5’ of the MYC promoter. Normalized contact tracks also showed that E1 

and E5 enhancer pair extensively interacted (supported by 462 normalized HiChIP reads). Based 

on the relative magnitudes of the HiChIP signal in the Notch-on and Notch-off states, the E1-E5 

interaction frequency was reduced by 8-fold after Notch inhibition, whereas the contact 

frequencies between the MYC promoter and its distal enhancers were attenuated by ~4-fold 

(Figure 5A).  

To test the functional role of the E1 and E5 enhancers in cooperatively regulating MYC, we used 

CRISPR/Cas9 genome editing (Figure S5C) to mutate the consensus RBPJ binding motifs in E1 

and E5 (Figures 4D, 5A and S5C). Mutation of RBPJ binding sites at E1 or E5 resulted in a 15% 

or 25% decrease in MYC expression, respectively; while simultaneous targeting yielded more 

than a 50% reduction in MYC transcript abundance (Figure 5B) and greatly reduced the MYC 

protein amount (Figure 5C). Dual targeting of these enhancers also suppressed cell proliferation 

as assessed by cell-trace violet staining (t-test p-value < 1E-03, Figure 5D) and cell counts (t-test 

p-value < 1E-03, Figure 5E). Overall, these data suggest that Notch transcription complexes 

increase MYC expression by promoting higher order complex interactions involving cooperating 

E1 and E5 enhancers and the MYC promoter.  

Notch-bound non-interacting enhancers independently regulate Cyclin D1 (CCND1) 
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Our data showed that Notch upregulates CCND1 transcripts in TNBC, as reported43,90, but not in 

Notch-mutated MCL and T-ALL (Figure S3C). In MB157, the CCND1 promoter and associated 

enhancers were organized into a 3D clique of moderate connectivity (46 interactions), which was 

substantially smaller than the MYC clique (682 interactions) (Figure S5D, Table S8). Analysis of 

the CCND1 locus in MB157 cells demonstrated a 1.4-fold or greater reduction in contact 

frequency between the CCND1 promoter and Notch-responsive enhancers after Notch inhibition 

(paired t-test p-value < 1E-09, Figures 5F and S5D). However, the enhancer-enhancer interaction 

frequency between the two strongest Notch-bound CCND1 enhancers, E1 and E2, was 12-fold 

lower than the interactions between the MYC E1 and E5 enhancers (Figures 5A and 5F). To test 

for cooperativity between the CCND1 E1 and E2 enhancers, we again used CRISPR/Cas9 

targeting (Figures 5F, S5E, and S5F). Single targeting of RBPJ motifs in the E1 and E2 enhancers 

led to 55% and 35% decreases in CCND1 expression, respectively (Figure 5G). However, 

simultaneous targeting of E1 and E2 did not show additive or cooperative effects on CCND1 

transcript abundance (Figure 5G). Nevertheless, we did observe significant effects of E1 and E2 

dual targeting on CCND1 protein amount (Figure 5H), cell proliferation and cell cycle progression, 

as assessed by cell-trace violet staining (t-test p-value < 1E-03, Figure 5I) and EdU incorporation 

(t-test p-value < 1E-02, Figure 5J), respectively. Thus, like MYC, CCND1 is another proto-

oncogene that is dysregulated in TNBC by Notch through Notch-sensitive looping interactions 

involving lineage-specific distal enhancers. Furthermore, our data hint that enhancer-enhancer 

interactions could potentially influence the cooperativity between distal enhancers in transcription 

regulation. 

TNBC Notch regulatory modes are generalizable to Notch-mutated MCL 

The observation that Notch preferentially promoted or strengthened regulatory loops in highly 

connected 3D cliques of Notch-mutated TNBC, led us to investigate whether the same 

relationships hold in other Notch-driven malignancies, such as MCL. We first analyzed the long-

range interactions between two previously characterized Notch-activated enhancers located 525 

Kb and 433 Kb 5’ of the MYC promoter in MCL Rec-1 cells18. The analysis of Rec-1 cohesin 

HiChIP showed that these two Notch-activated MYC enhancers (Figure S6A) interacted 

frequently (116.2 normalized reads) and that Notch inhibition significantly reduced this interaction 

(t-test p-value < 1E-15, Figure 6A). Based on these chromatin looping data and our analysis of 

Notch-activated MYC enhancers in TNBC, we conjectured that the two MCL-restricted Notch-

activated enhancers cooperatively control MYC expression. This hypothesis was confirmed in our 

published work where use of CRISPR-Cas9-KRAB repressors showed that these two enhancers 
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cooperate to regulate MYC in MCL Rec-1 cells18. To extend this analysis genome-wide, we first 

assessed the Notch-sensitivity of intradomain interactions and their relationship to active and 

repressed chromatin in Rec-1 cells. As in Notch-mutated TNBC cells (Figures 2D-G), Notch 

inhibition decreased the intradomain interaction frequencies of more than 130 contact domains 

by more than 4-fold (Figure 6B), and this reduction preferentially occurred in active chromatin 

domains (Wilcoxon rank sum p-value < 1E-15, Figures 6B and 6C). In Notch-mutated MCL Rec-

1 cells, the integration of chromatin conformation, epigenomic, and transcriptomic data sets again 

showed that direct Notch target genes with the greatest increase in transcription were those with 

Notch-activated enhancers and Notch-promoted looping interactions (Wilcoxon rank sum p-value 

< 0.03, Figure 6D and Figure 3D mode a). In addition to MYC, LYN, a direct Notch target gene 

that is essential for B-cell receptor activity18,91, also showed Notch-promoted enhancer-promoter 

contacts (paired t-test p-value < 1E-15, Figure S6B and Figure 3D mode a). SH2B2, a gene 

coding for an adaptor protein with an important role in B-cell development and activation92,93, was 

regulated by interaction between Notch-insensitive enhancers and the SH2B2 promoter through 

Notch-promoted loops (paired t-test p-value < 1E-15, Figure S6C and Figure 3D mode b). The 

inspection of HiChIP data from Rec-1 cells also identified Notch-promoted loops that permit 

spatial co-regulation of two genes from a shared Notch-activated enhancer (Figure S6D). 

Together, these data confirm that distinct Notch regulatory modes identified in TNBC also apply 

to Notch-mutated MCL.  

Analysis of HiChIP data revealed that the Rec-1 genome is also organized into 3D regulatory 

cliques consisting of densely interconnected enhancers and promoters. A significant asymmetry 

was also observed in the Rec-1 clique connectivity distribution (Figure S6E). Cliques with higher 

connectivity were enriched for direct Notch target genes, including MYC and genes involved in 

the B-cell signaling response and regulation (e.g. IL10RA, PAX5, CR2) (Figures 6E, S6E, and 

S6F). Further assessment of Rec-1 cliques showed significant enrichment for direct Notch target 

genes in highly connected 3D cliques with Notch-sensitive enhancers and looping interactions 

(Wilcoxon rank sum p-value < 1E-06, Figures 6E and 6F). These direct Notch-activated genes 

were associated with processes and pathways with known roles in B cell biology and 

lymphomagenesis (Figure S6G, Table S10). Overall, these results suggest that Notch signaling 

controls not only MCL transcriptional enhancers, as reported18, but also strengthens or promotes 

enhancer-promoter looping interactions in MCL cliques to regulate critical B cell pathways.  

Notch reactivation rescues regulatory looping interactions 
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Our data revealed that Notch inhibition “decommissions” regulatory loops, leading to down-

regulation of Notch target genes. If Notch-mediated regulatory loops are dynamically regulated 

by Notch, these loops should be rapidly restored following Notch reactivation by GSI washout 

(Figure 7A). Analysis of cohesin HiChIP following GSI-washout (Figure S7A), as expected, 

showed no change in contact domains with Notch reactivation (Figures S7B and S7C). However, 

long-range regulatory interactions, including enhancer-enhancer, enhancer-promoter and 

promoter-promoter interactions, were restored after Notch reactivation (paired t-test p-value < 1E-

15, Figure 7B). Specifically, Notch inhibition significantly decreased 412 interactions between 

Notch direct target genes and their enhancers (fold change > 1.4, FDR < 1E-10), of which 74% 

were completely recovered following Notch reactivation by GSI washout (paired t-test p-value < 

1E-15, Figure 7C), including looping interactions involving MYC and CCND1 (Figures 7D and 

S7D). Furthermore, Notch reactivation recovered 74% of the Notch-dependent chromatin loops 

in the MYC clique (Figure 7E). Together, these results support a model in which loading of Notch 

transcription complexes onto regulatory elements has widespread effects on looping interactions 

involving the genomes of Notch-mutated cancer cells. 

Discussion 

Chromatin architecture dynamics in response to oncogenic transcription factors are not well 

understood. Here, we used the response to oncogenic subversion of the developmental 

transcription factor Notch in TNBC and MCL, two cancers with frequent Notch-activating 

mutations, to examine the impact of aberrant transcription factor activity on long-range regulatory 

loops in tumors. Our data corroborate earlier studies showing that Notch binding events often 

associate with increased histone acetylation, not necessarily in proximity to transcribed genes17,18. 

We analyzed the impact of Notch on chromatin state and conformation and the consequence of 

such changes on transcriptional outputs. Our high-resolution chromatin conformation maps of 

Notch-mutated tumors revealed that oncogenic Notch signaling differentially affects the 3D 

genome organization hierarchy. While chromatin contact domains are largely independent of 

Notch-responsive transcription factor and conserved across Notch-mutated cancer cells, we 

strikingly find that in addition to activating enhancers already in contact with genes, oncogenic 

Notch leads to a gain in contact frequency between activated genes and distal Notch-bound 

enhancers. Based on our data, we propose that Notch relies on four distinct regulatory modes, 

defined by the combination of enhancer and/or loop acquisition, to control its direct target genes. 

Importantly, concomitant Notch-mediated enhancer activation and gain in enhancer-promoter 

contact frequency leads to a larger increase in the expression of direct Notch target genes. 
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Together, our data suggest that in addition to activating enhancers already in contact with 

transcriptional targets, oncogenic transcription factors may promote or stabilize regulatory 

interactions between promoter and enhancers to activate transcription.  

The study of long-range regulation of gene expression by signal-dependent transcription factors 

resulted in conflicting results on whether transcription factors join existing chromatin loops or 

remodel the loops themselves to activate gene expression4,94-97. Discrepancies between studies 

on transcription factor-mediated long-range DNA loop changes may be due to differences in 

resolution, methodology, or the nature of the given transcription factor. Recent studies showed 

that the lineage-specific chromatin structure is established in tissue progenitor cells and is further 

remodeled in terminal differentiation98,99. Here, we demonstrate that toggling between active and 

inactive Notch signaling in cancer cells controls gene expression by reorganizing long-range 

regulatory interactions. This observation has implications for targeting undruggable proto-

oncogenes with long-range looping interactions in Notch-dependent tumors. 

Notch transcription complexes recruit other transcriptional regulators, such as chromatin 

enzymes13 and transcriptional coactivators16. Our results suggest that Notch-binding is selectively 

required for enhancer activation and promoting contacts among and between enhancers and 

promoters, but Notch transcription complexes binding is not sufficient to determine regulatory 

loops and chromatin state dynamics. The exact mechanism explaining various Notch regulatory 

modes and the specificity requirements of Notch-promoted regulatory DNA loops remains to be 

determined. Notch could potentially modify regulatory loops intrinsically (for example, by 

dimerization58,100,101) or interact with known architectural proteins2,102. Further studies are needed 

to determine the impact of cooperation between cognate transcription factor binding and 

chromatin remodelers, among other factors.  

Chromatin organization is a major determinant of regulatory interactions. By definition, 

interactions between regulatory DNA elements are more likely to occur within contact domains 

than across them26,30,31,55. Nevertheless, sequences in different domains of a chromosome 

interact, albeit at a much lower frequency, and may be important for proper gene control. Our 

high-resolution regulatory connectivity maps identified complexities of localized and long-range 

enhancer and promoter sharing. We identified spatially interacting communities of regulatory 

elements, termed 3D cliques, independent of their contact domains. By systematically delineating 

clusters of frequently interacting enhancers and promoters in the regulatory interaction graph (i.e. 

3D regulome) of Notch-mutated tumors, we expanded on previous observations of pairwise 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 22, 2019. ; https://doi.org/10.1101/527325doi: bioRxiv preprint 

https://doi.org/10.1101/527325


 
 

contacts between super-enhancers, high interactions among constitutive elements of super-

enhancer regions, and promiscuous locally interacting regions103-105. Here, we show that long-

range regulatory loops of Notch-mutated cancer cells coalesce enhancers and promoters to form 

3D regulatory cliques. Oncogenic Notch preferentially promotes enhancers and DNA loops in 

hyperconnected 3D cliques. To this end, oncogenic Notch not only activates large stretches of 

enhancers (or super-enhancers) in the 1D genome as reported in Notch-dependent T cell 

leukemia17,21, it also induces long-range regulatory interactions among multiple distal enhancers, 

including distinct super-enhancers, to promote activity of MYC (Figures 4D and S4C). These 

findings suggest that the entire regulatory interaction map should be taken into consideration for 

enhancer editing, as cooperativity between enhancers to control gene expression may not solely 

depend on individual promoter interaction, but could depend on other factors such as connectivity 

among enhancers. 

Our data also suggest that by targeting hyperconnected 3D cliques of key oncogenes such as 

MYC, Notch uses a multiplicity of distal enhancers and enhancer-enhancer interactions to 

maximize Notch-driven pathogenic transcription outputs. These observations suggest that while 

the genomic loci with a high frequency of chromatin interactions are highly enriched for super-

enhancers103,105, several super-enhancers could distally interact to control key oncogenes. Notch 

activation of large cliques formed by pre-existing and gained loops is reminiscent of “active 

chromatin hub” formation at the beta-globin locus in which multiple distal sites loop to the active 

beta-globin genes during specific stages of erythrocyte development106-108. It is possible to 

speculate that the formation of larger aggregates of regulatory elements into 3D cliques might 

increase the concentration of transcription coactivators to form phase-separated condensates at 

spatial aggregates of super-enhancers that compartmentalize and concentrate the transcription 

apparatus 65,109,110. Hence, the observation of exceptionally large interacting cliques of regulatory 

elements advocates in favor of the applicability of the nuclear condensate model for the Notch-

mediated activation of key cancer cell genes. Together, our results implicate reorganization of 

regulatory loops as an instructive factor for implementing oncogenic transcription factors-driven 

transcriptional programs. 
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Figure 1: Contact domains of Notch-mutated tumors are lineage and Notch 
signaling insensitive.  

(A) Contact matrices showing MB157 SMC1 HiChIP, lower half, and HCC1599 SMC1 

HiChIP, upper half, share contact domain boundaries at chromosome 8. Left: the whole 

chromosome, at 500 Kb resolution; right: 127.5 - 131.5 Mb MYC locus shown at 5 Kb 

resolution. Red square on the bottom right of each panel indicates maximum intensity. 

Gray arrows: boundaries demarcated by local minimum detection of insulation score. 

(B) Contact matrices showing MB157 SMC1 HiChIP, lower half, and Rec-1 SMC1 HiChIP, 

upper half, share contact domain boundaries at chr8: 127.5 - 131.5 Mb MYC locus shown 

at 5 Kb resolution. Gray arrows: boundaries demarcated by local minimum detection of 

insulation score. 

(C) Venn diagram comparing the contact domain boundaries of Rec-1, HCC1599 and 

MB157 depicts that a significant number of boundaries are shared (Fisher’s exact p-value 

< 1E-15). 

(D) Heatmap displaying RBPJ, SMC1 and CTCF occupancy on left and right boundaries 

of 920 MB157 contact domains. 

(E) Contact map (bottom) and genome-browser tracks of RBPJ, CTCF and SMC1 ChIP-

seq at GRHL2 locus showing contact domain boundaries are enriched for RBPJ, CTCF 

and SMC1 binding. The intensity of each pixel on the 25 Kb-binned contact map 

represents the Z-score transformed interaction frequency between two loci. Gray box: 

RBPJ, CTCF and SMC1 binding events on contact domain boundaries.  

(F) Heatmap of NICD1 and RBPJ occupancy showing 3,216 reproducible Notch-

responsive elements determined with IDR pipeline in MB157 with a significant decrease 

(enrichR FDR < 0.05) in Notch-off (GSI) versus Notch-on (GSI-washout).  

(G) Metagene analyses (top) showing Notch occupancy, and pile-up plots (bottom) 

depicting aggregated Z-score interaction on MB157 domain boundaries in Notch-on 

(DMSO) and Notch-off (GSI) conditions where the overall differential boundary insulation 

scores are insignificant (Wilcoxon rank sum test p-value > 0.15). Left: centered around 
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1,003 Notch-bound domain boundaries. Right: matching number of Notch-unbound 

boundaries. 

(H) Contact map (top) and insulation profile (bottom) at MYC locus showing contact 

domain boundaries are unaltered in Notch-on (DMSO) and Notch-off (GSI) conditions. 

Gray arrows: boundaries demarcated by local minimum detection of insulation score.    

  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 22, 2019. ; https://doi.org/10.1101/527325doi: bioRxiv preprint 

https://doi.org/10.1101/527325


C

D E

Notch-on Notch-off

Significant interaction
MB157

0

100

200

300

400

Q1 Q2 Q3 Q4
Intra-domain interaction 

fold change quartile

C
on

ta
ct

 d
om

ai
n 

(c
ou

nt
)

 scaled contact
domain  +/- 20%

Significant interaction
HCC1599

 

0

100

200

300

400

Q1 Q2 Q3 Q4

MB157 HCC1599

Figure 2
B

F G

TNBC Rec-1

S
ha

re
d 

co
nt

ac
t d

om
ai

ns

p < 1E-09 p < 1E-15

C
on

ta
ct

 d
om

ai
n 

(c
ou

nt
)

scaled contact
domain  +/- 20%

Intra-domain interaction 
fold change quartile

Active

29.0 30.2 31.4 32.6 33.8chr19 (Mb)

CCNE1

ActiveRepressedRepressed

H3K
27

ac

H3K
27

me3

CTCF

SMC1

Zs
co

re
 in

te
ra

ct
io

n

−6

0

6

H3K27ac
H3K27me3

scaled contact domain +/- 20%

H3K4me1
MB157

A

Active
Repressed

Chromatin state

Active
Repressed

Chromatin state

Active
Repressed

Chromatin state

Active
Repressed

Chromatin state

Active
Repressed

Chromatin state

Active
Repressed

Chromatin state
Notch-on Notch-off

MB157

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 22, 2019. ; https://doi.org/10.1101/527325doi: bioRxiv preprint 

https://doi.org/10.1101/527325


Figure 2. Notch sensitivity of chromatin contacts within TNBC active enhancer-
marked contact domains.  

(A) Heatmap displaying normalized H3K27ac, H3K4me1 and H3K27me3 levels within 

1,621 contact domains with significant intradomain contacts in MB157. Each domain is 

categorized into active or repressed based on the differential H3K27ac and H3K27me3 

total level and sorted in descending order.  

(B) Contact map (bottom) and genome browser tracks (top) in MB157 showing that 

H3K27ac and H3K27me3 marks are insulated within contact domain boundaries 

demarcated by CTCF and SMC1 at CCNE1 locus. Red/blue dashed-line boxes: 

active/repressed domains. Gray boxes: CTCF and SMC1 binding events on the 

boundaries.   

(C) Heatmap showing chromatin state of contact domains shared between TNBC 

(HCC1599 and MB157) and MCL (Rec-1) cell lines.  

(D) Heatmap of normalized significant interactions at scaled and flanked contact domains 

in MB157 in Notch-on (DMSO) and Notch-off (GSI) conditions. Contact domains are 

ranked by change (log2 fold change) of total intradomain contacts with the chromatin 

states indicated on the left. The overall differential intradomain contact frequency is 

significant (paired t-test p-value < 1E-15).  

(E) Barplot depicting the number of active/repressed contact domains per quartile of total 

intradomain contact frequency change in MB157 (proportion test p-value < 1E-09).  

(F) Heatmap as (D) in HCC1599 (paired t-test p-value < 1E-15).  

(G) Barplot as (E) in HCC1599 (proportion test p-value < 1E-15). 
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Figure 3. Activation of direct Notch target genes by Notch-promoted and preformed 
enhancer-promoter contacts in TNBC.  

(A) Barplots showing the proportion of contact domains encompassing any Notch-

sensitive gene conditioned on whether intradomain interactions were Notch-sensitive or 

Notch-insensitive in MB157 (Fisher’s exact test p-value < 1E-04) (left) and HCC1599 

(Fisher’s exact p-value < 1E-05) (right).  

(B) Box and violin plots of differential (log2 fold change) H3K27ac level at Notch-bound or 

-unbound distal enhancers of Notch-sensitive genes in MB157 (left) and HCC1599 (right) 

(Wilcoxon rank sum p-value < 1E-15). 

(C) Violin plots of differential (-log10 FDR) frequency of interactions between Notch-bound 

or unbound distal enhancers and Notch-sensitive gene promoters in MB157 (left, Wilcoxon 

rank sum p-value < 1E-03) and HCC1599 (right, Wilcoxon rank sum p-value < 1E-07). 

(D) Model depicting four possible Notch regulatory modes controlling Notch direct target 

genes by combinations of Notch-bound and -promoted loops (ΔL), Notch-bound and -

activated enhancers (ΔE), Notch-bound but Notch-insensitive loops (ØL), and Notch-

bound but Notch-insensitive enhancers (ØE). 

(E) Boxplot showing differential (log2 fold change) gene expression of direct Notch-

activated genes in MB157 categorized by Notch-dependency of interacting Notch-bound 

enhancers and loops per mode in (D). Notch-bound and -promoted loops (ΔL), Notch-

bound and -activated enhancers (ΔE), Notch-bound but Notch-insensitive loops (ØL), and 

Notch-bound but Notch-insensitive enhancers (ØE). Number of genes in each mode is 

listed in parenthesis.   

(F) Boxplot as in (E) for HCC1599 line.  

(G) Frequency of interactions between the MYC promoter and enhancer significantly 

decreased after Notch inhibition. Top: ChIP-seq tracks showing H3K27ac and H3K27me3 

load at MYC locus marked with matching colors for position of the probes against the MYC 

promoter (cyan), MYC enhancer (yellow), and H3K27me3-marked MYC 3’ (magenta) 

sequences for a 3-color DNA FISH. Bottom: The quantification of HiChIP-measured 

contact frequency between the MYC promoter and MYC enhancer probes (left), and MYC 
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promoter and MYC 3’ probes (right) in Notch-on (DMSO) and Notch-off (GSI) conditions 

in MB157 cells are compared. 

(H) Distances between the MYC promoter and enhancer significantly increased after 

Notch inhibition in MB157 cells. Left: examples of cells and magnified images for 3-color, 

cyan-yellow, and cyan-magenta, from left to right, in Notch-on (DMSO) and Notch-off 

(GSI) in MB157 cells are shown. Blue: DAPI. Scale bars: Left: 5 µm; Right: 1 µm. Center: 

Cumulative density functions of distances between MYC promoter and the closest MYC 

enhancer probe in the same cells are compared between Notch-on cells (red, N = 4,314) 

and Notch-off cells (blue, N = 5,271). Mean (+/- S.D.) distance of Notch-on and Notch-off 

are 0.71 +/- 0.30 µm, and 0.83 +/- 0.32 µm, respectively (Kolmogorov-Smirnov test p-

value = 1E-29). Left: Cumulative density functions of distances between MYC promoter 

and the closest MYC 3’ probe in the same cells are compared between Notch-on and 

Notch-off cells. Mean (+/- S.D.) distance of Notch-on and Notch-off were 1.0 +/- 0.32 µm, 

and 0.88 +/- 0.31 µm, respectively (Kolmogorov-Smirnov p-value = 1E-29).   

(I) Notch-promoted loops (ΔL) linking Notch-insensitive active enhancers (ØE) E1 and E2 

to SOX9 promoter and E3 to LINC00511 promoter in MB157. Top panel: virtual 4C plot 

depicting the normalized interaction frequency from LINC00511 promoter viewpoint. ChIP-

seq tracks showing Notch-sensitive NICD1 and RBPJ occupancy, and Notch-insensitive 

H3K27ac load marked with gray boxes. HiChIP arcs displaying normalized significant 

interactions of SOX9 and LINC00511 promoters to distal enhancers in Notch-on (top, 

DMSO) and Notch-off (bottom, GSI) (paired t-test p-value < 1E-03). Bottom track 

indicating SOX9 and LINC00511 Ensembl gene positions and their expression fold 

change and FDR determined by DESeq2.  

(J) Notch-promoted loops (ΔL) enabling spatial co-regulation of TMPRSS2 and RIPK4 

genes in TNBC through shared Notch-activated enhancers (ΔE). ChIP-seq tracks showing 

Notch-sensitive NICD1 and RBPJ occupancy and H3K27ac load marked with gray box. 

HiChIP arcs displaying normalized significant interactions between enhancers and 

promoters in Notch-on (top, DMSO) and Notch-off (bottom, GSI) in MB157 (paired t-test 

p-value < 0.05). Bottom track indicating Ensembl gene positions and their expression fold 

change and FDR determined by DESeq2.  
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Figure 4. Notch targets TNBC’s hyperconnected 3D regulatory cliques. 

(A) Barplots showing the number of Notch-sensitive and -insensitive enhancer-enhancer 

(EE), enhancer-promoter (EP), promoter-promoter (PP) interactions in MB157 (left) and 

HCC1599 (right).  

(B) Distribution of 3D cliques connectivity revealing two classes of interacting enhancers 

and promoters. Cliques are plotted in an ascending order of their total connectivity for 

MB157 (left) and HCC1599 (right). Hyperconnected cliques are defined as the ones above 

the elbow of 3D clique total connectivity distribution. Example 3D cliques are marked and 

named with their representative Notch-sensitive genes.  

(C) Five randomly selected cliques from either below (left) or above (right) the elbow point 

of the curve in (B) demonstrating the asymmetric distribution of clique total connectivity in 

MB157. 

(D) Circos plot showing the clique associated with MYC in MB157. Red-marked circle 

(square) and line depicting Notch-sensitive enhancer (promoter) and significant long-

range interactions, respectively. E1 to E5 mark groups of enhancers in descending linear 

genomic distance to MYC promoter located within the MYC 5’ contact domain.  

(E) Cumulative density function of clique total connectivity with or without Notch-bound 

enhancers in MB157 (left) and HCC1599 (right) (Wilcoxon rank sum p-value < 1E-15).  

(F) Barplots depicting the average ± SEM corrected percentage of Notch-sensitive loops 

per quartile of clique total connectivity distribution in MB157 (left) and HCC1599 (right) 

(Wilcoxon rank sum p-value < 1E-15).  

(G) Boxplots showing the total connectivity of cliques containing promoters associated 

with combination of Notch-bound and -promoted loops (ΔL), Notch-bound and -activated 

enhancers (ΔE), Notch-bound but Notch-insensitive loops (ØL), and Notch-bound but 

Notch-insensitive enhancers (ØE) in MB157 (left) and HCC1599 (right). 

(H) Three randomly selected cliques in MB157 associated with either Notch-insensitive 

enhancers and loops (ØE+ØL, left) or Notch-activated enhancers and Notch-promoted 

loops (ΔE+ΔL, right) emphasizing on the difference in clique total connectivity. 
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(I) Barplots depicting the average ± SEM corrected percentage of direct Notch-activated 

genes per quartile of clique total connectivity distribution in MB157 (left, Wilcoxon rank 

sum p-value < 1E-03) and HCC1599 (right, Wilcoxon rank sum p-value < 1E-07).  

(J) Three randomly selected cliques in either the first (left) or fourth (right) quartile of clique 

total connectivity distribution highlighting the difference in the number of direct Notch-

activated genes.  
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Figure 5. MYC but not CCND1 Notch-activated distal enhancers cooperate to 
increase gene expression.  

(A) Notch-promoted loops (ΔL) linking Notch-activated enhancers (ΔE) to MYC in TNBC 

MB157 line. Top panel: virtual 4C plot depicting the normalized interaction frequency from 

MYC promoter viewpoint. ChIP-seq tracks showing Notch-sensitive NICD1 and RBPJ 

occupancy, and Notch-sensitive H3K27ac level marked with gray box. HiChIP arcs 

displaying normalized significant interactions between MYC promoter and distal 

enhancers in Notch-on (top, DMSO) and Notch-off (bottom, GSI) (paired t-test p-value < 

1E-15). Bottom track indicating MYC Ensembl gene position. 

(B) Barplots showing qRT-PCR measurements of MYC mRNA after transduction of Cas9-

expressing MB157 cells with control sgRNAs, sgRNAs targeting the E1, E5 or both reveal 

cooperativity of Notch-sensitive E1 and E5 MYC enhancers. TFRC: negative control. Data 

represent mean ± SEM of n=3-7 independent experiments. t-test p-value: *p < 0.05, ***p 

< 1E-03. 

(C) Western blotting of MYC in Cas9-expressing MB157 cells transduced with control 

sgRNAs or sgRNAs simultaneously targeting MYC E1 and E5 enhancers as in (B). b-actin 

is loading control.  

(D) Representative histograms of CellTrace Violet (CTV) dilution in Cas9-expressing 

MB157 cells after transduction with control sgRNAs or sgRNAs simultaneously targeting 

MYC E1 and E5 enhancers as in (B). Unstained cells and freshly stained CTV cells are 

negative and positive controls, respectively. Barplot showing the average geometric mean 

fluorescent intensity (MFI) ± SD, n=3 biological replicates, representative of 3 independent 

experiments. t-test p-value: ***p < 1E-03. 

(E) Relative cell growth rates in Cas9-expressing MB157 cells after transduction with 

control sgRNAs or sgRNAs simultaneously targeting MYC E1 and E5 enhancers as in (B). 

Data represent mean ± SEM of n=8-10 biological replicates from 2 independent 

experiments. Day 9 data t-test p-value:  ***p < 1E-03.  

(F) Notch-promoted loops (ΔL) linking Notch-activated enhancers (ΔE) to CCND1 in 

MB157. Top panel: virtual 4C plot depicting the normalized interaction frequency from 
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CCND1 promoter viewpoint. ChIP-seq tracks showing Notch-sensitive NICD1 and RBPJ 

occupancy, and Notch-sensitive H3K27ac load marked with gray box. HiChIP arcs 

displaying normalized significant interactions between CCND1 promoter and distal 

enhancers in Notch-on (top, DMSO) and Notch-off (bottom, GSI) (paired t-test p-value < 

1E-15). Bottom track indicating CCND1 Ensembl gene position. 

(G) Barplots showing qRT-PCR measurements of CCND1 mRNA after transduction of 

Cas9-expressing MB157 cells with control sgRNAs, sgRNAs targeting the E1, E2 or both 

reveal independency of Notch-sensitive E1 and E2 CCND1 enhancers. Data represent 

mean ± SEM of n=3-5 independent experiments. t-test p-value: **p < 0.01, ***p < 1E-03. 

(H) Western blotting of CCND1 in Cas9-expressing MB157 cells transduced with control 

sgRNAs or sgRNAs simultaneously targeting CCND1 E1 and E2 enhancers as in (G). 

Tubulin is loading control. 

(I) Representative histograms of CellTrace Violet (CTV) dilution in Cas9-expressing 

MB157 cells after transduction with control sgRNAs or sgRNAs simultaneously targeting 

CCND1 E1 and E2 enhancers as in (G). Unstained cells and freshly stained CTV cells are 

negative and positive controls, respectively. Barplot showing the average geometric mean 

fluorescent intensity (MFI) ± SD, n=3 biological replicates, representative of 3 independent 

experiments. t-test p-value: ***p < 1E-03. 

(J) Representative flow plots of EdU incorporation in unstained cells, Cas9-expressing 

MB157 cells transduced with control sgRNAs or sgRNAs simultaneously targeting CCND1 

E1 and E2 enhancers as in (G). Barplot showing the average geometric mean fluorescent 

intensity (MFI) ± SD, n=3 biological replicates, representative of 2 independent 

experiments. t-test p-value: **p < 0.01. 
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Figure 6. Activation of MCL Notch direct target genes by Notch-promoted and 
preformed enhancer-promoter contacts.   

(A) Notch-promoted loops (ΔL) linking Notch-activated enhancers (ΔE) to MYC in MCL 

Rec-1 cells. Top panel: virtual 4C plot depicting the normalized interaction frequency from 

MYC promoter viewpoint. ChIP-seq tracks showing Notch-sensitive NICD1 and RBPJ 

occupancy, and Notch-sensitive H3K27ac load marked with gray box. HiChIP arcs 

displaying normalized significant interactions among MYC promoter and distal enhancers 

in Notch-on (top, DMSO) and Notch-off (bottom, GSI) (paired t-test p-value < 1E-15). 

Bottom track indicating MYC Ensembl gene position and its expression fold change and 

FDR as determined by DESeq2.  

(B) Heatmap of normalized significant interactions at scaled and flanked contact domains 

in Rec-1 in Notch-on (DMSO) and Notch-off (GSI) conditions. Contact domains are ranked 

by change (log2 fold change) of total intradomain contacts with the chromatin states 

indicated on the left. The overall differential intradomain contact frequency is significant 

(paired t-test p-value < 1E-15). 

(C) Barplot depicting the number of active/repressed contact domains per quartile of total 

intradomain contact frequency change in Rec-1 (proportion test p-value < 1E-15). 

(D) Boxplot showing differential (log2 fold change) gene expression of direct Notch-

activated genes in Rec-1 categorized by Notch-dependency of interacting Notch-bound 

enhancers and loops. Notch-bound and -promoted loops (ΔL), Notch-bound and -

activated enhancers (ΔE), Notch-bound but Notch-insensitive loops (ØL), and Notch-

bound but Notch-insensitive enhancers (ØE). 

(E) Circos plot showing the clique associated with MYC in Rec-1. Red-marked circle 

(square) and line depicting Notch-sensitive enhancer (promoter) and significant long-

range interactions, respectively. 

(F) Barplot depicting the average ± SEM corrected percentage of direct Notch-activated 

genes per quartile of clique total connectivity distribution in Rec-1 (Wilcoxon rank sum p-

value < 1E-06). 
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Figure 7. Notch reactivation rescues regulatory interactions. 

(A) Scheme showing reduced transcriptional activities as a result of loop and enhancer 

deactivation upon Notch-inhibition by GSI and restoration after Notch recovery by GSI-

washout. 

(B) Boxplots displaying the normalized interaction frequency of Notch-promoted 

enhancer-enhancer, enhancer-promoter, and promoter-promoter interactions in Notch-on 

(DMSO), Notch-off (GSI) and Notch-recovery (GSI-washout) conditions in MB157 (paired 

t-test p-value < 1E-15). 

(C) Heatmap showing the normalized enhancer-promoter interactions of direct Notch 

targets with Notch-promoted loops (ΔL) in Notch-on (DMSO), Notch-off (GSI) and Notch-

recovery (GSI-washout) conditions. Each row is a pair of enhancer-promoter interaction 

sorted in descending order of Notch differential effect (log2 fold change). The overall 

differences between enhancer-promoter interactions in Notch-on versus Notch-off and 

Notch-recovery versus Notch-off are significant (paired t-test p-value < 1E-15). 

(D) Notch recovery rescues interactions at MYC locus in MB157. Top panel: virtual 4C 

plot depicting the normalized interaction frequency from MYC promoter viewpoint. ChIP-

seq tracks showing H3K27ac load. MYC enhancers are marked with gray box as in Figure 

5. HiChIP arcs displaying normalized significant interactions between MYC promoter and 

distal enhancers in Notch-on (top, DMSO), Notch-off (middle, GSI), and Notch-recovery 

(bottom, GSI-washout).  

(E) Interactions of the MYC clique in MB157 were recovered upon Notch reactivation. Red 

lines represent interactions significantly decreased in Notch inhibition and restored in 

Notch-recovery (fold change > 1.4, enrichR FDR < 0.05). 
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