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SUMMARY

Chromatin loops enable transcription-factor-bound
distal enhancers to interact with their target pro-
moters 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 3D organization of cancer genomes
is largely undetermined. By mapping chromatin loop-
ing genome-wide in Notch-dependent triple-negative
breast cancer and B cell lymphoma, we show that
beyond the well-characterized role of Notch as an
activator of distal enhancers, Notch regulates its
direct target genes by instructing enhancer reposi-
tioning.Moreover, a large fraction of Notch-instructed
regulatory loops form 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-onco-
genes. Our observations suggest that oncogenic hi-
jacking of developmental transcription factors can
dysregulate transcription through widespread effects
on the spatial organization of cancer genomes.

INTRODUCTION

Folding of chromatin into structural and regulatory loops is

emerging as an important regulator of gene expression (Furlong
1174 Molecular Cell 73, 1174–1190, March 21, 2019 ª 2019 Elsevier
and Levine, 2018; Hnisz et al., 2016a; Rowley and Corces,

2018). Chromatinmisfolding because of genomic rearrangements

or dysregulation of architectural proteins has been reported in

cancer (Flavahan et al., 2016; Hnisz et al., 2016b; Katainen et al.,

2015), but chromatin folding reorganization in response to onco-

genic subversion of developmental transcription factors, a

frequent class of oncogenic drivers, is not well understood. Notch

transcription complexes control cellular development and tissue

homeostasis and,whendysregulated, contribute to the pathogen-

esis of multiple malignancies (Aster et al., 2017). Here we use

Notch-dependent cancer cells to examine the role of oncogenic

transcription factors in repositioning of distal regulatory elements.

Notch target genes play crucial oncogenic roles in several he-

matologic malignancies and solid tumors (Aster et al., 2017).

Activating Notchmutations often disrupt the Notch negative reg-

ulatory region (NRR) or C-terminal PEST degron domain, pro-

ducing 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 recruits the histone acetyltransfer-

ase p300 (Oswald et al., 2001), the histone demethylase KDM1A

(Mulligan et al., 2011), and components of the Mediator complex

(Fryer et al., 2004) to Notch-responsive elements to regulate

gene expression. In hematologic malignancies, Notch binding

events are often associated with increased histone acetylation

and activation of distal enhancers (Wang et al., 2014). 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, exem-

plifies Notch-dependent long-range gene regulation (Herranz

et al., 2014; Ryan et al., 2017; Yashiro-Ohtani et al., 2014).

Although looping of chromatin, which enables physical contact
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between Notch-bound enhancers and promoters, is essential for

proper and selective gene expression, it remains unclear to what

extent Notch influences long-range regulatory contacts.

Chromatin loops, juxtaposing transcription-factor-bound

distal enhancers with the promoters of target genes, are facili-

tated by architectural proteins, including the DNA-binding insu-

lator protein CCCTC-binding factor (CTCF) and cohesin (Rowley

and Corces, 2018). Ring-shaped cohesin complexes are loaded

at active enhancers and promoters to stabilize their physical in-

teractions (Kagey et al., 2010). Enhancer-promoter loops are

mostly constrained within higher-order genome organizational

structures, variably referred to as contact domains, interaction

domains, topologically associated domains (TADs), sub-TADs,

loop domains, and insulated neighborhoods, the boundaries of

which are occupied by cohesin complexes and CTCF (Dixon

et al., 2012; Dowen et al., 2014; Nora et al., 2012). More recently,

it has been 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 repositioning could be instructed by

particular transcription factors bound at DNA elements engaged

in transcriptional regulation (Weintraub et al., 2017).

Oncogenic Notch binds distal enhancers (Ryan et al., 2017;

Wang et al., 2014), raising the question whether oncogenic Notch

regulates transcription by instructing enhancer repositioning. To

investigate the effect of oncogenic Notch on the 3D genomeorga-

nization of cancer cells, we generated cohesin HiChIP and 1D epi-

genomic datasets in two Notch-dependent cancer types, triple-

negative breast cancer (TNBC) and mantle cell lymphoma (MCL),

in the Notch-on and -off states. We report here that Notch tran-

scription complexes control their direct target genes through two

distinct regulatorymodes: either through existing loops or by facil-

itating new long-range regulatory interactions. This combination of

pre-existingandNotch-instructed loopscoalescesenhancers and

promoters to form highly interacting clusters termed ‘‘3D cliques.’’

In cancer cells, Notch preferentially activates enhancers and pro-

motes looping interactionswithin highly connected 3Dcliques that

regulate key oncogenes. These observations suggest a general

mechanism oncogenic transcription factors can exploit to induce

the transcriptional outputs of cancer cells.

RESULTS

Contact Domains of Notch-Mutated Cells Are Lineage-
Invariant
Protein-centric genome-wide chromatin conformation capture

methods such as HiChIP, PLAC-seq, and ChIA-PET have been

used to accurately map chromatin contact domains in multiple

cell types (Dowen et al., 2014; Fang et al., 2016; Mumbach

et al., 2016). Given that the cohesin complex is loaded at

enhancer-promoter loops and is involved inCTCF-mediated inter-

actions, we first performed HiChIP for the cohesin subunit SMC1

in MCL Rec-1 cells with an activating Notch mutation and used

chromosome-wide insulation potential (Crane et al., 2015) to sys-

tematically identify high-confidence contact domain boundaries

(Table S1). To validate the sensitivity and specificity of our

SMC1HiChIP, wecompared contact domains inRec-1with those

delineated by in situ Hi-C in a Epstein-Barr virus (EBV)-trans-
formed GM12878 lymphoblastoid B cell line (Rao et al., 2014).

GM12878 expresses an EBV-encoded RBPJ-binding factor,

EBNA2, that mimics Notch activities (Henkel et al., 1994), and its

genome organization is similar to Rec-1 (Ryan et al., 2017). The

Rec-1 contact domain boundaries identified using SMC1 HiChIP

(�760million sequenced reads; Table S1) were highly concordant

with those identified byGM12878 in situHi-C (Rao et al., 2014) (�3

billion sequenced reads), both at the level of a single chromosome

(Figure S1A) and genome-wide (p < 1E�15; Figure S1B). This level

of concordance was similar to that observed when the GM12878

HiChIP (Mumbach et al., 2016) and in situ Hi-C were compared

(p < 1E�04; Figure S1C). Furthermore, A/B compartments identi-

fied by GM12878 in situ Hi-C and SMC1 HiChIP were indistin-

guishable (p < 1E�15; Figure S1D) and showed a level of concor-

dance similar to that of A/B compartments identified by

two independent GM12878 in situ Hi-C experiments (data not

shown). These results show that our SMC1 HiChIP data are of

high quality and provide an efficient method to accurately delin-

eate chromatin contact domains and compartments with

�4-fold lower sequencing depth than in situ Hi-C.

In addition to MCL, activating Notch mutations are frequent in

TNBC (Choy et al., 2017; Stoeck et al., 2014). We performed

SMC1 HiChIP in Notch-mutated TNBC HCC1599 and MB157

lines (Stoeck et al., 2014), analyzing more than 1.5 billion read

pairs (Table S1). A sizable fraction of contact domains is en-

closed by a structural chromatin loop with CTCF-bound and co-

hesin-occupied anchors (Rao et al., 2014). Examination of

CTCF and cohesin binding events showed that these

proteins co-occupy 81.4% of MB157 contact domain bound-

aries (p < 1E�15; Figure S1E). As expected for a high-quality da-

taset, more than 85% of the CTCF-bound contact domain

boundaries in MB157 had inward-oriented CTCF motifs (785 in-

ward-oriented versus 2 outward-oriented; Figure S1F).

TNBC HCC1599 and MB157 contact domains showed highly

similar organization, as exemplified by the chromosome 8 orga-

nization (Figure 1A; Table S1). Genome-wide, of 4,767 and 4,847

contact domain boundaries identified in HCC1599 and MB157

cells, respectively, 4,223 domain boundaries were common

(p < 1E�15; Figure S1G). Furthermore, most contact domain

boundaries were also shared by MCL Rec-1 and TNBC cells,

as exemplified by the genomic region on chromosome 8 contain-

ing the MYC locus (Figure 1B, 5-Kb genomic resolution).

Genome-wide, nearly 70% of the identified contact domain

boundaries were shared in these two different Notch-mutated

cancer cell lineages (p < 1E�15; Figure 1C), consistent with

the extent of concordance noted previously when other cell line-

ages were compared (Dixon et al., 2012; Rao et al., 2014). 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 binding on genome organization,

we first performed RBPJ chromatin immunoprecipitation

sequencing (ChIP-seq) in MB157 cells. 19% of RBPJ binding

events localized to domain boundaries (Figure S1H), and,

conversely, 43% of CTCF-bound, cohesin-occupied boundaries

showed significant RBPJ binding (p < 1E�15; Figures 1D and

1E). To determine whether Notch binding influenced the
Molecular Cell 73, 1174–1190, March 21, 2019 1175
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Figure 1. Contact Domains of Notch-Mutated Cells Are Lineage- and Notch-Insensitive

(A) MB157 (bottom) and HCC1599 (top) share contact domain boundaries at whole chromosome 8 (chr8) (left) and the MYC locus (right).

(B) TNBC MB157 (bottom) and MCL Rec-1 (top) share contact domain boundaries at the MYC locus. Bottom red square, maximum interaction frequency.

(C) Rec-1, HCC1599, and MB157 share a significant number of domain boundaries (Fisher p < 1E�15).

(D) RBPJ, SMC1, and CTCF occupancy on boundaries of 920 MB157 contact domains.

(E) Contact domain boundaries at theGRHL2 locus are enriched for RBPJ, CTCF, andSMC1 binding. Gray box, RBPJ, CTCF, andSMC1 binding at the boundaries.

(F) 3,216 reproducible Notch-responsive elements with a significant decrease in Notch-off (GSI) versus Notch-on (GSI washout) in MB157 cells.

(G) The MB157 boundary insulation score is Notch-invariant (Wilcoxon p > 0.15). Aggregated Notch occupancy (top) and Z score interaction (bottom) centered

around 1,003 Notch-bound (left) and a matching number of Notch-unbound (right) boundaries.

(H) MB157 contact domain boundaries at the MYC locus are Notch-invariant. Gray arrows, boundaries demarcated by the local minimum insulation score.

Z score contact map, 25-Kb resolution.
insulation potential of contact domain boundaries, we performed

a gamma-secretase inhibitor (GSI) washout assay, which en-

ables rapid Notch activation and loading of Notch onto chro-

matin, an event that also increases RBPJ occupancy at regulato-

ry sites (Wang et al., 2014). By comparing the Notch active (GSI
1176 Molecular Cell 73, 1174–1190, March 21, 2019
washout, Notch-on) and inactive (GSI, Notch-off) states in

MB157 cells, we identified 3,216 Notch-responsive elements

with a 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 inter-

actions 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 binding events in HCC1599 TNBC cells

also showed that, although Notch bound tomanyHCC1599 con-

tact domain boundaries (Figures S1I and S1J), alterations in

Notch activity did not affect contact domain integrity (Figures

S1K and S1L). Moreover, comparison of A/B compartments be-

tween Notch-on and -off conditions revealed that Notch inhibi-

tion did not reposition compartments from A to B or from B to

A in MB157 and HCC1599 cells (Figures S1M and S1N).

Together, these data suggest that contact domains and com-

partments are predominantly unaffected by Notch binding.

Chromatin States of Contact Domains in Notch-Mutated
Cells Are Lineage-Dependent
Contact domains generally restrict propagation of chromatin

states along chromosomes (Dowen et al., 2014). In line with

this prediction, contact domains in MB157 and HCC1599 cells

were either enriched for active (H3K27ac and/or H3K4me1-

marked) or repressed (H3K27me3-marked) chromatin (Figures

2A, 2B, and S2A–S2D), with active contact domains containing,

on average, twice the number of expressed genes as repressed

domains. Repressed contact domains with a higher H3K27me3

level 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 of 79% of contact domains

were identical in MB157 and HCC1599 cells (p < 1E�15; Fig-

ure S2E). Analysis of active and repressed contact domains in

Notch-mutated MCL (Figures S2F–S2H) and comparison with

TNBC cells showed that, on average, 37% of contact domain

chromatin states were lineage-specific (p < 1E�06; Figure 2C).

Together, our data indicate that, although contact domains are

largely invariant in Notch-mutated MCL and TNBC, the chro-

matin signature within contact domains shows significant line-

age specificity.

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 control

(Kagey et al., 2010). To determine whether Notch signaling ac-

tivity affects intradomain interactions in TNBC, we first used

286 million unique read pairs of MB157 SMC1 HiChIP (Table

S1) to identify high-resolution (�5 Kb) significant interactions.

We relied on a statistical model that controls for both protein oc-

cupancy level and linear genomic distance between the con-

nected DNA loop anchors (Phanstiel et al., 2015). This approach

identified 265,216 significant cohesin-associated DNA interac-

tions in MB157 cells supported by at least 4 read pairs. Unless

stated otherwise, the high-confidence set of interacting loci

(also referred to as significant interactions) was used for further

quantitative analysis. We quantified significant interactions

within contact domains in MB157 cells (STAR Methods) and

observed that, after Notch inhibition, 236 contact domains

showed at least a 4-fold decrease in overall intradomain interac-
tions (Figure 2D). These Notch-sensitive contact domains

were significantly associated with an active chromatin state

(p < 1E�09; Figure 2E). To independently confirm this observa-

tion, we studied HCC1599 cells, in which 472,073 significant co-

hesin-associated DNA interactions were identified. Similarly,

Notch sensitivity of intradomain interactions was observed pref-

erentially within contact domains with high loads of active

enhancer histone marks (p < 1E�15; Figures 2F and 2G).

Together, these results show that, in contrast to invariant con-

tact 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 en-

hancers in MB157 and HCC1599 cells. On average, Notch bind-

ing events were 19 Kb away from the closest transcription start

site (Figure S3A). The H3K27ac histone mark was deposited at

nearly 85% of the Notch-bound chromatin (p < 1E�15). Notch

inhibition markedly decreased the H3K27ac levels of Notch-

responsive elements in TNBC (Figure S3B). Importantly, this ef-

fect of Notch inhibition was not abrogated by ectopic expression

of MYC (Figures S3C–S3E), a global amplifier of active gene

expression and a known Notch target in T cell acute lymphocytic

leukemia (T-ALL) and MCL (Lin et al., 2012; Ryan et al., 2017;

Wang et al., 2014). Moreover, the level of the H3K4me1 histone

mark (Figure S3B) and chromatin accessibility (Figure S3F) of

Notch-responsive elements were largely insensitive to changes

in Notch activity in TNBC lines. Together, these data suggest

that Notch preferentially binds and activates primed TNBC distal

enhancers independent of MYC.

Notch-Instructed and Preformed Enhancer-Promoter
Contacts Regulate Direct Notch Target Genes in TNBC
Regulatory DNA loops between promoters and distal enhancers

are crucial for proper gene control (Hnisz et al., 2016a). We thus

asked whether distal Notch-responsive elements (Figures S3A

and S3B) that are likely to directly regulate TNBC transcriptional

outputs also participate in Notch-sensitive intradomain interac-

tions (Figures 2E and 2G). To this end, we first identified TNBC

Notch-sensitive genes (i.e., Notch-upregulated genes) using

RNA sequencing (RNA-seq) in MB157 and HCC1599 cells.

Notch activation concordantly increased the expression of

2,038 genes in these two lines (Table S3). Differential gene

expression analyses in T-ALL DND41 and MCL Rec-1 cells

were performed to assess the lineage specificity of Notch-sensi-

tive genes. 504 genes, including the well-characterized Notch

targets MYC, HES1, and CR2 (Ryan et al., 2017; Stoeck et al.,

2014), were positively regulated by Notch in all three Notch-

mutated cancer types (Figure S3G; Table S3). Lineage-indepen-

dent Notch-sensitive genes were enriched for known MYC

targets and MYC-regulated biological processes (Figure S3H),

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 cancers. Overall, 204

Notch-sensitive genes were specific to TNBC (Figure S3G; Table

S3), including CCND1, KIT, and SAT1, all of which have been

implicated in TNBC (Choy et al., 2017; Kashiwagi et al., 2013).
Molecular Cell 73, 1174–1190, March 21, 2019 1177
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(A) 1,621 MB157 contact domains with significant intradomain interactions are categorized into active or repressed by the differential H3K27ac and H3K27me3

total levels and sorted in descending order.

(B) H3K27ac and H3K27me3 are insulated within contact domain boundaries demarcated by CTCF and SMC1 at the CCNE1 locus in MB157 cells. Red or blue
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(C) Comparison of TNBC (HCC1599 and MB157 cells) and MCL (Rec-1 cells) contact domain chromatin states.

(D)MB157 contact domains exhibit a significant Notch-sensitive intradomain interaction frequency (paired t test, p < 1E�15). Contact domains are ranked by total
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(E) The number of active or repressed MB157 contact domains per quartile of total differential intradomain interaction (proportion test).

(F and G) As (D) and (E), respectively, in HCC1599 cells (paired t test, p < 1E�15).
Furthermore, gene set enrichment analysis showed that the

TNBC-specific Notch target genes were enriched for genes

associated with breast cancer and mammary epithelium biology

(Figures S3G and S3I; Table S4). These data indicate the exis-

tence 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. Aligning the Notch-

sensitive genes to the TNBC 3D genome landscape showed

that these genes were preferentially associated with active con-
1178 Molecular Cell 73, 1174–1190, March 21, 2019
tact domains with Notch-sensitive intradomain interactions

(p < 1E�04; Figure 3A). Integrative analysis of Notch-binding

events (Table S2), Notch-dependent enhancers (Table S5) and

transcripts (Table S3), and high-confidence chromatin loops

distinguished direct from indirect Notch targets and identified

215 and 386 direct Notch-upregulated genes (i.e., Notch-acti-

vated genes) in MB157 and HCC1599 cells, respectively. In

both TNBC lines, inhibition of Notch signaling markedly

decreased H3K27ac levels at Notch-bound enhancers linked

to Notch-activated genes (p < 1E�15; Figure 3B). We also

observed a significant reduction in the frequency of long-range
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interactions between the Notch-bound DNA elements and their

target promoters upon Notch inhibition (p < 1E�03; Figure 3C).

We defined Notch-instructed loops as Notch-sensitive inter-

actions connected to distal Notch-bound elements. To further

dissect the mechanisms of direct gene activation by Notch, we

considered four possible regulatory modes: (a) Notch-instructed

loops (DL) linking Notch-activated enhancers (DE) to promoters,

(b) Notch-instructed loops (DL) linking Notch-insensitive en-

hancers (BE) to promoters, (c) Notch-insensitive (preformed)

loops (BL) linking Notch-activated enhancers (DE) to promoters,

and (d) Notch-insensitive (preformed) loops (BL) linking Notch-

insensitive active enhancers (BE) to promoters (Figure 3D). Inte-

grating the Notch-dependent regulatory loops, enhancers, and

Notch-binding events in MB157 cells showed that the greatest

increase in transcription between the Notch-off and -on states

occurred in genes in which Notch both activated and reposi-

tioned the enhancers (mode a, p < 2E�03; Figure 3E). Similar ob-

servations were made in HCC1599 cells (mode a, p < 3E�02;

Figure 3F). Although ‘‘mode a’’ was associated with a more pro-

nounced effect on expression of direct Notch target genes, 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-insensitive enhancers through

preformed loops were shown to only depend on distal Notch

binding, suggesting that Notch functions as the final transcrip-

tional trigger at these loci (mode d; Figures 3D–3F and S3J).

We next closely scrutinized Notch-repositioned enhancer-

promoters (Figure 3D; modes a and b), a previously unrec-

ognized mode of Notch-dependent gene regulation. The

proto-oncogene MYC, a known direct Notch target in B- and

T-lymphoid malignancies (Ryan et al., 2017; Yashiro-Ohtani

et al., 2014), exemplifies genes with Notch-repositioned

enhancer-promoters in TNBC (Figure 3G; see also Figure 5).

To evaluate the Notch dependency of enhancer-promoter con-

tacts involving this critical proto-oncogene at single-cell resolu-
Figure 3. Activation of Direct Notch Target Genes by Notch-Instructed

(A) The proportion of contact domains with Notch-sensitive genes depending o

HCC1599 cells (right) (Fisher’s exact test).

(B) Differential H3K27ac at Notch-bound or -unbound distal enhancers of Notch-

(C) Differential interaction frequency at Notch-bound or -unbound distal enhancer

(right) (Wilcoxon test).

(D) Four possible Notch regulatory modes controlling Notch direct target genes

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

(E and F) Differential expression of Notch-activated genes in MB157 cells (E) and

(G) Notch inhibition significantly decreases the interaction frequency between

H3K27me3 at the MYC locus labeled with matching pseudocolors for probes ag

(magenta) for a 3-color DNA-FISH. Bottom: HiChIP-measured interaction frequen

on (DMSO) and Notch-off (GSI) conditions.

(H) Distances between theMYC promoter and enhancer significantly increased aft

for 3-color, cyan-yellow, and cyan-magenta, from left to right, in Notch-on (DMS

closestMYC enhancer probe in Notch-on (red, N = 4,314) and Notch-off (blue, N

Notch-off. Right: distances between theMYC promoter and the closest 30 probe in

0.88 ± 0.31 mm for Notch-off (Kolmogorov-Smirnov test). Blue, Hoechst.

(I) Notch-instructed loops (DL) link the Notch-insensitive enhancers (ØE) E1 and E2

the LINC00511 promoter viewpoint. Gray boxes, Notch-sensitive NICD1 and RB

(J) Notch-instructed loops (DL) of shared Notch-activated enhancers (DE) enable

from the Notch-activated enhancer viewpoint. Gray box, Notch-sensitive NICD1,

interactions under Notch-on (top, DMSO) and Notch-off (bottom, GSI) conditions
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tion, we performed 3D DNA fluorescence in situ hybridization

(FISH) to study the spatial localization of three elements in

MB157 cells: (1) theMYC promoter, (2) aMYC enhancer located

451 Kb 50 of the promoter that interacted with the promoter

through a Notch-sensitive long-range interaction, and (3) a

T-ALL-specific Notch-dependent MYC enhancer located 30 of
the promoter that was inactive in TNBC (Figure 3G). In concor-

dance with the decrease inMYC promoter-enhancer interaction

frequency detected by HiChIP (Figure 3G), DNA-FISH analysis

showed that theMYC promoter and theMYC 50 enhancer probes
became significantly separated upon Notch inhibition (Fig-

ure 3H). Interestingly, we observed that the MYC promoter and

the 30 MYC probes became markedly closer after Notch inhibi-

tion (Figure 3H), a change that was also observed globally in

TNBC genomes (Figures 2E and 2G). Critically, in both cases,

the DNA-FISH data agreed with changes seen in the HiChIP-

measured contact frequencies (Figures 3G and 3H). Together,

these data support the observation of Notch-instructed long-

range interactions in TNBC as measured by SMC1 HiChIP.

We next examined genes that were activated by Notch-in-

structed interactions to Notch-insensitive enhancers (Figure 3D,

mode b) to further analyze this previously unappreciatedmode of

Notch-dependent gene regulation. Virtual 4C (v4C) analysis of

the TNBC-specific long noncoding RNA (lncRNA) LINC00511

(Xu et al., 2017) showed gain of contacts between the promoter

and Notch-insensitive 30 enhancer 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,

p < 1E�03; Figure 3I). The same mode of Notch regulation of

LINC00511 and SOX9 also operated in HCC1599 cells (mode

b, p = 2E�03; Figure S3K). Together, these data are consistent

with the ability of Notch to facilitate repositioning of certain en-

hancers to activate direct Notch target genes independent of

changes in enhancer H3K27ac level.
and Preformed Enhancer-Promoter Interactions in TNBC

n the Notch sensitivity of the intradomain interaction in MB157 cells (left) and

sensitive genes in MB157 cells (left) and HCC1599 cells (right) (Wilcoxon test).

s and Notch-sensitive gene promoters in MB157 cells (left) and HCC1599 cells

by different combinations of Notch-bound and -instructed loops (DL), Notch-

(ØL), and Notch-bound but Notch-insensitive enhancers (ØE).

HCC1599 cells (F) per mode in (D).

the MYC promoter and a 50 enhancer in MB157 cells. Top: H3K27ac and

ainst the MYC promoter (cyan), 50 enhancer (yellow), and inactive 30 element

cy betweenMYC and 50 enhancer probes (left) or 30 probes (right) under Notch-

er Notch inhibition inMB157 cells. Left: examples of cells andmagnified images

O) and Notch-off (GSI). Center: distances between the MYC promoter and the

= 5,271). Mean ± SD distance, 0.71 ± 0.30 mm for Notch-on, 0.83 ± 0.32 mm for

Notch-on and Notch-off. Mean ± SD distance, 1.0 ± 0.32 mm for Notch-on and

to SOX9 and E3 to LINC00511 in MB157 cells. Top: virtual 4C plots (v4C) from

PJ and Notch-insensitive H3K27ac.

spatial co-regulation of TMPRSS2 and RIPK4 in MB157 cells. Top: v4C plots

RBPJ, and H3K27ac; HiChIP arcs, normalized significant enhancer-promoter

(paired t test).
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In some instances, a common enhancer spatially co-regulates

multiple genes through looping interactions with their promoters

(Fanucchi et al., 2013). InMB157 and HCC1599 cells, Notch acti-

vation promotes looping involved in spatial co-regulation of the

kinase RIPK4 and the serine protease TMPRSS2 (Figures 3J

and S3L), both of which are implicated in breast cancer patho-

genesis (Huang et al., 2013; Luostari et al., 2014). Based on

normalized contact tracks (Figures 3J and S3L), Notch activation

significantly increased the transcript abundance and contact fre-

quency 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 pro-

moters, Notch signaling can promote and strengthen interac-

tions between subsets of 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 control (Mumbach et al., 2017). To examine the higher-or-

der structure of regulatory interactions in Notch-mutated TNBC,

we integrated our connectivity maps and epigenomic data to

annotate the regulatory loop anchors connecting enhancer or

promoter elements (Table S6). Multiplicity of enhancer and pro-

moter interactions was common in TNBC genomes, with each

element, on average, connecting to 6 other regulatory elements

(Figure S4A), as reported for other cell types (Furlong and Levine,

2018). Enhancer-promoter interactions accounted for only 30%

of the interactions between regulatory elements in TNBC ge-

nomes (Figure 4A), also consistent with frequencies reported in

other studies (Weintraub et al., 2017). Notably, only 30% of

Notch-sensitive loops connected an enhancer to a promoter,

whereas themajority 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 interactions (Li et al., 2012).

To globally model the higher-order structure of interactions

involving Notch-sensitive regulatory loops, we used undirected

graph mathematical abstraction and algorithmically searched

for groups of densely connected enhancers and promoters with
Figure 4. Notch Targets Hyperconnected 3D Regulatory Cliques in TN

(A) The number of Notch-sensitive and -insensitive enhancer-enhancer (EE), enh

(left) and HCC1599 cells (right).

(B) 3D clique total connectivity reveals two classes of interacting enhancers and p

order of their total connectivity. Hyperconnected 3D cliques are defined as the on

3D cliques are marked and named with their representative Notch-sensitive gen

(C) Asymmetric clique total connectivity in five randomly selected cliques from e

(D) Circos plot of the MB157 MYC clique. E1 to E5 mark super-enhancers within

promoter.

(E) Clique total connectivity with or without Notch-bound enhancers in MB157 c

(F) The average ± SEM corrected percentage of Notch-sensitive loops per quartile

(right) (Wilcoxon test).

(G) The total connectivity of cliques containing Notch-activated genes in MB157

(H) Difference in total connectivity in three randomly selected cliques inMB157 cell

Notch-activated enhancers and Notch-instructed loops (DE+DL, right).

(I) The average ± SEMcorrected percentage of direct Notch-activated genes per q

cells (right) (Wilcoxon test).

(J) Difference in Notch-activated genes in three randomly selected cliques in eith
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high intra-group and sparse inter-group interactions (STAR

Methods). We called these groups of densely interconnected

elements 3D cliques. We observed a significant asymmetry in

the 3Dclique connectivity distributions (Figures 4B and 4C; Table

S7), which were distinct from the accumulation of H3K27ac into

super-enhancers on linear genomes (Figure S4B). 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 cells (Figure 4B). The clique containingMYCwas iden-

tified as a hyperconnected 3D clique, ranking among the top 11

most connected 3D cliques in both HCC1599 and MB157 (Fig-

ure 4B). Inspection of the MYC cliques in MB157 and HCC1599

cells showed that Notch significantly promoted up to 46%of their

constituent enhancers andmore than 30%of interactions among

their promoters and enhancers (Figures 4D and S4C).

This observation led us to ask whether Notch preferentially

targets highly connected cliques in TNBC. The Notch-bound

cliques exhibited significantly more connectivity than cliques

lacking Notch binding (p < 1E�15; Figures 4E and S4D). More

connected cliques also contained significantly more Notch-sen-

sitive loops (p < 1E�15; Figure 4F). Furthermore, promoters con-

necting to Notch-activated enhancers through Notch-instructed

loops interacted with more enhancers on average (p < 1E�15;

Figure S4E) and located within cliques with higher connectivity

(p < 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 (p < 1E�03; Figures 4I and 4J). Direct

Notch-activated genes within hyperconnected 3D cliques,

such as MYC (Figure 4D and S4C), were associated with pro-

cesses and pathways important for TNBC pathobiology (Fig-

ure S4F; Table S4). Overall, these results suggest that oncogenic

Notch activates not only large stretches of enhancers, as re-

ported (Wang et al., 2014), but also promotes regulatory DNA

loops linking multiple distal 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

flankingMYC, but the entire list of transcription factors regulating
BC

ancer-promoter (EP), and promoter-promoter (PP) interactions in MB157 cells

romoters. MB157 (left) and HCC1599 (right) cliques are plotted in an ascending

es above the elbow of the total connectivity ranking. Example hyperconnected

es.

ither below (left) or above (right) the elbow point of the MB157 curve in (B).

the MYC 50 contact domain in descending linear genomic distance to theMYC

ells (left) and HCC1599 cells (right) (Wilcoxon test).

of clique total connectivity distribution in MB157 cells (left) and HCC1599 cells

cells (left) and HCC1599 cells (right) per mode in Figure 3D.

s associatedwith either Notch-insensitive enhancers and loops (ØE+ØL, left) or

uartile of clique total connectivity distribution inMB157 cells (left) and HCC1599

er the first (left) or fourth (right) quartile of clique total connectivity distribution.
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MYC via these enhancers remains unknown (Schuijers et al.,

2018). The MYC enhancers identified in Notch-mutated TNBC

were also active in other TNBC lines but were inactive in non-

TNBC cells (Figure S5A). The observations that several distinct

Notch-bound enhancers were located 50 of the MYC promoter

(Figures 4D and 5A) and organized into a hyperconnected 3D cli-

que with frequent inter-enhancer interactions (Figures 4B, 4D,

and S4C; Table S7) led us to ask whetherMYC enhancers coop-

eratively regulate MYC expression in TNBC. Our data showed

that, among all MYC enhancer pairs, the strongest RBPJ and

NICD1 ChIP-seq signals and the largest Notch-dependent

H3K27ac changes were observed in E1 and E5 enhancers (Fig-

ure 5A) located 451 and 65 Kb 50 of theMYC promoter. Based on

the HiChIP signal, Notch inhibition reduced the interaction fre-

quency between the highly interacting E1 and E5 enhancer pair

by�4-fold (Figure S7E), which was comparable with the average

reduction in the contact frequencies between theMYC promoter

and its distal enhancers (Figure 5A).

To test the functional role of the E1 and E5 enhancers in MYC

regulation, we used CRISPR/Cas9 genome editing (Figure S5C)

to mutate the consensus RBPJ binding motifs in E1 and E5 (Fig-

ures 4D, and 5A, and S5C). Mutation of RBPJ binding sites at E1

or E5 resulted in a 15% or 25% decrease in MYC expression,

respectively, whereas simultaneous targeting yielded more

than a 50% reduction in MYC transcript abundance (Figure 5B)

and greatly reduced MYC protein (Figure 5C). Dual targeting of

these enhancers also suppressed cell proliferation (p < 1E�03;

Figure 5D) and cell counts (p < 1E�03; Figure 5E). Overall, these

data suggest that Notch increases MYC expression by promot-

ing cooperative higher-order interactions involving the E1 and E5

enhancers and the MYC promoter.

Notch-Bound Non-interacting Enhancers Independently
Regulate CCND1 Transcription
Our data showed that Notch directly upregulates CCND1 tran-

scripts in TNBC, as reported (Ronchini and Capobianco, 2001),

but not in Notch-mutated MCL and T-ALL (Figure S3G). In

MB157, the CCND1 promoter and associated enhancers were

organized into a 3D clique of moderate connectivity (46 interac-

tions) that was substantially smaller than theMYC clique (682 in-

teractions) (Figure S5D; Table S7). Analysis of the CCND1 locus

in MB157 cells demonstrated a 1.4-fold or greater reduction in
Figure 5. MYC but not CCND1 Notch-Activated Distal Enhancers Coop

(A) Notch-instructed loops (DL) link Notch-activated enhancers (DE) to MYC in M

(B)MYC transcripts in Cas9-expressingMB157 cells transduced with control sgRN

E1 and E5 MYC enhancers. Mean ± SEM of n = 3–7 independent experiments.

(C) MYC protein in Cas9-expressing MB157 cells transduced with control sgRNA

(D) Representative distribution (left) and average geometric mean fluorescent inten

replicates representative of 3 independent experiments.

(E) Mean ± SEM of relative cell growth rates of n = 8–10 biological replicates from

(F) Notch-instructed loops (DL) link Notch-activated enhancers (DE) to CCND1 in

(G) CCND1 transcripts in Cas9-expressing MB157 cells transduced with control s

sensitive E1 and E2 CCND1 enhancers. Mean ± SEM of n = 3–5 independent ex

(H) Cyclin D1 protein in Cas9-expressing MB157 cells transduced with control s

(I) Representative distribution (left) and average MFI ± SD (right) of CTV dilution as

(J) Representative distribution (left) and average MFI ± SD (right) of EdU incorp

experiments. t test, *p < 0.05, **p < 0.01, ***p < 1E�03; HiChIP arcs, normalize

(top, DMSO) and Notch-off (bottom, GSI) (aired t test). v4C plots, from the prom
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contact frequency between the CCND1 promoter and Notch-

responsive enhancers after Notch inhibition (p < 1E�09; Figures

5F and S5D). However, the enhancer-enhancer interaction

frequency between the two strongest Notch-bound CCND1 en-

hancers, E1 and E2, was 12-fold lower than the interactions be-

tween theMYC E1 and E5 enhancers (Figures 5A and 5F). To test

for cooperativity between the CCND1 E1 and E2 enhancers, we

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 (Fig-

ure 5G). However, simultaneous targeting of E1 and E2 did not

have significant cooperative effects on CCND1 transcript abun-

dance (Figure 5G). Nevertheless, we did observe significant

effects of E1 and E2 dual targeting on Cyclin D1 protein (Fig-

ure 5H), cell proliferation (p < 1E�03; Figure 5I) and cell cycle

progression (p < 1E�02; Figure 5J). 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 may influence the cooperativity

between distal enhancers in transcriptional regulation.

TNBC Notch Regulatory Modes Are Generalizable to
Notch-Mutated MCL
The observation that Notch preferentially promoted or strength-

ened regulatory loops in highly connected 3D cliques of

Notch-mutated TNBC led us to investigate whether the same

relationships hold in Notch-mutated MCL. Using SMC1 HiChIP,

we first measured long-range interactions between two previ-

ously characterized Notch-activated enhancers located 525 Kb

and 433 Kb 50 of the MYC promoter in MCL Rec-1 cells (Ryan

et al., 2017). Analysis of Rec-1 SMC1 HiChIP showed that these

two Notch-activated MYC enhancers (Figure S6A) interacted

frequently (116.2 normalized reads), and Notch inhibition signif-

icantly reduced this interaction (p < 1E�15; Figure 6A). In line

with 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 cooperate to regulate MYC

in Rec-1 (Ryan et al., 2017).
erate to Promote Gene Expression

B157 cells. Gray boxes, Notch-sensitive NICD1, RBPJ, and H3K27ac.

As or sgRNAs targeting E1, E5, or both reveal cooperativity of Notch-sensitive

s or sgRNAs targeting MYC E1 and E5 enhancers.

sity (MFI) ± SD (right) of CellTrace Violet (CTV) dilution as in (C); n = 3 biological

2 independent experiments as in (C).

MB157 cells. Gray boxes, Notch-sensitive NICD1, RBPJ, and H3K27ac.

gRNAs or sgRNAs targeting E1, E2, or both reveal the independence of Notch-

periments.

gRNAs or sgRNAs simultaneously targeting CCND1 E1 and E2 enhancers.

in (H); n = 3 biological replicates representative of 3 independent experiments.

oration as in (H); n = 3 biological replicates representative of 2 independent

d significant interactions among promoter and distal enhancers in Notch-on

oter viewpoint; TFRC, negative control.
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(A) Notch-instructed loops (DL) link Notch-activated enhancers (DE) toMYC in Rec-1 cells. Top: v4C plots from theMYC promoter viewpoint. Gray boxes, Notch-

sensitive NICD1, RBPJ, and H3K27ac; HiChIP arcs, normalized significant interactions among promoters and enhancers in Notch-on (top, DMSO) and Notch-off

(bottom, GSI) (paired t test).

(B) Rec-1 contact domains exhibit a significant Notch-sensitive overall intradomain interaction frequency (paired t test p < 1E�15). Contact domains are ranked

by total intradomain interaction changes.

(C) The number of active or repressed Rec-1 contact domains per quartile of total differential intradomain interaction (proportion test).

(D) Differential expression of direct Notch-activated genes in Rec-1 per mode in Figure 3D.

(E) Circos plot of the Rec-1 MYC clique.

(F) The average ± SEM corrected percentage of direct Notch-activated genes per quartile of clique total connectivity distribution in Rec-1 cells (Wilcoxon test).
To extend this analysis genome-wide, we first assessed the

Notch sensitivity of intradomain interactions and their relation-

ship to active and repressed chromatin in Rec-1. As in Notch-

mutated TNBC (Figures 2D–2G), Notch inhibition decreased
the intradomain interaction frequencies ofmore than 130 contact

domains bymore than 4-fold (Figure 6B), and this reduction pref-

erentially occurred in active chromatin domains (p < 1E�15;

Figures 6B and 6C). In Rec-1, the integration of chromatin
Molecular Cell 73, 1174–1190, March 21, 2019 1185



conformation, epigenomic, and transcriptomic datasets again

showed that the direct Notch target genes with the greatest in-

crease in transcription were those with both Notch-activated

and Notch-repositioned enhancers (p < 0.03; Figures 6D and

3D, mode a). In addition to MYC, LYN, a direct Notch target

gene that is essential for B cell receptor activity (Gauld and

Cambier, 2004), also showed Notch-repositioned enhancers

(p < 1E�15; Figures S6B and 3D, mode a). SH2B2, a gene cod-

ing for an adaptor protein with an important role in B cell devel-

opment and activation (Naudin et al., 2016), was regulated by

Notch-instructed interactions between Notch-insensitive en-

hancers and the SH2B2 promoter (p < 1E�15; Figures S6C

and 3D, mode b). Inspection of Rec-1 HiChIP data also identified

Notch-instructed 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 SMC1HiChIP data revealed that theRec-1 genome

is also organized into 3D cliques consisting of densely intercon-

nected enhancers and promoters. A significant asymmetry was

also observed in theRec-1 clique connectivity distribution, which

was distinct from the super-enhancers in the Rec-1 linear

genome (Figures S6E and S6F). Cliques with higher connectivity

were enriched for direct Notch target genes, includingMYC and

genes involved in the B cell signaling response and regulation

(e.g., IL10RA and PAX5) (Figures 6E, S6E, and S6G). 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

(p < 1E�06; Figures 6E and 6F). These direct Notch-activated

geneswereassociatedwith processesandpathwayswith known

roles in B cell biology and lymphomagenesis (Figure S6H; Table

S4). Overall, these results suggest that Notch signaling controls

not only MCL transcriptional enhancers, as reported (Ryan

et al., 2017), but also facilitates enhancer-promoter repositioning

in MCL cliques to regulate critical B cell pathways.

Non-coding RNA Activation Associates with Notch-
Instructed Loop Anchors
To further elucidate how Notch binding events instruct enhancer

repositioning, we assessed the effect of Notch signaling on

accessibility and cohesin content of the TNBCNotch-responsive

elements. Comparison of SMC1 ChIP-seq signals at Notch-

responsive elements showed no significant difference in

cohesin loading under Notch-on and -off conditions (Figure S6I).

Although Notch inhibition had only a marginal effect on accessi-

bility of Notch-responsive elements (Figure S3F), this effect was

even more limited for Notch target genes linked by Notch-in-

structed loops to Notch-insensitive enhancers (Figures S6J

and 3D, mode b), providing further evidence that Notch-in-

structed enhancer repositioning facilitates the expression of

this class of genes.

We next leveraged differential motif analysis to identify poten-

tial transcription factors present at loop anchors of Notch-repo-

sitioned enhancers in TNBC and MCL. Compared with other

enhancers, the 500-bp flanking sequences of the Notch binding

sites at the Notch-repositioned enhancers were strongly en-

riched for the zinc-finger transcription factor SP1 and ZNF263
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binding motifs (Figure S6K). Specifically, multiple SP1 and

ZNF263 recognition sites were found in 90% of the sequences

flanking Notch binding sites at the Notch-repositioned en-

hancers compared with only 15% of Notch-unbound enhancers.

Given the proposed regulatory role of non-coding RNA tran-

scripts (ncRNA) in enhancer-promoter interactions (Isoda et al.,

2017), we next tested whether Notch-dependent activation of

ncRNA increases the frequency of ncRNA-interacting loops. In

both TNBC and MCL Notch-instructed loops, Notch inhibition

markedly reduced the frequency of ncRNA-interacting loops

compared with long-range interactions not spatially associated

with ncRNAs (Figure S6L). Furthermore, the ratio of hypercon-

nected 3D cliques with at least one Notch-sensitive ncRNA

was �22-fold and �10-fold higher than non-hyperconnected

3D cliques in TNBC HCC1599 and MB157 cells, respectively

(p < 1E�15). Similarly, in MCL Rec-1 cells, we observed

21-fold more hyperconnected 3D cliques with at least one

Notch-sensitive ncRNA compared with non-hyperconnected

3D cliques. Overall, on average, more than 70% of Notch-sensi-

tive ncRNAs were located in hyperconnected 3D cliques in MCL

and TNBC. Taken together, these results suggest that other tran-

scription factors, such as SP1 and ZNF263, and Notch-sensitive

ncRNAs participate in mechanisms that underlie element-spe-

cific Notch-instructed enhancer repositioning.

Notch Reactivation Restores Regulatory Looping
Interactions
Our data revealed that Notch inhibition ‘‘decommissions’’ regu-

latory loops, leading to downregulation of Notch target genes. If

Notch-mediated regulatory loops are dynamically regulated by

Notch, then these loops should be restored following Notch re-

activation by GSI washout (Figure 7A). Analysis of SMC1 HiChIP

following GSI washout (Figure S7A), as expected, showed

no change in contact domain boundaries (Figures S7B and

S7C). However, long-range regulatory interactions, including

enhancer-enhancer, enhancer-promoter, and promoter-pro-

moter interactions, were restored after Notch reactivation

(p < 1E�15; Figure 7B). By contrast, ectopic expression of

MYC, a protein that has been implicated in chromatin decom-

paction (Kieffer-Kwon et al., 2017) and was identified as a direct

Notch target gene (Figure 5), failed to protect Notch-instructed

regulatory interactions from Notch inhibition in MB157 cells (Fig-

ures S7D). Specifically, Notch reactivation by GSI washout

recovered more than 75% of these interactions (p < 1E�15; Fig-

ure 7C), including looping interactions involving MYC and

CCND1 (Figures 7D, S7E, and S7F). Furthermore, Notch reacti-

vation 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 interac-

tions involving the genomes of Notch-mutated cells.

DISCUSSION

Chromatin architecture dynamics in response to oncogenic tran-

scription factors are not well understood. Here we used the

response to oncogenic subversion of Notch in TNBC and MCL

to examine the effect of aberrant transcription factor activity on
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restored in Notch recovery (log2 fold change > 0.5, enrichR false discovery rate [FDR] < 0.05).
long-range regulatory loops and the consequence of such

changes on transcriptional outputs. Our chromatin conformation

maps of Notch-mutated cells reveal that oncogenic Notch

signaling differentially affects the 3D genome organization hier-

archy. Although chromatin contact domains are Notch-insensi-

tive and largely conserved across these cancer types, we find

that Notch-binding is selectively required for enhancer activation

and repositioning and is insufficient to determine regulatory

loops and chromatin state dynamics. We thus propose that

Notch relies on four distinct regulatory modes defined by

different combinations of enhancer activation and/or reposition-
ing to control its direct target genes, an observation that has

implications for targeting ‘‘undruggable’’ proto-oncogenes that

might be controlled by Notch-mediated long-range regulatory

loops in Notch-addicted tumors.

Sequences in different contact domains interact, albeit at a

much lower frequency, and may be important for proper gene

control (Furlong and Levine, 2018). Our high-resolution regula-

tory connectivity maps identified complexities of localized and

long-range enhancer and promoter sharing. By systematically

delineating clusters of enhancers and promoters that converge

through space in the regulatory interaction graph (i.e., 3D
Molecular Cell 73, 1174–1190, March 21, 2019 1187



regulome) of Notch-mutated TNBC and MCL, we show that reg-

ulatory loops of Notch-mutated cells coalesce enhancers and

promoters to form spatially interacting communities of regulatory

elements, termed 3D cliques, that are organized independent of

contact domains and are distinct from super-enhancers. We

also find that oncogenic Notch preferentially promotes en-

hancers and DNA loops in hyperconnected 3D cliques. 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 potentially uses

a multiplicity of distal enhancers and enhancer-enhancer inter-

actions to maximize Notch-driven pathogenic transcriptional

outputs. These observations suggest that, although genomic

loci with a high frequency of chromatin interactions are highly

enriched for super-enhancers (Beagrie et al., 2017), several su-

per-enhancersmight spatially interact to control key oncogenes.

Aggregation of enhancers distally located on a linear genome

into Notch-sensitive 3D cliques raises the possibility that the for-

mation of larger aggregates of regulatory elements in space

might serve to raise the concentration of oncogenic Notch bind-

ing events to mobilize the transcription apparatus and promote

their aberrant aggregation and phase-separated nucleation

(Boija et al., 2018). Hence, the observation of exceptionally

large interacting Notch-sensitive 3D cliques of regulatory ele-

ments advocates in favor of testing the applicability of the

nuclear condensate model for the Notch-mediated activation

of key proto-oncogenes in the future. Together, our results

implicate reorganization of regulatory loops as an instructive fac-

tor for implementing oncogenic transcription-factor-driven gene

expression.
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Antibodies

Rabbit monoclonal anti-MYC [Y69] Abcam Cat# ab32072; RRID:AB_731658

Mouse monoclonal anti-Cyclin D1 (DCS6) CST Cat# 2926; RRID:AB_2070400

Mouse monoclonal anti-TUBULIN [DM1A] Abcam Cat# ab7291; RRID:AB_2241126

Mouse monoclonal anti-b-ACTIN Sigma Cat# A5316; RRID:AB_476743

Rabbit polyclonal anti-Notch1 https://doi.org/10.1073/

pnas.1315023111

N/A

Rabbit monoclonal anti-RBPJ (D10A4) CST Cat# 5313; RRID:AB_2665555

Rabbit polyclonal anti-H3 acetyl-K27 Active Motif Cat# 39133; RRID:AB_2561016

Rabbit polyclonal anti-H3 trimethyl- K27 Millipore Cat# 07-449; RRID:AB_310624

Rabbit polyclonal anti-H3 mono methyl-K4 Abcam Cat# ab8895; RRID:AB_306847

Rabbit polyclonal anti-SMC1 Bethyl Cat# A300-055A; RRID:AB_2192467

Rabbit polyclonal anti-CTCF Millipore Cat# 07-729; RRID:AB_441965

Bacterial and Virus Strains

One Shot Stbl3 Chemically Competent E.coli Thermo Fisher Scientific Cat# C737303

Chemicals, Peptides, and Recombinant Proteins

RPMI 1640 Corning Cat# 10-040-CM

DMEM Corning Cat# 10-013-CV

Dulbecco’s Phosphate-Buffered Salt Solution 1X Corning Cat# 21031CV

HyClone Fetal bovine serum Thermo Fisher Scientific Cat# SH30070.03

L-glutamine Corning Cat# 25-005-CI

Penicillin-Streptomycin Corning Cat# 30-002-CI

MEM Non-Essential Amino Acids GIBCO Cat# 11140-050

Sodium Pyruvate GIBCO Cat# 11360-070

2-mercaptoethanol Sigma Cat# M6250

Trypsin (2.5%) GIBCO Cat# 15090-046

g-Secretase Inhibitor XXI (compound E) Calbiochem Cat# 565790

FuGene HD Promega Cat# E2311

Polybrene Sigma-Aldrich Cat# H9268

Puromycin Takara Cat# 631305

RNeasy Plus Mini kit QIAGEN Cat# 74136

RNeasy Plus Micro Kit QIAGEN Cat# 74034

Power SYBR Green PCR Master Mix Applied Biosystems Cat# 4367659

Tris-HCI, pH 7.5, 1M Invitrogen Cat# 15567-027

Tris-HCI, pH 8.0, 1M Invitrogen Cat# 15568-025

EDTA, pH 8.0, 0.5M Invitrogen Cat# 15575-020

Sodium Chloride Fisher BioReagents Cat# 7647-14-5

MgCl2, 1M Thermo Cat# AM9530G

NP-40 (Igepal CA-630) Sigma Cat# I8896

Sodium deoxycholate Sigma-Aldrich Cat# D6750

SDS solution, 10% Invitrogen Cat# 15553-027

Sodium Fluoride Sigma-Aldrich Cat# S7920

Sodium orthovanadate Sigma-Aldrich Cat# S6508
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cOmplete, Mini, EDTA-free Protease

Inhibitor Cocktail

Roche Cat# 11836170001

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Life Technologies Cat# L34957

Fixation/Permeabilization Concentrate eBioscience Cat# 005123-43

Fixation/Permeabilization Diluent eBioscience Cat# 005223-56

CuSO4 Sigma-Aldrich Cat# C1297

Alexa Fluor 647-Azide Invitrogen Cat# A10277

L-Ascorbic acid Sigma-Aldrich Cat# 50-81-7

Recombinant Protein G Agarose Invitrogen Cat# 15920-010

Lithium Chloride, 8M Sigma-Aldrich Cat# 7447-41-8

Sodium bicarbonate Sigma-Aldrich Cat#144-55-8

RNase A Roche Cat# 10109169001

Proteinase K Invitrogen Cat# 25530-049

MinElute PCR Purification Kit QIAGEN Cat# 28004

QIAquick PCR Purification Kit QIAGEN Cat# 28106

MinElute Reaction Cleanup kit QIAGEN Cat# 28204

Pierce 16% Formaldehyde Thermo Fisher Scientific Cat# 28908

Glycine Invitrogen Cat# 15527-013

MboI NEB Cat# R0147

Biotin-14-dATP Invitrogen Cat# 19524-016

T4 DNA Ligase NEB Cat# M0202L

DNA Polymerase I, Large (Klenow) Fragment NEB Cat# M0210S

Triton X-100 Roche Cat# 10789704001

BSA, 50mg/ml Invitrogen Cat# AM2616

Tween 20 BIO-RAD Cat# 170-6531

Protein A Magnetic Beads Pierce Cat# 88846

Dynabeads MyOne Streptavidin C1 Invitrogen Cat# 65001

Dimethylformamide Sigma-Aldrich Cat# D4551

G418 GIBCO Cat# 11811-023

Doxycycline Sigma Cat# D9891

Phusion PCR Master Mix NEB Cat# M0531

NEBNext High-Fidelity 2X PCR Master Mix NEB Cat# M0541

Nextera XT Index Kit Illumina Cat# FC-131-1001

NEBNext Multiplex Oligos for Illumina NEB Cat# E7600S

AMPure XP Beckman Coulter Cat# A63881

SuperScript III Reverse Transcriptase Invitrogen Cat# 18080093

Poly-L-lysine Sigma Aldrich Cat# P8920

Polyvinylsulfonic acid (PVSA) Sigma Aldrich Cat# 278424

Slowfade Invitrogen Cat# 336936

Critical Commercial Assays

CellTiter-Glo Luminescent Cell Viability Assay Promega Cat# G7571

CellTrace Violet Cell Proliferation Kit Invitrogen Cat# C34557

Click-iT EdU Alexa Fluor 647 Flow Cytometry

Assay Kit

Invitrogen Cat# C10424

SMARTer Stranded Total RNA Sample Prep

Kit - HI Mammalian

Clontech Cat# 634873

D1000 ScreenTape Agilent Cat# 5067-5582

D1000 Reagents Agilent Cat# 5067-5583
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High Sensitivity D1000 ScreenTape Agilent Cat# 5067-5584

High Sensitivity D1000 Reagents Agilent Cat# 5067-5585

Genomic DNA ScreenTape Agilent Cat# 5067-5365

Genomic DNA Reagents Agilent Cat# 5067-5366

RNA ScreenTape Agilent Cat# 5067-5576

RNA ScreenTape Ladder Agilent Cat# 5067-5578

RNA ScreenTape Sample Buffer Agilent Cat# 5067-5577

NEBNext Ultra II DNA Library Prep Kit NEB Cat# E7645S

Qubit dsDNA HS Assay Kit Invitrogen Cat# Q32851

Tn5 transposase Illumina Cat# FC-121-1030

KAPA Library Quant Kit Roche Cat# KK4824

Deposited Data

ChIP-seq, RNA-seq, ATAC-Seq, and HiChIP This study GEO: GSE116876

RNA-seq Rec-1 GSI https://doi.org/10.1158/

2159-8290.CD-13-0830

GEO: GSE59810

RNA-seq Rec-1 WO https://doi.org/10.1158/

2159-8290.CD-13-0830

GEO: GSE59810

ChIP-seq Rec-1 H3K27ac GSI https://doi.org/10.1016/

j.celrep.2017.09.066

GEO: GSE97541

ChIP-seq Rec-1 H3K27ac WO https://doi.org/10.1016/

j.celrep.2017.09.066

GEO: GSE97541

ChIP-seq Rec-1 NICD1 GSI https://doi.org/10.1016/

j.celrep.2017.09.066

GEO: GSE97541

ChIP-seq Rec-1 NICD1 WO https://doi.org/10.1016/

j.celrep.2017.09.066

GEO: GSE97541

Experimental Models: Cell Lines

MB157 ATCC Cat# CRL-7721

HCC1599 ATCC Cat# CRL-2331

Rec-1 https://doi.org/10.1016/

j.celrep.2017.09.066

N/A

DND41 DSMZ ACC 525

HEK293T ATCC Cat# CRL-3216

Oligonucleotides

Primer: EEF1A1 forward: TTGTCGTCATTGGA

CACGTAG

This study N/A

Primer: EEF1A1 reverse: TGCCACCGCATTT

ATAGATCAG

This study N/A

Primer: MYC forward: ACCCTCTCAACGAC

AGCAGC

This study N/A

Primer: MYC reverse: ACTCCGTCGAGGAG

AGCAGA

This study N/A

Primer: CCND1 forward: AGCTCCTGTGCT

GCGAAGTG

This study N/A

Primer: CCND1 reverse: GATCTTCCGCAT

GGACGGCA

This study N/A

MYC E1 targeting sequence: g7: GTATTTGA

GAATGCGGGTTG

This study N/A

MYC E1 targeting sequence: g16: CACAGTG

CTCTTCAAAGCAC

This study N/A

MYC E5 targeting sequence: g3: GGCTCTTGA

CCTGATTCCCA

This study N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MYC E5 targeting sequence: g23: TTGGCAGC

CTCCATAGGAAC

This study N/A

CCND1 E1 targeting sequence: g2: CCCTAAT

GCTGCTTTCCCAT

This study N/A

CCND1 E2 targeting sequence: g6: CATGCTG

TAGGAAGTTCCCA

This study N/A

Secondary Oligopaint probe: /5Alex488N/CACA

CGCTCTTCCGTTCTATGCGACGTCGGTG/

3AlexF488N/

https://doi.org/10.1073/

pnas.1714530115

N/A

Secondary Oligopaint probe: /5ATTO565N/ACAC

CCTTGCACGTCGTGGACCTCCTGCGCTA/

3ATTO565N/

https://doi.org/10.1073/

pnas.1714530115

N/A

Secondary Oligopaint probe: /5Alex647N/TGATC

GACCACGGCCAAGACGGAGAGCGTGTG/

3AlexF647N/

https://doi.org/10.1073/

pnas.1714530115

N/A

Recombinant DNA

LentiV_Cas9_puro https://doi.org/10.1126/

science.aao0932

Cat# Addgene # 108100

LRG2.1 https://doi.org/10.1126/

science.aao0932

Cat# Addgene #108098

LRCherry2.1 https://doi.org/10.1126/

science.aao0932

Cat# Addgene #108099

pINDUCER-20-MYC https://doi.org/10.1016/

j.celrep.2017.09.066

N/A

Software and Algorithms

BEDTools v2.25.0 https://doi.org/10.1093/

bioinformatics/btq033

http://bedtools.readthedocs.io/en/stable/;

RRID:SCR_006646

biomaRt v2.28.0 https://doi.org/10.1093/

bioinformatics/bti525

https://www.rdocumentation.org/packages/

biomaRt/versions/2.28.0; RRID:SCR_006442

BWA v0.7.13 https://doi.org/10.1093/

bioinformatics/btp324

http://bio-bwa.sourceforge.net;

RRID:SCR_010910

CRISPR Tool https://doi.org/10.1016/

j.cell.2014.05.010

http://zlab.bio/guide-design-resources

DESeq2 v1.10.1 https://doi.org/10.1186/

s13059-014-0550-8

https://bioconductor.org/packages/release/

bioc/html/DESeq2.html; RRID:SCR_015687

FlowJo v9.7.7 FlowJo LLC https://www.flowjo.com; RRID:SCR_008520

ggplot2 v2.2.1 https://ggplot2.tidyverse.org/ https://ggplot2.tidyverse.org; RRID:SCR_014601

HiC-Pro v2.5.0 https://doi.org/10.1186/

s13059-015-0831-x

https://github.com/nservant/HiC-Pro

HOMER v4.8 https://doi.org/10.1016/

j.molcel.2010.05.004

http://homer.ucsd.edu/homer; RRID:SCR_010881

JASPAR https://doi.org/10.1093/

nar/gkh012

http://jaspar.genereg.net; RRID:SCR_003030

Juicer tools v1.7.6 https://doi.org/10.1016/

j.cels.2016.07.002

https://github.com/aidenlab/juicer

Juicebox v1.0 https://doi.org/10.1016/

j.cels.2015.07.012

https://www.aidenlab.org/juicebox

MACS v2.0.9 https://doi.org/10.1186/

gb-2008-9-9-r137

https://github.com/taoliu/MACS; RRID:SCR_013291

Mango v1.2.0 https://doi.org/10.1093/

bioinformatics/btv336

https://github.com/dphansti/mango

MEME v4.11.1 https://doi.org/10.1093/

nar/gkv416

http://meme-suite.org/index.html;

RRID:SCR_001783
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

MSigDB v6.1 https://doi.org/10.1016/

j.cels.2015.12.004

http://software.broadinstitute.org/gsea/msigdb/

index.jsp; RRID:SCR_003199

normR v1.6.0 J. Helmuth https://bioconductor.org/packages/release/

bioc/html/normr.html; RRID:SCR_006442

Picard v2.1.0 https://broadinstitute.

github.io/picard/

https://broadinstitute.github.io/picard;

RRID:SCR_006525

pheatmap v 1.0.10 R. Kodle https://github.com/raivokolde/pheatmap;

RRID:SCR_016418

RepeatMasker http://www.repeatmasker.org/ http://www.repeatmasker.org; RRID:SCR_012954

SAMTools v1.3 https://doi.org/10.1093/

bioinformatics/btp352

http://samtools.sourceforge.net;

RRID:SCR_002105

STAR v2.5 https://doi.org/10.1093/

bioinformatics/bts635

https://github.com/alexdobin/STAR;

RRID:SCR_015899

Sushi v1.18.0 https://doi.org/10.1093/

bioinformatics/btu379

https://bioconductor.org/packages/release/

bioc/html/Sushi.html; RRID:SCR_006442

Trim Galore v0.4.1 Babraham Bioinformatics https://www.bioinformatics.babraham.ac.uk/

projects/trim_galore; RRID:SCR_011847

UCSC tools v329 https://doi.org/10.1093/

bioinformatics/btq351

https://github.com/ucscGenomeBrowser/kent

WashU EpiGenome Browser v46.1 https://doi.org/10.1002/

0471250953.bi1010s40

http://epigenomegateway.wustl.edu/browser;

RRID:SCR_006208
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for reagents may be directed to and will be fulfilled by the lead contact, Robert B. Faryabi (faryabi@

pennmedicine.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The cell linesMB157, HCC1599 and HEK293Twere obtained from the American Tissue Culture Collection (ATCC). DND41 cells were

purchased form the Leibniz-Institute DSMZ-German Collection of Microorganisms and Cell Lines (DSMZ). Rec-1 cells were provided

by Dr. Jon Aster and were verified by short tandem repeat (STR) profiling. Cell lines were regularly tested for mycoplasma.

HCC1599 (female), Rec-1 (male) and DND41 (male) cells were grown in RPMI 1640 (Corning, cat# 10-040-CM) supplemented with

10% fetal bovine serum (Thermo Fisher Scientific, cat# SH30070.03), 2 mM L-glutamine (Corning, cat# 25-005-CI), 100 U/mL and

100 mg/mL penicillin/streptomycin (Corning, cat# 30-002-CI), 100 mM nonessential amino acids (GIBCO, cat# 11140-050), 1mM so-

dium pyruvate (GIBCO, cat# 11360-070) and 0.1mMof 2-mercaptoethanol (Sigma, cat#M6250). MB157 (female) cells were grown in

DMEM (Corning, cat# 10-013-CV) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, cat# SH30070.03) and

100 U/mL and 100 mg/mL penicillin/streptomycin (Corning, cat# 30-002-CI). When passaged cells were detached with 0.25%

trypsin, EDTA-free (GIBCO, cat# 15090-046) to avoid activation of Notch signaling. HEK293T cells were grown in DMEM (Corning,

cat# 10-013-CV) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, cat# SH30070.03) and 100 U/mL and

100 mg/mL penicillin/streptomycin (Corning, cat# 30-002-CI).

All cell lines were grown at 37�C and 5% CO2 and were used at a low passage number (< 12).

METHOD DETAILS

GSI-Washout assay
For GSI washout studies of ChIP-seq, RNA-seq and ATAC-seq in MB157, HCC1599, Rec-1 and DND41 cells were treated with the

GSI compound E (1 mM, Calbiochem cat# 565790) for 72 hours, washed, and then cultured for 5 hours in media containing 1 mMGSI

(mock washout) or DMSO (washout) as previously described (Wang et al., 2014). For HiChIP recovery assay GSI was removed after

72 hours and cells were then recovered for 3 days. Followingwashout, cells were harvested from culture, cross-linked for ChIP-seq or

HiChIP and frozen in �80�C for further use.
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Lentiviral Packaging
Lentivirus was produced in HEK293T cells as previously described (Ryan et al., 2017). Briefly, 4x106 HEK293T cells were plated in

8mLDMEMmedia in 10 cm dishes a day before transfection. The lentiviral constructs, packaging plasmid (pCMVdelta) and envelope

plasmid (VSV-G) were co-transfected using FuGene HD (Promega, cat# E2311). The cells were returned to the incubator for at least 6

hours before media was replaced. Viruses were harvested 48h post-transfection, snap-frozen, and stored at �80�C.

MYC and CCND1 enhancer knockdown
CRISPR/Cas9 system was used for knocking down MYC and CCND1 enhancers. Codon-optimized version of Cas9 carrying puro-

mycin resistance gene and sgRNA vectors carrying GFP (LRG2.1) or mCherry (LRmCherry2.1) (Grevet et al., 2018) were used.

sgRNAs targeting sequences were designed with the http://zlab.bio/guide-design-resources platform to specifically target RBPJ

motifs in MYC and CCND1 enhancers and were sub-cloned into LRG2.1 and LRmCherry2.1 vectors. For stable cell line generation

MB157 cells were transducedwith Cas9-puro lentiviral supernatants by spinfection at 2500 rpm for 90min in the presence of 6 mg/mL

polybrene at 28�C (Sigma-Aldrich, cat# H9268). Transduced cells were selected 4 days after spin infection with 4 mg/mL puromycin

for 7 days, following the Cas9 mRNA examination. For targeting MYC enhancers MB157-Cas9 cells were subsequently transduced

with lentiviruses produced with LRmCherry2.1 encoding g7 and g16 (E1), LRG2.1 encoding g23 and g3 (E5) or LRmCherry2.1 encod-

ing g7 and g16 and LRG2.1 encoding g23 and g3 for dual targeting of MYC enhancers (E1 + E5). For targeting CCND1 enhancers

MB157-Cas9 cells were subsequently transduced with lentiviruses produced with LRG2.1 encoding g2 (E1), LRmCherry2.1 encod-

ing g6 (E2), or LRmCherry2.1 encoding g6 and LRG2.1 encoding g2 for dual targeting of CCND1 enhancers (E1 + E2). In control con-

dition MB157-Cas9 cells were transduced with LRG2.1 or LRG2.1 and LRmCherry2.1. Cells were sorted on BD FACS Aria II using

100 mm nozzle at 20 psi for expression of GFP, mCherry or both on day 4 and harvested for RNA extraction and western blotting.

Quantitative RT-PCR
RNA was extracted with the QIAGEN RNeasy Plus Mini kit (cat# 74136) or Micro Kit (cat# 74034). cDNA was synthesized from RNA

with the SuperScript III kit (Invitrogen, cat# 18080093). Transcripts were amplified with Power SYBR Green PCRMaster Mix (Applied

Biosystems, cat# 4367659), and quantitative PCR was performed on an Applied Biosystem ViiA 7 real-time PCR System. Relative

expression level was calculated by the 2^-(DDCt) method in comparison to EEF1A1 control. Statistics was calculated using a Student’s

t test against the control condition. Primers were designed using Primer-BLAST software.

Western Blot
Western blotting was performed on whole cell lysates from sorted control and dualMYC or CCND1 enhancer targeted MB157 cells.

Whole cell lysates were extracted with RIPA buffer (50mMTris pH 8.0, 1mMEDTA, 150mMNaCl, 1%NP-40, 0.5%Na-deoxycholate,

0.1% SDS) supplemented with 10mM NaF, 1mM Na3VO4 and EDTA-free proteinase inhibitor cocktail cOmplete (Roche, cat#

11836170001) by standard western blotting protocols. Antibodies used were MYC antibody [Y69] (Abcam, cat# ab32072),

CCND1 antibody (DCS6) (CST, cat# 2926), a-tubulin [DM1A] (Abcam, cat# ab7291), and b-actin (Sigma, cat# A5316).

Cell proliferation assays
To measure cell growth, control cells and dualMYC enhancer targeted cells were sorted on BD Influx using 140 mm nozzle at 5.5 psi,

and were re-plated in 3-5 replicates at equal density in 96 well plates. Luminescence wasmeasured 24 hours after plating (day 0) and

every 3 days for total 9 days with CellTiter Glo Luminescent Cell Viability Assay (Promega, cat# G7571) according to the manufac-

turer’s instructions. Statistics for cell growth changes were calculated using a Student’s t test against the control condition.

To measure CellTrace Violet (CTV) dilution in control and MYC or CCND1 enhancer knock down cells, 4 days after spinfection

2x106 cells were stained with standard protocol from CellTrace Violet Cell Proliferation Kit for flow cytometry (Invitrogen, cat#

C34557). Stained cells were analyzed 6 days post CTV incorporation. Freshly stained CTV cells and unstained cells were used for

comparison. Cells were gated on live population using LIVE/DEAD Aqua (Life Technologies, cat# L34957) and GFP or mCherry

and GFP positive cells were assayed for CTV dilution. Three replicates were performed for each condition. Mean fluorescence inten-

sity (MFI) was calculated using geometric mean of the indicated fluorescence in FlowJo software v9.7.7 (TreeStar).

EdU incorporation assay
MB157 cells were spinfected with control sgRNAs or CCND1 (E1 and E2) targeted sgRNAs and 6 days post-spinfection cultured in

the presence of 10mMEdU (Invitrogen, cat# C10424) for 24 hours. Cells were then harvested with 0.25% trypsin, EDTA-free (GIBCO,

cat# 15090-046), sorted and washed twice with 1x PBS (Corning, cat# 21031CV) and fixed by fixation/permeabilization kit

(eBioscience, cat# 005223-56 and 005123-43) for 30 minutes. Fixed cells were washed twice with ice-cold 1x PBS and incubated

for 30 minutes at RT with a solution containing 10mM Tris-HCL pH 8.5, 20mM CuSO4, 1.45 mg/mL of Alexa Fluor 647-Azide

(Invitrogen, cat# A10277) and 135mM of ascorbic acid (Sigma-Aldrich, cat# 50-81-7). Cells were washed once with 1x PBS and

Flow cytometry was performed on BD LSR II and FlowJo software v9.7.7 (TreeStar) was used for analysis. Three replicates were per-

formed for each condition. Mean fluorescence intensity (MFI) was calculated using geometric mean of the indicated fluorescence in

FlowJo software v9.7.7 (TreeStar).
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RNA Sequencing
Strand-specific RNA-seq was performed onMB157, HCC1599 and DND41 cells. Poly-A selected RNA-seq for Rec-1 cells was done

previously (Stoeck et al., 2014). Cells fromGSI andwashout conditions were washedwith 1 x PBS (Corning, cat# 21031CV) and lysed

with 350 mL RLT Plus buffer (QIAGEN) supplemented with 2-mercaptoethanol (Sigma, cat# M6250), vortexed briefly, snap-frozen on

dry ice, and stored at �80�C. Subsequently, total RNA was isolated using the RNeasy Plus Micro Kit (QIAGEN, cat# 74034). RNA

integrity numbers were determined using TapeStation 2200 (Agilent), and all samples used for RNA-seq library preparation had

RIN numbers greater than 9.5. 800 ng of total RNA was used and libraries were prepared using the SMARTer Standard Total RNA

Sample Prep Kit-HI Mammalian (Clontech, cat# 634873). Libraries were single-end sequenced (75 bp) on a NextSeq 550. Three bio-

logical replicates were performed in each cell line in GSI and washout conditions.

Chromatin Immunoprecipitation Sequencing
ChIP-seq was performed as previously described (Ryan et al., 2017). Briefly, chromatin samples prepared from appropriate number

of fixed cells (107 for histonemodifications and 43 107 for transcription factors) were sonicated and clearedwith recombinant protein

G–conjugated Agarose beads (Invitrogen, cat# 15920-010) and subsequently immunoprecipitated with antibodies recognizing

Notch1 (Wang et al., 2014), RBPJ (D10A4) (CST, cat# 5313), H3K27ac (Active Motif, cat# 39133), H3K27me3 (EMD Millipore cat#

07-449), H3K4me1 (Abcam, cat# ab8895), SMC1a (Bethyl, cat# A300-055A) and CTCF (EMDMillipore cat# 07-729). Antibody-chro-

matin complexes were captured with recombinant protein G–conjugated Agarose beads, washed with Low Salt Wash Buffer, High

Salt Wash Buffer, LiCl Wash Buffer and TE buffer with 50mM NaCl and eluted. Input sample was prepared by the same approach

without immunoprecipitation. After reversal of cross-linking, RNase (Roche, cat# 10109169001) and Proteinase K (Invitrogen, cat#

25530-049) treatments were performed and DNA was purified with QIAquick PCR Purification Kit (QIAGEN, cat# 28106). Libraries

were then prepared using the NEBNext Ultra II DNA library Prep Kit for Illumina (NEB, cat# E7645S). Two replicates were performed

for each condition. Indexed libraries were validated for quality and size distribution using a TapeStation 2200 (Agilent). Single end

sequencing (75 bp) or Paired-end sequencing (38 bp+38 bp) was performed on a NextSeq 550.

HiChIP
HiChIP was performed as described (Mumbach et al., 2016) using antibody against SMC1a (Bethyl, cat# A300-055A). Briefly, 23 107

cells were crosslinked with 1% formaldehyde (Thermo Fisher Scientific, cat# 28908) for 10 min and subsequently quenched with

0.125M glycine (Invitrogen, cat# 15527-013). Chromatin was digested using MboI restriction enzyme (NEB, cat# R0147), followed

by biotin incorporation with Biotin-14-dATP (Invitrogen, cat# 19524-016) in end-repair step, ligation, and sonication. Sheared chro-

matin was 4-fold diluted with ChIP dilution buffer (16.7mM Tris pH 7.5, 167mM NaCl, 1.2mM EDTA, 0.01% SDS, 1.1% Triton X-100)

and cleared and then incubated with anti-SMC1 antibody at 4�C for overnight. Chromatin-antibody complexes were captured by

Protein-A magnetic beads (Pierce, cat# 88846) and subsequently washed with Low Salt Wash Buffer, High Salt Wash Buffer, LiCl

Wash Buffer and eluted. DNA was purified with MinElute PCR Purification Kit (QIAGEN, cat# 28004) and quantified using Qubit

dsDNAHS Assay Kit (Invitrogen, cat# Q32851). 50-150ng was used for capture with Dynabeads MyOne Streptavidin C-1 (Invitrogen,

cat# 65001) and an appropriate amount of Tn5 enzyme (Illumina, cat# FC-121-1030) was added to captured DNA to generate

sequencing library. Paired-end sequencing (38 bp+38 bp) was performed on a NextSeq 550.

Assay for Transposase-Accessible Chromatin (ATAC)
ATAC-seq was performed as previously described (Buenrostro et al., 2013). Briefly, 50,000MB157 GSI-treated or GSI-washout cells

were pelleted at 800 x g and washed with 50 mL of ice cold 1 x PBS (Corning, cat# 21031CV), followed by 2min treatment with 50 mL

lysis buffer (10 mM Tris-HCl, pH 7.4, 3 mM MgCl2, 10 mM NaCl, 0.1% NP-40 (Igepal CA-630). After pelleting nuclei, nuclei were re-

suspended in 50 mL of transposition buffer (25 mL of 2 x TD buffer, 22.5ul ofmolecular biology gradewater and 2.5 mL Tn5 transposase

(Illumina, cat# FC-121-1030) to tag the accessible chromatin for 45min at 37�C. Tagmented DNAwas purified withMinElute Reaction

Cleanup kit (QIAGEN, cat# 28204) and amplified with 5 cycles. Additional number of PCR cycles was determined from the side re-

action and ranged from 10-12 total cycles of PCR. Two replicates were performed for each condition. Libraries were purified using

QiaQuick PCR purification kit (QIAGEN, cat# 28106) and eluted in 20 mL EB buffer. Indexed libraries were assessed for nucleosome

patterning on the TapeStation 2200 (Agilent) and paired-end sequenced (38bp+38bp) on NextSeq 550 (Illumina).

MYC transgene rescue of GSI-treated cells
For generation of doxycycline inducible MYC transgene expression, MB157 cells were transduced with pINDUCER-20-MYC (Ryan

et al., 2017) lentiviral supernatants by spinfection at 2500 rpm for 90 min in the presence of 6 mg/mL polybrene at 28�C. Transduced
cells were selected 4 days after spin infection with 1.2 mg/mL G418 (GIBCO, cat# 11811-023) for 10 days. MB157 cells stably trans-

duced with pINDUCER-20-MYC were plated in media containing 1 mM GSI (Calbiochem cat# 565790) or DMSO, with or without

0.316 mg/ml doxycycline (Sigma, cat# D9891) for 3 days. 3 days following the treatment MYC transgene recovery was confirmed

with qRT-PCR and Western Blot. These cells were expanded and cross-linked for ChIP-seq or HiChIP.
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High-throughput 3D DNA-FISH
Generation of Oligopaint FISH probes

Oligopaint libraries were designed using the OligoMiner pipeline (Beliveau et al., 2018). 50 nucleotide sequences with homology to

the regions of interest were mined from the hg38 genome build using the default parameters of OligoMiner. Each probe library tar-

geted a 50 Kb region of sequence.

Oligopaint FISH on slides

Cells were cytospun to poly-L-lysine-treated glass slides at 1200 rpm for 5 min. Cells were subsequently fixed for 10 minutes with

4% formaldehyde in PBS at room temperature (RT), followed by membrane permeabilization with 0.5% Triton X-100 in PBS for

15 minutes at RT. Cells were then washed in 2XSSCT/50% formamide (0.3M NaCl, 0.03M sodium citrate, 0.1% Tween-20)

for 5min, pre-denatured in 2 3 SSCT/50% formamide at 92�C for 2.5 minutes, and then in 2 3 SSCT/50% formamide at 60�C for

20 minutes. 10 pmol of primary Oligopaint probes in hybridization buffer (10% dextran sulfate/2xSSCT/50% formamide/4% polyvi-

nylsulfonic acid (PVSA)/1.4 mM dNTPs) were then added to the cells, covered with a coverslip, and sealed with rubber cement. Cells

were denatured by placing slides on a heat block in a water bath set to 92�C for 2.5 minutes, after which slides were transferred to a

humidified chamber and incubated overnight at 37�C. Approximately 16-18 hours later, coverslips were removed with a razor blade,

and slides were washed in 2 3 SSCT at 60�C for 15 minutes, 2 3 SSCT at RT for 10 minutes, and 0.2 3 SSC at RT for 10 minutes.

Secondary probes (10pmol/25mL) containing fluorophores were added to slides, again resuspended in hybridization buffer contain-

ing only 10% formamide, and covered with a coverslip sealed with rubber cement. Slides were incubated at room temperature for 2

hours in a humidified chamber, followed by washes in 23 SSCT at 60�C for 5 minutes, 23 SSCT at RT for 5 minutes, and 0.23 SSC

at RT for 5minutes. All slides werewashedwith Hoechst DNA stain (1:10,000 in PBS) for 5minutes, followed by 2X 5minutewashes in

PBS before mounting in Slowfade (Invitrogen, cat# 336936).

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical significance of differences between measurements was determined by Wilcoxon rank sum using the R package,

unless otherwise was stated. Statistical details of experiments can be found in the figure legends.

Definition of regulatory elements
The following definitions of regulatory elements were used throughout the manuscript. Promoters: Promoters were defined as ± 2.5

kilobases from the transcription start site (TSS) of each expressed gene. Enhancers: Enhancers were defined as H3K27ac peaks

greater than 500bp excluding the ones overlapping with promoters. Super-enhancers: Super-enhancers were defined by implement-

ing previously described methods (Whyte et al., 2013) in R and applying it to H3K27ac peaks.

Gene annotation
A total of 2,828,317 Ensembl transcripts in GRCh37.75 assembly were downloaded in gtf format. For each Ensembl gene id (ENSG),

the longest transcript (ENST) was used to assign unique transcriptional start site and gene position. After exclusion of genes anno-

tated as rRNA or on chromosome M, 57,209 gene annotations were used in RNA-seq analysis.

ChIP-seq data analysis
Alignment

Reads from all ChIP-seq experiments were trimmedwith TrimGalore (version 0.4.1) with parameters -q 15–phred33–gzip–stringency

5 -e 0.1–length 20. Trimmed reads were aligned to the Ensembl GRCh37.75 primary assembly including chromosome 1-22, chrX,

chrY, chrM and contigs using BWA (version 0.7.13) (Li and Durbin, 2009) with parameters bwa aln -q 5 -l 32 -k 2 -t 6 and paired-

end reads were group with bwa sampe -P -o 1000000. Reads mapped to contigs, ENCODE blacklist and marked as duplicates

by Picard (version 2.1.0) were discarded and the remaining reads were used in downstream analyses and visualization.

Transcription factor reproducible peak calling

Reproducible peaks in ChIP-seq replicates of transcription factors including NOTCH1, RBPJ, SMC1 and CTCF were identified

following an implementation of ENCODE Irreproducible Discovery Rate (IDR) pipeline. Peaks in true replicates, pseudoreplicates

and pooled samples were identified using MACS (version 2.0.9) (Zhang et al., 2008) with parameters -p 1E-3 -g hs–nomodel–shift-

size = 0.5*fragment_length–format = BAM–bw = 300–keep-dup = 1 and with corresponding input control. IDR cutoffs for true rep-

licates, pseudoreplicates and pooled samples were 0.05, 0.05 and 0.005 respectively. Replicates with Np/Nt < 2 and N1/N2 < 2

were considered reproducible.

Definition of Notch binding

ForMB157 and HCC1599, the union of NOTCH1 and RBPJ reproducible peaks in GSI-washout (WO) condition was defined as Notch

binding sites. The reads of merged replicates for NOTCH1 and RBPJ in GSI and WO were filtered on such sites individually and

quantified as raw binding strength. The enrichment of binding in WO versus GSI was calculated using ‘enrichR’ and ‘getQvalues’

from normr (version 1.6.0) R package using parameters treatment = WO.raw.binding, control = GSI.raw.binding, minP = 1, eps =

0.00001, iterations = 10, procs = 12. Bindings with FDR < 0.05were considered GSI-sensitive, or Notch-responsive. For each binding

site, if either NOTCH1 or RBPJ binding was Notch-responsive, the site was determined as ‘‘Notch-bound’’ or ‘‘Notch-responsive.’’
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Genomic regions that do not overlap with any Notch binding site were determined ‘‘Notch-unbound.’’ For Rec-1, this analysis was

done with only NOTCH1.

H3K27ac peak calling and differential analysis

Aligned reads of H3K27ac ChIP-seq replicates in GSI and GSI-washout (WO) conditions in MB157, HCC1599 and Rec-1 cells

weremergedwith samtools (version 1.3) (Li et al., 2009) ‘cat’ command for peak calling. Fragment length was estimatedwith HOMER

(version 4.8) (Heinz et al., 2010). Peaks were identified using MACSwith parameters -q 1E-5 -g hs–nomodel–shiftsize = 0.5*fragmen-

t_length–format = BAM–bw= 300–keep-dup = 1 andwith corresponding input control. In eachmerged library, peak-filtered H3K27ac

signal was quantified and normalized to FPKM. Log2 fold change of H3K27ac load was calculated as log2 FPKM of WO versus GSI.

Significance of changewas determined by using ‘enrichR’ and ‘getQvalues’ functions from normr R package using parameters treat-

ment =WO.raw.h3k27ac, control = GSI.raw.h3k27ac, minP = 1, eps = 0.00001, iterations = 10, procs = 12. The criteria for differential

H3K27ac peaks were log2 fold change > 0.5 or < �0.5 and FDR < 1E-10. Differential peaks with positive log2 fold change were

considered Notch-sensitive and the Notch-bound subset was considered Notch-activated.

Aligned reads of H3K27ac ChIP-seq replicates in GSI -dox and GSI +dox conditions in pINDUCER-20-MYC transduced MB157

cells were quantified individually over the coordinates of peaks identified in parental MB157 GSI-washout H3K27ac ChIP-seq and

normalized to FPKM. Log2 fold change of H3K27ac load was calculated as log2 averaged FPKM of replicates of GSI +dox versus

GSI -dox. Significance of change was determined using unnormalized quantification as input to ‘DESeq’ function from

DESeq2 R package (Love et al., 2014) with parameters test = ‘‘Wald,’’ betaPrior = F, fitType = ‘‘parametric.’’ P values

were adjusted for multiple hypothesis testing using FDR. The criteria for differential H3K27ac peaks were log2 fold change >

0.5 or < �0.5 and FDR < 1E-10.

ATAC-seq data analysis
Reads fromATAC-seq experiments were alignedwith the same procedure as ChIP-seq described above. Peaks in each samplewere

identified usingMACSwith parameters -p 1E-5–nomodel–nolambda–format = BAM -g hs–bw = 300–keep-dup = 1. To determine the

change in accessibility on Notch binding sites, aligned reads of each ATAC-seq sample were quantified on Notch binding sites

defined above and normalized to FPKM. Log2 fold change of accessibility was calculated as log2 averaged FPKM on replicates

of WO versus GSI. Significance of change was determined using unnormalized quantification as input to ‘DESeq’ function from

DESeq2 R package with parameters test = ‘‘Wald,’’ betaPrior = F, fitType = ‘‘parametric.’’ P values were adjusted for multiple hypoth-

esis testing using FDR. The criteria for differentially accessible Notch bindings were log2 fold change > 1 or < �1 and FDR < 0.01.

Motif Analysis
MEME-FIMO (Bailey et al., 2015) and RBPJ position probability matrices RBP-Jkappa_transfac_M01111 and RBP-Jkappa_

transfac_M01112 from ENCODE (http://compbio.mit.edu/encode-motifs) and RBPJ motif from Wang et al. (Wang et al., 2014)

was used to search for Notch-transcription complex binding motif in the sequences at the Notch-bound sites defined by ChIP-

seq analysis using a p value threshold of 1E-3.

MEME-FIMO and JASPAR human core database of transcription factor motifs (Sandelin et al., 2004) was used to search for bHLH

and zinc-finger family transcription factor motifs enriched within 1000 bp repeat-masked (http://www.repeatmasker.org/) sequences

centered at Notch-bound sites at the Notch-instructed loop anchors. Subsequently, permutation testing was used to demonstrate

the significance of the observed transcription factor motif at these sequences. In summary, for each cell line, the null distribution

model of Notch-bound sites at the Notch-instructed loops (foreground) was constructed from the sequences at H3K27ac peaks

that did not overlap with Notch-bound sites (background). For each iteration, a randomized set of coordinates matching the prop-

erties of foreground was generated from background using bedtools (version 2.25.0) (Quinlan and Hall, 2010) ‘shuffle’ command.

This process was repeated 1000 times and the number of times each of the observed motifs detected in the random sequences

was recorded. Using these values, sampling p values of motifs expressed in each cell line were calculated with R function ‘prop.test’

and ranked. For each cell line, the criteria for motif enrichment were occurrence in at least 90% of foreground sequences and p value

ranked in the top 20.

RNA-seq data analysis
RNA-seq data was aligned to Ensembl GRCh37.75 primary assembly including chromosome 1-22, chrX, chrY, chrM and contigs us-

ing STAR (version 2.5) (Dobin et al., 2013) with parameters–outFilterIntronMotifs RemoveNoncanonicalUnannotated–alignIntronMax

100000–outSAMstrandField intronMotif–outSAMunmapped Within–chimSegmentMin 25 –chimJunctionOverhangMin 25. Strand-

specific read counts were quantified using Subread (version 1.5.1) featureCounts with parameters -t exon -g gene_id -s 1 -T 6

and used as input to differential gene expression analysis. Read counts were normalized to reads per million per kilobase (RPKM)

for each gene. Expressed genes were determined as genes with > 1 RPKM in at least 4 out of 6 samples.

Differential gene expression analysis in WO versus GSI condition triplicates was performed using DEseq2 with parameters test =

‘‘Wald,’’ betaPrior = F, fitType = ‘‘parametric.’’ In MB157 and HCC1599, genes that showed log2 fold change > 0.5 or < �0.5 with

FDR < 0.05 were considered differentially expressed. Genes downregulated upon GSI-treatment, i.e., log2 fold change > 0.5
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were considered Notch-sensitive or Notch-upregulated genes. Notch-sensitive genes in both MB157 and HCC1599 were consid-

ered TNBC Notch-sensitive genes in Figure S3G. In Rec-1 and DND41, the analyses were the same except the log2 fold change

cutoff for differential expression was ± 0.2.

The union of Notch-sensitive genes in TNBC, Rec-1 and DND41 were used to generate the transcription heatmap in Figure S3G.

K-means clustering with k = 15 on log2 fold change was done with R function kmeans with parameters iter.max = 100000, nstart =

100. For visualization, log2 fold change with absolute value < 0.1 was set to 0. The clusters were rearranged to emphasize expression

patterns shared or unique to each cell type with ‘pheatmap’ visualization package in R.

Expressed genes in MB157, Rec-1 and DND41 were ranked by log2 fold change and used to conduct gene-set enrichment anal-

ysis (GSEA) (Subramanian et al., 2005) in Figure S3H with 100,000 permutations against the combined gene set HALLMARK_MYC_

targets_V1 and HALLMARK_MYC_targets_V2 from Molecular Signatures Database (MSigDB, version 6.1) (Liberzon et al., 2015).

Visualization was done in R.

HiChIP data analysis
Significant interaction calling

Raw reads for each HiChIP sample were processed with HiC-Pro (version v2.5.0) (Servant et al., 2015) to obtain putative interactions

with default parameters except LIGATION_SITE = GATCGATC and GENOME_FRAGMENT generated for MboI restriction enzyme.

Valid pairs (VI), self-circle (SC) and dangling-end (DE) interactions in cis were used as input for significant interaction calling in

‘.bedpe’ format. Mango (version 1.2.0) (Phanstiel et al., 2015) step 4 identified putative significant interaction anchors by MACS

peak calling with MACS_qvalue = 0.05 andMACS_shiftsize = 75. Mango step 5 identified significant interactions with default param-

eters except maxinteractingdist = 2000000 andMHT = found. Only significant interactions with PETs > = 4 were used in the following

analyses. Sequencing depth and library summary generated by HiC-Pro can be found in Table S1. For each library, each significant

interaction was normalized to contacts per hundred million, i.e., divided by the number of interactions in the Mango input .bedpe file

and timed 1E8.

Contact domain identification

The valid pairs (allValidPairs file) from HiC-Pro were used to generate .hic file using Juicer tools (version 1.7.6) (Durand et al., 2016b)

‘pre’ command. Interaction matrices with 25 Kb bin size and Vanilla coverage square root (VC_SQRT) normalization were generated

for each chromosome using Juicer tools ‘dump’ command. Continuous putative contact domain boundaries in DMSO and GSI

conditions were identified using insulation score (version 1.0.0) (Crane et al., 2015) with parameters -is 500000 -ids 200000 -im

mean -bmoe 3 -nt 0.1 -v. Overlap of domain boundaries in Figures 1C, S1B, S1C, and S1G were determined by bedtools ‘intersect’

command. Starting from the first boundary on every chromosome, each two consecutive boundaries constitute one contact domain.

Shared contact domains were defined as domains with both boundaries overlapping determined by bedtools ‘pairToPair’ command.

Compartment analysis

The eigenvector of each chromosome of each sample was generated from the .hic file using Juicer tools ‘eigenvector’ commandwith

VC_SQRT normalization at 1 Mb resolution. To compare the first principal component (PC1) between two samples, Pearson corre-

lation of PC1 per chromosome was calculated. If the correlation was negative, the signs of the PC1 values of this chromosome in one

sample were flipped.

Transcription factor binding on domain boundaries

The distance of each CTCF, SMC1, RBPJ andNOTCH1ChIP-seq peak to the closest domain boundary was calculated in terms of 25

Kb bins. Binding events within ± 3 bins of boundaries were considered on the boundaries. The orientations of CTCF motifs on CTCF

peaks were determined by MEME Suite function ‘fimo’ with p value 1E-3 and JASPAR CTCF motif CTCF_jaspar_MA0139.1. In the

case ofmultiplemotifs on either side of the boundaries of one domain, the hierarchy of CTCFmotif orientation is: if the two boundaries

have at least one pair of ± motifs, the domain was determined to have convergent CTCF motifs on its boundaries; else if at least

one pair of +/+ motifs, both forward; else if at least one pair of �/� motifs, both reverse; otherwise divergent motifs. The heatmap

in Figure 1D was generated with 920 domains with CTCF and SMC1 ChIP-seq peak on both of their boundaries. The left and right

boundaries of each domain were centered at the CTCF peak summit, extended ± 2 Kb and binned every 50bp. Normalized CTCF,

SMC1 and RBPJ ChIP-seq intensity were quantified and normalized with custom Perl script. Heatmap was sorted by row sum of

RBPJ intensity and visualized with pheatmap R package.

Contact domains chromatin activity

For each sample, the number of significant interactions within each contact domain was quantified and contact domains with lowest

25% significant interaction counts, lowest 5% size and top 5% size were discarded. The remaining contact domains were classified

for their chromatin state. To generate the heatmap in Figures 2A, S2B, and S2F, each contact domain was extended ± 20% of its size

and scaled to 0 - 100% and divided into 100 bins. H3K27ac, H3K4me1 and H3K27me3 ChIP-seq signals were quantified within each

bin using HOMER (version 4.8) (Heinz et al., 2010) annotatePeaks.pl with parameters hg19 -size given -hist 100 -ghist. An activity

score was defined for each contact domain as the sum of H3K27ac signal minus the sum of H3K27me3 signal. A contact domain’s

chromatin state was set to active if its activity score was positive, and repressed otherwise.

Intradomain interaction analysis

A significant contact was considered intradomain if its start and end were both within the boundaries of a contact domain. The sig-

nificant interactions within each contact domain were quantified by bedtools intersect and the normalized interactions were summed
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up. To generate Figures 2E and 2G and 6C, intradomain interaction log2 fold change DMSO versus GSI was calculated, ranked in

ascending order and divided into quartiles. The number of active or repressed domains in each quartile was counted and plotted

as stacked barplot with R ggplot2 (version 2.2.1). To generate the heatmap in Figures 2D and 2F and 6B, each contact domain

was extended ± 20%of its size, scaled to 0 - 100%, divided into 100 bins and quantified over the intradomain significant interactions.

Domains were sorted by log2 fold change in descending order and visualized with pheatmap.

Regulatory interaction analysis

Significant interactions were classified into enhancer-enhancer (EE), enhancer-promoter (EP) and promoter-promoter (PP) interac-

tions based on the presence of enhancers and promoters at the summit of the two anchors ± 5 Kb. For each EE/EP/PP interaction in a

sample, the normalized supporting significant contacts were summed up as interaction strength. Log2 fold changewas calculated as

log2 DMSO versus GSI of normalized interactions. Significance of fold change was determined by using ‘enrichR’ and ‘getQvalues’

functions from normr R package using parameters treatment = DMSO.raw.interaction, control = GSI.raw.interaction, minP = 1, eps =

0.00001, iterations = 10, procs = 12. The criteria for differential contact in MB157 were log2 fold change > 0.5 or < �0.5 and FDR <

1E-10. For HCC1599 andRec-1, the criteria were the same except FDR < 0.05. Differential interactions with positive fold changewere

considered Notch-sensitive and the subset with Notch-bound enhancer at the anchor(s) was considered Notch-instructed.

Figure 3 used EP interactions of Notch-sensitive genes. Genes without symbols, small nucleolar RNAs (snoRNAs), microRNA,

small nuclear RNAs (snRNA) and misc_RNA were excluded. In Figures 3E and 3F, direct Notch-activated genes were defined as

Notch-sensitive genes associated with Notch-activated/insensitive enhancers through Notch-instructed/insensitive loops. The num-

ber of Notch-activated enhancers and Notch-instructed loops were calculated for direct Notch target genes. Notch direct target

genes regulation mode was determined with the following procedure: if a gene had at least one Notch-instructed loop connecting

a Notch-activated enhancer, it was considered as DE + DL (mode a); else if a gene had at least one Notch-instructed loop, it was

considered as ØE + DL (mode b); else if a gene had at least one Notch-activated enhancer, it was considered as DE + ØL

(mode c); otherwise considered as ØE + ØL (mode d).

To assess regulatory loop recovery upon GSI-washout (WO) in MB157, the set of regulatory interactions determined in DMSO and

GSI conditions were quantified and normalized overWO significant interactions. Log2 fold changewas calculated as log2WO versus

GSI of normalized interactions. Significance of change was determined by using ‘enrichR’ and ‘getQvalues’ functions from normr R

package using parameters treatment = WO.raw.interaction, control = GSI.raw.interaction, minP = 1, eps = 0.00001, iterations = 10,

procs = 12. The criteria for recovered contact were log2 fold change > 0.5 or < �0.5 and FDR < 0.05. In Figure 7B, the normalized

intensity of Notch-sensitive EE/EP/PP interactions were visualized with ‘geom_boxplot’ in ggplot2 R package. In Figure 7C, the EP

interactions involving direct Notch-activated genes with Notch-instructed loops were sorted by log2 fold change of DMSO versus

GSI and the normalized intensity was visualized with pheatmap R package.

To assess regulatory loop recovery upon MYC rescue in MB157, the set of regulatory interactions determined in DMSO and GSI

conditions in parental MB157 were quantified and normalized over significant interactions identified in GSI –dox and GSI +dox con-

ditions in MB157-pIND-MYC line. Log2 fold change was calculated as log2 +dox versus -dox of normalized interactions.

Significance of change was determined by using ‘enrichR’ and ‘getQvalues’ functions from normr R package using parameters

treatment = +dox.raw.interaction, control = -dox.raw.interaction, minP = 1, eps = 0.00001, iterations = 10, procs = 12. The criteria

for recovered contact were log2 fold change > 0.5 or < �0.5 and FDR < 0.05.

3D Clique analysis

An undirected graph (Diestel, 1997) of regulatory interactions was constructed for each cell line where each vertex was an enhancer

or a promoter and each edge was a significant enhancer-enhancer, enhancer-promoter, or promoter-promoter interaction. ‘‘3D

Cliques’’ were defined by spectral clustering (Blondel et al., 2008) of the regulatory graph interactions using cluster_louvain function

in igraph R packagewith default parameters. A 3D clique connectivity was defined as the number of edges connecting vertices within

the clique. In Figures 4B and S6E, the connectivity of cliques was ranked in ascending order and plotted against the rank. The cutoff

for hyperconnected 3D cliques was set to the elbow of the curve and a tangent line at the cutoff was shown. In Figure 4E, a 3D clique

was ‘‘Notch-bound’’ if any enhancer node in the 3D clique was Notch-bound.

In Figure 4F, the number of Notch-sensitive edges in each 3D clique was normalized by the total number of Notch-sensitive edges.

3D cliqueswere ranked in the ascending order of their connectivity and divided into quartiles. The average number and standard error

of mean of normalized Notch-instructed edges per 3D clique per quartile was calculated and visualized with geom_bar from

ggplot2 R package. Figure 4G focused on 3D cliques containing direct Notch targets. The presence of each mode of regulation in

each 3D clique was numerated and normalized by the total presence of each mode. 3D cliques were classified based on the

most frequent mode and their total connectivity was visualized with geom_boxplot from ggplot2 R package. Three 3D cliques

with mode d (ØE + ØL) and three 3D cliques with mode a (DE + DL) were randomly selected and visualized with R ‘plot’ function

in Figure 4H. In Figures 4I and 3D cliques were in the ascending order of their connectivity and divided into quartiles. The average

number and standard error of mean of direct Notch targets per 3D clique per quartile was calculated and normalized by the total num-

ber of direct Notch targets. Three 3D cliques in the first and fourth size quartile were selected and visualized with R ‘plot’ function in

Figure 4J. 3D cliques associated with selected geneswere extracted and visualizedwith R ‘plot’ function in Figures 4D, S4C, S4E, 6E,

and S6G.
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Loop anchor Non-coding RNA analysis

The biotype of each gene was annotated with ‘getBM’ function in biomaRt R package (v2.28.0). Non-coding RNA were identified

based on biotypes including ‘‘lincRNA,’’ ‘‘antisense,’’ ‘‘sense overlapping,’’ ‘‘sense intronic,’’ ‘‘snoRNA,’’ ‘‘miRNA,’’ ‘‘snRNA,’’

‘‘misc RNA,’’ ‘‘pseudogene,’’ ‘‘processed pseudogene,’’ ‘‘unprocessed pseudogene,’’ ‘‘transcribed unprocessed pseudogene,’’

‘‘transcribed processed pseudogene,’’ ‘‘3prime overlapping ncrna,’’ ‘‘polymorphic pseudogene,’’ ‘‘unitary pseudogene,’’ ‘‘nonstop

decay.’’ The overlap between non-coding RNA and regulatory loop anchors were determined by bedtools ‘intersect’. Notch-in-

structed loops in each cell line with at least one Notch-bound site and non-coding RNA on the same anchor were compared with

Notch-instructed loops without non-coding RNA on either anchor.

Sequencing data visualization
ChIP-seq and RNA-seq tracks

Bedgraph of reads normalized to reads per million (RPM) from ChIP-seq and RNA-seq were generated with bedtools genomecov.

Selected genomic loci were visualized with R package Sushi (version 1.18.0) (Phanstiel et al., 2014) function ‘plotBedgraph’.

Genome-wide uploadable bigWig files were generated with UCSC tools (version 329) (Kent et al., 2010) ‘bedGraphToBigWig’.

Significant contact

The raw significant contacts identified above in .mango format were converted to tabix format as instructed by WashU EpiGenome

Browser (version 46.1) (Zhou and Wang, 2012) and can be uploaded in ‘Interaction’ mode. Normalized EE/EP/PP interactions at

selected loci were visualized with R package Sushi function ‘plotBedpe’.

Contact maps of various resolution

Juicebox (version 1.0) (Durand et al., 2016a) was used to visualize .hic files. To compare contact map of the same loci in two cell lines

at 500 Kb, 25 Kb and 5 Kb resolutions in Figures 1A and 1B and S1A, Vanilla coverage square root (VC_SQRT) normalization and view

mode ‘observed versus control’ were used.

Z-scored contact map

To emphasize the boundaries identified by insulation score, z-score transformation on 25 Kb-resolution VC_SQRT normalized con-

tact map was applied per chromosome per sample as described (Crane et al., 2015) using R function loessFit with parameters iter =

100, span = 0.02. Selected loci on transformed maps were visualized using R package Sushi function ‘plotHic’. To generate pile-up

z-scored contact map in Figure 1G, S1K, and S7B, the boundaries with or without Notch binding were centered at the boundary and

extended ± 500 Kb (203 25 Kb bins). Z-scored contact maps of the selected range were averaged and visualized using R package

Sushi function ‘plotHic’.

Virtual 4C plots

Contact matrices of 5 Kb resolution and VC_SQRT normalization were generated from .hic files using Juicer tools ‘dump’ command.

The bin containing the TSS of the gene of interest was determined as ‘‘viewpoint’’ as in 4C experiment. To visualize interactions of

surrounding region to the viewpoint, the row of the viewpoint in the contact matrix with the columns within selected range were

plotted as a line with R package ggplot2.

DNA-FISH imaging and analysis
Prepared cells were imaged on a Lecia SPE using a 63x HCXPL APOCS 1.4 NA oil immersion objective with pixels of 763 76 nm and

z spacing of 420 nm. We obtained stacks representing 10 mm in total axial thickness. Image analysis was performed as described

(Little et al., 2013). Briefly, raw images were processed with a Difference-of-Gaussians filter with inner and outer Gaussian param-

eters of 1.2 and 2.2 pixels, respectively, requiring true objects to be detected at the same xy location on at least 4 consecutive slices,

which facilitates separation of true objects from imaging noise. The brightest of the multiple images of the same object was located

along each z column and the corresponding z slice used as the z coordinate. Centroid positions in xy on the z slice containing the

brightest imagewere found by fitting a 2D elliptical Gaussian. Euclidian distances between nearest neighbors in each pair of channels

were then calculated.

DATA AND SOFTWARE AVAILABILITY

The accession number for the ChIP-seq, RNA-seq and ATAC-seq reported in this paper is NCBI GEO: GSE116876. Original imaging

and western blot data used to generate any figure panels have been deposited at Mendeley: (https://doi.org/10.17632/

ch9zcn8rbn.1).
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