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Abstract 

Super-enhancers are large, densely concentrated swaths of enhancers that regulate genes critical for cell identity. 
Tumorigenesis is accompanied by changes in the super-enhancer landscape. These aberrant super-enhancers com-
monly form to activate proto-oncogenes, or other genes upon which cancer cells depend, that initiate tumorigenesis, 
promote tumor proliferation, and increase the fitness of cancer cells to survive in the tumor microenvironment. These 
include well-recognized master regulators of proliferation in the setting of cancer, such as the transcription factor MYC 
which is under the control of numerous super-enhancers gained in cancer compared to normal tissues. This Review 
will cover the expanding cell-intrinsic and cell-extrinsic etiology of these super-enhancer changes in cancer, including 
somatic mutations, copy number variation, fusion events, extrachromosomal DNA, and 3D chromatin architecture, as 
well as those activated by inflammation, extra-cellular signaling, and the tumor microenvironment.
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Background
Super-enhancers are estimated to contain tenfold more 
distinct protein factors than typical enhancers and are 
algorithmically defined using the Rank Ordering of 
Super-Enhancers (ROSE) script [1–3]. Using chromatin 
immunoprecipitation of active regulatory marks, most 
commonly Med1, BRD4, or H3K27ac coupled with next-
generation sequencing (ChIP-seq), ROSE identifies areas 
of the epigenome with exceptionally high signal density 
known as super-enhancers (SEs).

SEs were first discovered in transgenic mice in 
and termed locus control regions in 1987. Further 

characterized in murine embryonic stem cells (mESCs), 
super-enhancers adopted their moniker in 2013 and were 
observed near transcription factors required for pluri-
potency, suggesting they may enrich at genes critical for 
cell identity in the setting of healthy and diseased states 
[4, 5]. Several genes involved in tumorigenesis and tumor 
progression were similarly found to be activated by SEs 
in cancer, notably MYC [2]. Transcriptional regulation by 
SEs is often critical for downstream gene expression, as 
CRISPR deletion or interference of the distal SE signifi-
cantly reduces expression of its target gene. In the case 
MYC, deletion of its SE in mice results in complete loss of 
MYC expression in hematopoietic lineages [6].

The etiologies of enhancer changes described in cancer 
are almost invariably attributed to cell-intrinsic genomic 
alterations, including (1) activation of oncogenic sign-
aling and, (2) de novo formation of transcription fac-
tor (TF) binding sites, as well as (3) focal amplification 
of non-coding active regulatory regions [7–10]. Here, 
we highlight literature on the origins of enhancer and 
SE reprogramming in cancer, including recent advances 
in cell-extrinsic SE reprogramming by the tumor 
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microenvironment as well as in extrachromosomal DNA, 
phase separation, and higher order chromatin structure.

Oncogenic signaling
Perhaps the most well-recognized etiology of SE repro-
gramming in cancer is downstream of somatic coding 
region mutations that activate oncogenes or inactivate 
tumor suppressor genes. In renal cell carcinoma, loss 
of the frequently mutated tumor suppressor VHL that 
encodes the E3 ligase for the HIF transcription factor, 
directly results in the formation of numerous aberrant 
SEs due to HIF accumulation [11]. In sporadic colorectal 
cancers, ~ 80% of cases are observed to have mutations 
in the tumor suppressor APC that encodes a member 
of the β-catenin destruction complex [12]. Accumu-
lated β-catenin subsequently translocates to the nucleus 
to bind the TCF/LEF family of transcription factors and 
activate transcription of Wnt target genes including the 
previously mentioned and known target MYC (Fig.  1) 
[13]. Indeed, Hnisz et al. observed dense binding of TCF4 
within the MYC SE and its motif was enriched among 
gained SEs in CRC [7]. Thus, oncogenic signaling from 
somatic mutations shape the super-enhancer landscape 
in CRC [7].

Gain-of-function point mutations in transcription fac-
tors can also cause aberrant SE formation. The KLF5 
transcription factor, an oncogene implicated in several 
cancers including CRC, exhibits hotspot E419Q muta-
tions in its DNA binding domain results in over 5000 
gained binding sites compared to WT KLF5 including de 
novo SEs at pro-tumorigenic genes [14]. In line with this 
finding, lung cancer cells overexpressing KLF5 E419Q 
exhibited greater proliferation than WT. Transcription 

factor mutations that create SEs are not exclusive to 
the DNA binding domain. In lymphoma, the frequently 
mutated transcriptional activator MEF2B exhibits N-ter-
minal hotspot mutations at regulatory residues  [15]. 
These allow the MEF2B D38V mutant to evades repres-
sor binding and, in turn, bind lymphoma-promoting 
genes  [16].

Inactivating mutations in proteins that directly mod-
ify histones can also reprogram SEs, especially proteins 
governing histone methylation, which are mutated in a 
variety of cancers [17]. Loss of histone methyltransferase 
KMT2D (also known as MLL4) in lung cancer results in 
a global reduction in SE acetylation levels due to inhibi-
tion of H3K4 methylation at promoters, including at the 
transcription factor PER2 which negatively regulates 
glycolytic genes [18]. Yet, disinhibition of these PER2-
dependent glycolytic genes nevertheless  sufficiently 
reprograms the SE landscape of these genes to sustain a 
metabolic dependency in this subset of lung cancer with 
increased sensitivity to glycolysis inhibiton [18]. Further-
more, loss of MLL4 also impairs formation of de novo 
oncogenic SEs by the aberrant expression of HOXA9 
transcription factor in acute leukemia [19].

In several cancers, whole genome and whole exome 
sequencing approaches uncovered high frequency muta-
tions in the SWI/SNF family of chromatin modify-
ing enzymes. The SWI/SNF complex features ATP-ase 
activity capable of de-stabilizing histone–DNA inter-
actions and thereby regulating chromatin accessibility 
for transcription factor binding. Thus, mutations in the 
SWI/SNF family, collectively observed in ~ 20% of all 
human cancers, can impact the enhancer landscape to 
varying degrees [20]. The discrepancy in effects is likely 

Fig. 1  Oncogenic signaling results in transcription factor occupancy at gained SEs in cancer. Metagene plots showing TCF4 occupancy (red, 
left bottom), a transcription factor activated by Wnt signaling, at SEs gained in CRC over normal colon (left top). Metagenes plots showing ERα 
occupancy (red, right bottom) at SEs gained in ER+ breast cancer over normal breast (right top). Figure reproduced with permission from Elsevier. 
Please refer to the original publication (Hnisz et al. [7]) for more details and citation
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dependent on which complex member is lost and evicted 
and the subsequent specific activity of the remaining 
complex, as well as the tissue-specific chromatin state it 
operates within.

For instance, PBRM1, which encodes the BAF180 subu-
nit of SWI/SNF, is frequently lost in renal cell carcinoma 
(RCC). However, PBRM1 silenced RCC cell lines exhibit 
little change in open chromatin and H3K27ac landscapes 
including at SEs [21]. Similarly, almost all pediatric 
rhabdoid tumors exhibit loss of SWI/SNF core subunit 
SMARCB1, which encodes the subunit SNF5. SMARCB1 
loss in this context decreases SWI/SNF occupancy at typ-
ical enhancers (TEs) while maintaining occupancy at SEs, 
an observation that was reproduced in other cancer cell 
lines as well [22–24].

Conversely, a separate study showed loss of ARID1A, 
mutated in endometrial carcinoma, preferentially affects 
SEs over TEs. Wilson et al. observed ARID1A occupancy 
at SEs over TEs, which exhibited increased H3K27ac sig-
nal and open chromatin accessibility following ARID1A 
deletion resulting in activation of invasion genes [25]. 
These sites were most significantly co-enriched with the 
histone acetyl-transferase (HAT) P300, which has known 
roles in enhancer and SE regulation [25]. Epistasis experi-
ments show that both the hyperacetylation of select SEs 
and the greater invasive phenotype in endometrial carci-
noma observed upon ARID1A deletion is attenuated with 
either genetic or pharmacologic inhibition of P300, sug-
gesting it is required in the setting of ARID1A loss [25]. 
The exact mechanism of ARID1A and P300 interplay is 
not fully understood, but appears to be independent of 
P300 recruitment as ARID1A deletion did not change 

significantly change P300 genome-wide occupancy [25]. 
A follow-up study proposes an alternative mechanism. 
ChIP-seq studies revealed significant co-localization of 
ARID1A and the repressive histone variant H3.3, which 
became depleted following ARID1A loss [26].

Fusion proteins and phase separation
The proximity of constituent enhancers, the density of 
protein factors, and the level of transcriptional coopera-
tivity led to the hypothesis that SEs exist as membrane-
less, phase separated condensates, which have recently 
emerged as an important driver of protein–protein 
interactions, especially given the intrinsically disordered 
domains present among transcription factors, Media-
tor, and BRD4 (Fig. 2) [3, 32–39]. Indeed, in vitro assays 
of GFP-tagged intrinsically disordered domains alone, 
derived from BRD4 or Med1, show condensate forma-
tion [40]. The significance of this discovery was in uncov-
ering a structural basis for enabling SE control of gene 
expression. Liquid condensates exhibit unique aggrega-
tion and dispersion properties that appear to specifically 
associated with SEs over typical enhancers.  Microscopy 
showed DNA–FISH probes against SEs, Med1, and BRD4 
to exist as overlapping puncta that could be dispersed 
with 1,6-hexanediol, which disrupts liquid condensates 
(Fig.  2) [35, 37, 38, 40]. Notably, puncta dispersion cor-
related with loss of Med1, BRD4, and RNA polymerase 
II at SEs. Furthermore, MED1 partitioning recruits RNA 
polymerase II and its positive regulators while exclud-
ing negative regulators [41]. Recent biochemical assays 
show that this phenomenon, termed selective partition-
ing, depends on the charge pattern of residues within 

Fig. 2  Super-enhancers exist as Phase separated liquid condensates. DNA-Fluorescent in situ Hybridization (DNA–FISH) of the Nanog SE shows 
punctate staining in the mouse embryonic stem cells. Co-immunofluorescence (IF) of super-enhancer transcriptional machinery proteins BRD4 and 
MED1 also show a punctate staining pattern, suggestive of phase separated liquid condensates. Merged view shows overlap of Nanog DNA–FISH 
and BRD4 and MED1 IF puncta, suggesting co-occupancy of the same liquid condensate. Figure reproduced with permission from Science. Please 
refer to the original publication (Sabari et al. [40]) for more details and citation
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intrinsically disordered regions [41]. Surprisingly, in vitro 
droplet assays demonstrate cytotoxic chemotherapy 
agents, such as cisplatin, also congregate within conden-
sates, with a preference for Med1 [42, 43]. This new area 
of study provides new mechanistic leads for the selective 
targeting of SE gene expression in cancer, a sought-after 
goal since the discovery of SEs.

Oncogenic fusion proteins that create aberrant tran-
scription factors can create de novo SEs to maintain 
transcriptional dependencies.  One recurrently detected 
fusion in leukemia, NUP98–HOXA9, is enriched for 
intrinsically disordered domains to form a de novo liq-
uid–liquid phase separated puncta with subsequent 
oncogenic SE formation detected by ChIP-seq [44, 
45]. Notably, fusion proteins with fewer phenylala-
nine and glycine repeats attenuated phase separation, 
as did mutating phenylalanine residues to serine [44]. 
Importantly, these changes also decreased leukemia 
transformation [44].  Other oncogenic fusion proteins 
capable of forming and sustaining aberrant SEs  include 
PAX3–FOXO1 in rhabdomyosarcoma, ZFTA–RELA in 
ependymoma, ETO2–GLIS2 in acute megakaryoblas-
tic leukemia, and TCF3–HLF in acute lymphoblastic 
leukemia [27–30]. SEs themselves may even be stitched 
together in an oncogenic fusion event to form a large 
hybrid SE, such as C19MC–TTYH1 in embryonal tumors 
with multi-layered rosettes to promote C19MC onco-
miRNA expression [31].

Non‑coding mutations and polymorphisms
Mutations in non-coding regions of the genome are 
observed in cancer. While most are believed to be pas-
senger events, a few are functionally relevant to cancer 
cells. Mansour et al. describe a SE in T-ALL that over-
lapped a recurrent somatic insertion in an intergenic 
region [8]. This insertion creates a de novo binding site 
for the transcription factor MYB that resulted in the 
formation of a SE at this locus (Fig.  3) [7]. The down-
stream gene, TAL1, was rendered exquisitely sensitive 
to MYB silencing, suggesting it assumes key regula-
tory control [8]. As proof-of-principle, CRISPR-cas9 
deletion of the somatic insertion collapses the super-
enhancer, reduces TAL1 expression, and affects cell 
viability—one of the first studies to concretely demon-
strate somatic mutations in non-coding regions could 
form enhancers that are inherently oncogenic [8].

A more systematic process of non-coding somatic 
mutations occurs in B cell lymphomas. B cells express 
activation-induced cytidine deaminase (AID) for 
somatic hypermutation and class switch recombination 
[46, 47]. However, these can occur at non-immunologic 
loci that generate translocations and mutations that 
contribute to B cell lymphoma tumorigenesis. A recent 
study showed 92% of diffuse large B cell lymphoma 
(DLBCL) samples, the most common form of lym-
phoma in the US, exhibit hypermutation and a char-
acteristic AID mutation signature [48]. In 2014, two 
studies identified AID activity at B cell SEs, with sub-
sequent hypermutation of these non-coding SE regions, 
including hotspot mutations suggestive of selection at 

Fig. 3  Recurrent non-coding insertions lead to super-enhancer formation and TAL1 expression. Left, H3K27ac ChIP-seq tracks showing a 
super-enhancer at the locus of TAL1 in Jurkat and MOLT-3 cells, both of T-cell acute lymphoblastic leukemia (T-ALL) origin. This super-enhancer 
is absent in DND-41 T-cell leukemia cells and fetal thymus cells. Right, non-coding region sequences underlying the TAL1 super-enhancer. 
Note the recurrent insertions (in red) in Jurkat and MOLT-3 cells, as well as in eight patients with T-ALL, that correlate with formation of the TAL1 
super-enhancer. Figure reproduced with permission from Science. Please refer to the original publication (Mansour et al. [8]) for more details and 
citation



Page 5 of 14Zhou and Parsons ﻿Epigenetics & Chromatin           (2023) 16:29 	

the SE regulating BCL6, a transcription factor that reg-
ulates B cell proliferation [46–49].

In contrast to the Mansour et  al. study in T-ALL in 
which a mutation created a binding site for a transcrip-
tion factor to form a SE, non-coding mutations in DLBCL 
occur in existing SEs and alter the binding sequences 
of transcriptional repressors. This disinhibition results 
in even greater expression of SE associated oncogenes 
including BCL6, BCL2, and CXCR4 [48]. At the BCL6 SE, 
a recurrent mutation prevents binding by the transcrip-
tional repressor BLIMP1 and confers increased fitness in 
DLBCL cells. When these mutations were corrected back 
to the WT allele, dropout of DLBCL cells was observed 
compared to isogenic cells retaining the BCL6 SE muta-
tion [48].  These data show how the process of somatic 
hypermutation in B cells amplify SE-mediated oncogene 
expression. 

Inborn polymorphisms that affect transcription factor 
binding also occur in SEs. Oldridge et al. report a G > T 
polymorphism at the SE of the transcriptional co-regula-
tor and oncogene LMO1 that associated with neuroblas-
toma susceptibility in GWAS [50]. The G is the reference 
and risk allele, critical for the GATAA binding motif 
for the GATA transcription factor within the SE, while 
the protective alternative allele T breaks this sequence, 
resulting in decreased GATA occupancy at the LMO1 
SE and gene expression [50]. In a European cohort, het-
erozygous (G/T) and homozygous (T/T) protective allele 
carriers exhibited significantly increased survival com-
pared to G/G patients [50]. A similar study showed a 
C > T somatic mutation at an enhancer region of LMO1, 
suggested to originate from an APOBEC-like cytidine 
deaminase mutational signature, that created a MYB 

transcription factor binding site which increased expres-
sion and dependency on LMO1 in T-ALL [51]. However, 
this enhancer was not of sufficient size or density to meet 
SE criteria [51]. These examples provide further examples 
of how single nucleotide variations can create or delete 
transcription factor binding motifs with consequences on 
SE formation, downstream gene expression, and cancer 
dependency.

Focal amplification
Amplification is one of the most established etiologies of 
SE reprogramming in cancer alongside oncogenic signal-
ing. Approximately 25% of neuroblastomas exhibit ampli-
fication of the oncogene MYCN which is the strongest 
correlate for high-risk disease and poor prognosis [52]. 
While non-amplified MYCN binds to a canonical CAC​
GTG​ sequence, amplified MYCN results in widespread 
promiscuous occupation of an ubiquitous CANNTG 
motif (where N can represent any base) [53]. The result 
is amplified MYCN binding nearly every promoter 
and enhancer in the genome in a phenomenon termed 
“enhancer invasion” that results in globally increased 
transcription [53]. Dysregulated MYCN  is sufficient to 
form aberrant oncogenic SEs in neuroblastoma [54].

Non-coding regions containing super-enhancers may 
similarly be amplified over the course of tumorigenesis 
[55–59]. An early study performed by the laboratory of 
Matthew Meyerson analyzed cancer cases from TCGA in 
search of recurrently amplified non-coding regions that 
overlapped with SEs [9]. In line with multiple reports, 
Zhang et al. found multiple recurrently amplified SEs at 
the loci for MYC, KLF5, USP12, and PARD6B (Fig. 4) [9]. 
Interestingly, the region around MYC that was amplified 

Fig. 4  Recurrent focal amplification of a super-enhancer at the KLF5 locus. Recurrent focal amplification (red) in 15 patients with head and neck 
squamous cell carcinoma (HNSCC) from TCGA in a non-coding region near KLF5. Beneath, H3K27ac ChIP-seq tracks from the HNSCC cell line, 
BICR-31, with called super-enhancers annotated by green bars. Note the overlap between amplified regions and SEs near KLF5. Figure reproduced 
with permission from Nature Genetics. Please refer to the original publication (Zhang et al. [9]) for more details and citation
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differed among different cancer types, suggesting tissue 
or lineage specific dysregulation [9]. The TCGA ATAC-
seq study performed by the laboratory of Howard Chang 
similarly noted different open chromatin patterns at the 
MYC locus in different cancers [60]. A follow-up study 
showed the KLF5 SE is focally amplified in numerous 
different cancers, albeit at low frequency, with increased 
dependency of cancer cells on KLF5 expression [14]. Sim-
ilar observations in breast cancer showed tandem dupli-
cation of SE regions that activate oncogenes, including 
ESR1, ZNF217, and MYC [57]. These studies demonstrate 
focal amplification of non-coding regions as an origin of 
SE reprogramming in cancer.

Extrachromosomal DNA
By a separate mechanism, high-level amplification of 
oncogenes may arise from chromothripsis that result in 
amplicons carried on extrachromosomal DNA (ecDNA) 
ranging from 100  kb to several megabases, a process 
linked to p53 mutations [10, 61–64]. These circular 
pieces of DNA lack centromeres and randomly segregate 
into daughter cells during cell division with tens to hun-
dreds of copies per cell [63, 65, 66]. The heterogeneity 
and plasticity of ecDNA rapidly confer fitness to cancer 
cells, including resistance to therapy [63, 67]. Further-
more, they do not exhibit the level of compartmentaliza-
tion observed on chromosomal DNA, which may explain 
their highly accessible chromatin [68].

Using EGFR as an example, Morton et al. show enhanc-
ers potentiating EGFR expression are co-amplified on the 
same amplicon as the oncogene on ecDNA, confirmed 
using DNA fluorescence in situ hybridization (FISH) [10, 
66]. This observation extends to the co-amplification of 
SEs with MYCN in neuroblastoma and Wilms tumor 
[10]. DNA breaks from chromothripsis are believed to 
occur and re-assemble at random during repair [69]. 
Remarkably, Morton et  al. observed enhancers on non-
contiguous regions of DNA occupying different topologi-
cally associated domains (TADs), assembled in a single 
compact ecDNA amplicon [10, 70]. Complex rearrange-
ments may thus synthetically pair distal enhancers  and 
genes in cis on ecDNA [68].

SE-gene interactions are not restricted to just ecDNAs. 
One study found that SEs on ecDNA can interact with 
and enhance expression of genes on chromosomal DNA, 
thus acting as “mobile enhancers” [71]. ecDNA can also 
congregate as hubs within the nucleus of cancer cells, a 
structural orientation that functionally affects down-
stream expression [72, 73]. These hubs appear to require 
bromodomains, as they co-localize with epitope labeled 
BRD4 and scatter upon treatment with bromodomain 
inhibitors, which also prevent their re-assembly follow-
ing mitosis [73]. Interestingly, analyses suggest ecDNAs 

within hubs are more transcriptionally active than “sin-
gleton” non-hub associated ecDNAs, including at MYC 
[66, 73]. Hung et  al. propose a model, where enhancer 
activation of the MYC promoter can occur in cis, from an 
enhancer within the same ecDNA, or in trans, from an 
enhancer on another ecDNA molecule within the same 
hub [73]. The phenomenon appears to be sequence spe-
cific or under additional layers of regulation. Indeed, in 
a gastric cancer cell line, where FGFR2 ecDNA and MYC 
ecDNA are in a hub, interference of FGFR2 enhancers 
decreased MYC expression, but interference of MYC 
enhancers did not affect FGFR2 expression [73]. The 
implication of this finding is that enhancers from differ-
ent chromosomes, MYC on chromosome 8 and FGFR2 
on chromosome 10, can activate genes in trans through 
ecDNAs.

A technical difficulty of ecDNA studies have been try-
ing to distinguish between chromosomal versus extra-
chromosomal reads in sequencing experiments. Recently, 
Hung et al. from the laboratory of Howard Chang devel-
oped CRISPR–CATCH, a novel technique for the iso-
lation of megabase-scale ecDNA that allows targeted 
investigation of the epigenome within these amplicons 
[74]. Indeed, 60% of sequenced reads from CRISPR–
CATCH isolated DNA was posited to be extrachromo-
somal, compared to 2% from whole cellular DNA [74]. 
We anticipate this technique to elucidate further struc-
tural and epigenetic insight into this emerging form of 
transcriptional dysregulation in cancer.

Topologically associated domains and insulator 
boundaries
SEs are often flanked by CTCF sites with exceptionally 
strong boundaries believed to concentrate transcriptional 
activating machinery at a focal locus to potentiate gene 
expression [75]. These strong boundaries are observed to 
be co-duplicated alongside SEs in cancer patients, sug-
gesting structural significance in maintaining oncogene 
expression [75].

DNA between two CTCF sites are extruded to form 
a loop, compartmentalizing enhancers and gene bod-
ies into “neighborhoods” or topologically associating 
domains (TADs) thereby restricting gene–enhancer 
interactions to mainly within the loop. However, com-
plex, long-distance SE interactions have also been 
described, including three-way interactions between 
multiple SE-containing TADs on the same chromosome 
[76]. Perturbing a CTCF boundary can merge two rela-
tively insulated TADs into one, with consequences for 
gene–enhancer interactions [77–79].

Flavahan et al. showed, in two studies, that such disrup-
tion can unleash SEs to activate nearby oncogenes. One 
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such mechanism of CTCF perturbation is methylation, 
a feature of several cancer especially those with muta-
tions in isocitrate dehydrogenase, IDH [80–83]. These 
are commonly gain-of-function hotspot mutations in the 
isocitrate binding site that confer a neomorphic ability 
to convert α-ketoglutarate to millimolar concentrations 
of 2-hydroxyglutarte (2-HG) which directly inhibit DNA 
and histone demethylases resulting in hypermethylation, 
disruption of TADs, and altered expression [84].

PDGFRA amplifications and mutations are common in 
glioblastoma but appear to be somewhat mutually exclu-
sive with IDH mutant tumors, which nonetheless highly 
express PDGFRA [85, 86]. Flavanhan et al. initially found 
IDH mutant gliomas exhibited a disrupted CTCF bound-
ary that allowed an aberrant interaction between a typical 
enhancer and the glioma oncogene PDGFRA, each origi-
nally insulated from each other, as an alternative method 
of oncogene activation (Fig. 5) [87].

The same phenomenon  occurs in succinate dehydro-
genase (SDH) silenced tumors [88–90]. In another study, 
Flavahan et  al. showed SDH silenced gastrointestinal 
stromal tumors (GISTs) lose ~ 5% of their CTCF binding 
sites due to SDH-deficient hypermethylation [91]. Under 
physiologic conditions, one such CTCF site restrains a SE 
in one TAD from interacting with oncogenes FGF3 and 
FGF4 in the neighboring TAD, while another CTCF site 
isolates a SE from the GIST oncogene KIT [91]. CTCF 
binding loss subsequently leads to aberrant interactions 
and subsequent oncogene addiction. Aside from meth-
ylation, deletions may also inactivate CTCF insulators. 
Non-coding micro-deletions of TAD boundaries have 
been described in T-ALL, which merge TAL1 into an 
adjacent neighborhood, where it is subsequently acti-
vated by enhancers [92].

Whereas we previously discussed examples of TAD 
boundaries restraining oncogene expression, certain 
regulatory elements within TADs are also important 
modulators. Breaking a promoter–enhancer interaction 
can cause the enhancer to then re-target to another gene 
promoter in the same neighborhood to form a new, aber-
rant interaction [93]. A CRISPR interference (CRISPRi) 
screen of non-coding regions near the MYC locus found 
the promoter of nearby PVT1, which is subject to struc-
tural rearrangements in cancer, to be a non-coding tumor 
suppressor element [94]. HiChIP experiments, which 
capture DNA conformation and contacts, showed that 
the promoter of PVT1 sequesters interactions from four 
nearby enhancers in the same TAD as MYC. Upon CRIS-
PRi of the PVT1 promoter, these enhancers instead inter-
act with the promoter of MYC, resulting in increased 
expression and proliferation [94]. The PVT1 promoter 
and surrounding region is observed to be structurally 
rearranged in some cancers, suggesting these epigenetic 
changes may undergo positive selection [94]. A limitation 
of Hi-C experiments has been a lack of resolution, best 
at defining TADs on the scale of hundreds of kilobases 
or more. Newer technologies, such as Micro Capture 
C, have allowed near base pair resolution of promoter-
enhancer interactions previously not appreciated using 
Hi-C techniques. We anticipate these technical advances 
to further elucidate the evolving relationship of SEs and 
enhancers to target genes during tumorigenesis. 

Non‑coding translocations
A recent large scale cataloguing effort of non-coding 
structural variants identified other recurrent alterations 
near known oncogenes and SEs. At the MYC locus, Xu 
et  al. described intra-TAD re-arrangements that shuf-
fle local enhancer regions, which resulted in increased 
expression and poorer patient outcomes, albeit with a 
small sample size [95]. Interestingly, only MYC expres-
sion was sensitive to these local structural variants com-
pared to neighboring genes via mechanisms that remain 
to be fully elucidated.

Non-coding regions containing SEs and typical enhanc-
ers are observed to be translocated, often over large 
distances in cis or in trans, to activate nearby proto-onco-
genes in a phenomenon that has been termed enhancer 
hijacking [96, 97]. Acute myeloid leukemia (AML) dem-
onstrating inv(3) or t(3;3) translocations aberrantly place 
a portion of a GATA2 SE near the proto-oncogene EVI1 
to drive tumorigenesis [98, 99]. Furthermore, excision 
of this translocated SE portion resulted in decreased 
oncogene expression, differentiation, and growth inhi-
bition [98]. In adenoid cystic carcinoma, Gillespie et  al. 
observed translocation of SEs to activate the onco-
genic transcription factor MYB resulting in increased 

Fig. 5  CTCF boundaries restrain super-enhancers from aberrant 
oncogene activation. Left, under physiologic conditions, a CTCF 
insulator separates a super-enhancer from a neighboring oncogene 
and prevents SE–promoter interactions that would lead to oncogene 
expression. Right, loss of CTCF binding from methylation results in 
boundary disruption that permits SE–oncogene interactions that 
result in activation. Figure reproduced with permission from Nature. 
Please refer to the original publication (Flavahan et al. [91]) for more 
details and citation
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expression. Interestingly, activated MYB forms a feed-
forward loop to bind to the translocated SE itself [100]. In 
diffuse large B cell lymphoma, the SE at the BCL6 locus 
similarly serves as an “enhancer donor” in translocations 
to activate distal oncogenes, such as MYC [101].

Conversely, protein-coding regions of proto-oncogenes 
may be translocated to the vicinity of powerful SEs which 
lead to their activation. Northcott et  al. described GFI1 
and GFI1B proto-oncogene translocations into new 
neighborhoods to hijack endogenous SEs in medullo-
blastoma [102]. Similarly, Peifer et al. describe the trans-
location of TERT towards strong enhancer elements to 
facilitate aberrant activation in high-risk neuroblastoma 
[103]. Finally, Montefiori et al. describe the translocation 
of the BCL11B proto-oncogene to hijack SEs in hemat-
opoietic progenitor cells to drive lineage–ambiguous leu-
kemia [104]. Taken together, these observations in several 
cancers show recurrent displacement of proto-oncogenes 
to SEs or SEs to proto-oncogenes to facilitate aberrant 
transcriptional activation towards tumorigenesis.

Cell‑extrinsic SE reprogramming: in response 
to microenvironment
Cell extrinsic SE reprogramming occurs in response 
to hormones, such as estrogen and testosterone [56, 
105–109]. In estrogen receptor-positive (ER+) breast 
cancer, ChIP-seq shows estrogen receptor (ERα) enrich-
ment at gained SEs in breast cancer over normal breast, 
including at the ESR1 SE itself which encodes ERα in an 
autoloop characteristic of SEs (Fig. 1) [7]. However, few 
studies have examined cell-extrinsic enhancer and SE 
reprogramming in non-hormonal cancers [56, 105–109]. 
A study using hair follicle stem cells demonstrated that 
the local microenvironment influences the SE landscape 
of hair follicle stem cells (HFSCs) [110]. Only ~10% of SEs 

were shared between HFSCs grown in vitro or in vivo, 
with 36% specific to the in vivo setting and ~ 54% specific 
in vitro [110]. As proof-of-principle, certain SEs absent 
in vitro are restored when re-introduced back into their 
microenvironment in vivo [110]. The enhancer landscape 
of tissue-resident macrophages was also demonstrated to 
be shaped by their microenvironment as demonstrated 
through similar, elegant transplantation experiments 
[111, 112].

In cancer cells, the first suggestion came when a prin-
cipal component analysis of H3K27ac signal at enhancers 
was found to differ between a panel of medulloblastoma 
primary tumors versus cell lines despite genetic similari-
ties between the two groups [113]. A recent study com-
paring the SE landscape between a panel of primary CRC 
tumors against CRC cell lines identified ~ 10% of SEs 
are unique to the primary tumor setting. Interestingly, 
this included one of the most recurrently gained SEs in 
CRC over patient-matched adjacent normal, suggesting 
cell-extrinsic mechanisms may reprogram key SEs dur-
ing tumorigenesis [114]. As proof-of-principle, growing 
the HT29 CRC cell line as a xenograft resulted in the 
induction of this highly recurrently gained SE (Fig.  6) 
[114]. Its target, PDZK1IP1, was found to be a context-
specific dependency gene in CRC—in culture, it is largely 
silenced without its SE; in xenografts, the SE results in 
a >30-fold increase in expression that confers metabolic 
fitness against the oxidative stress environment of the 
local tumor microenvironment [114].

TF motif analysis at open chromatin regions within this 
SE implicated inflammation, including STAT1, STAT3, 
and NF-κB. In line with this observation, treatment of 
HT29 cells in  vitro with the cytokines IL-6, TNFα, and 
IFN-γ phenocopied the SE induction seen in xenografts. 
This finding was supported by a previous study, where 

Fig. 6  Super-enhancer reprogramming by the local tumor microenvironment. The regulatory region at the locus of PDZK1IP1 does not meet 
super-enhancer calling criteria in HT29 cells grown as culture. It exists as a typical enhancer, with minimal expression (~ 2 TPM by RNA-seq). When 
the same cells are grown as a subcutaneous xenograft on the back of an immunocompromised mouse, the super-enhancer is induced with 
significant increases in H3K27ac deposition at the region and approximately 30–40 × increase in PDZK1IP1 expression. Figure reproduced with 
permission from Nature Communications. Please refer to the original publication (Zhou et al. [114]) for more details and citation
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inflammation and fibrosis were found to drive SE forma-
tion in endothelial cells and cardiomyocytes via NF-κB 
[115, 116].

Other links between inflammation and the cancer 
epigenome have been noted. Inflammation is crucial 
to establishing an enhancer network to promote KRAS 
mutant pancreatic tumorigenesis [117, 118]. Another 
study showed the cytokine interleukin-6 and its down-
stream transcription factor STAT3 could engage estro-
gen receptor enhancers in breast cancer metastasis [119]. 
Furthermore, a recent study demonstrated that clear cell 
renal cell carcinoma expresses chemokines and cytokines 
to shape their immune landscape in a process known as 
cancer-cell-intrinsic inflammation  that occurs through 
SEs gained after serial orthotopic inoculation and lung 
metastasis [120, 121]. Taken together, these findings 
highlight the relevant interplay between environment 
and  SEs in cancer.

Cell‑extrinsic SE reprogramming: in response to therapy
There is increasing evidence that the development of 
resistance against pharmacologic inhibition of oncogenic 
signaling pathways is associated with SE re-programming 
that is supported by patient data. For instance, BRAF and 
MEK inhibition in triple negative breast cancer results 
in de novo SE formation at receptor tyrosine kinases to 
promote escape [122]. The MEK inhibitor trametinib 
induced increased BRD4, H3K27ac, p300, and MED1 
at select enhancers and SEs  enriched for the motifs 
of  the transcription factors CEBPB and CEBPD [122]. 
Time course experiments reveal rapid kinetics: BRD4 
recruitment at de novo enhancers was greatest within 
1–4  h of trametinib treatment [122]. Increased occu-
pancy of these transcription factors were confirmed at 
trametinib-induced enhancers by ChIP-seq. Interestingly, 
the authors also demonstrate MYC is required for these 
enhancer changes, as they are attenuated by MYC silenc-
ing [122]. Combining such kinase and BET inhibition as 
a subsequent therapeutic strategy has been proposed by 
groups, including ours [122–124]. Conversely, one study 
utilizing CRISPR screens towards identifying mediators 
of BET inhibition resistance converged upon phospho-
inositide 3-kinase (PI3K) signaling activation, which was 
accompanied by enhancer reprogramming [124].

Similarly, CDK4/6 inhibition of breast cancer results 
in SE formation to promote luminal differentiation and 
evasion of apoptosis [125]. Mechanistically, CDK4/6 
inhibition lead to the upregulation of AP-1 complex 
members FOS and JUN, in an Rb-dependent manner, 
which drove these epigenetic changes. The AP-1 complex 
was previously implicated in the maintenance of a mature 
luminal mammary cell state [126, 127]. Furthermore, 

pharmacologic inhibition of AP-1 members reversed the 
observed enhancer changes [125].

Resistance to BCL-2 inhibitors in mantle cell and dou-
ble-hit lymphomas are associated with SE reprogram-
ming that causes resistance to these therapies [128]. 
These resistant cells exhibit loss of 18q21 BCL2 amplicon 
[128]. Combining epigenomic profiling with a chemical 
screen, Zhao et  al. found SE reprogramming associated 
with resistance to BCL-2 inhibitors to be dependent on 
CDK7 [128]. They identified CDK7 as a synthetic lethal-
ity in the setting of BCL-2 inhibitor resistance, and 
pharmacologic inhibition of CDK7 reversed SE changes 
associated with BCL-2 inhibitor resistance [128].

As with most of these studies, the exact signaling 
mechanisms that converge on the epigenome to cause 
SE reprogramming need higher resolution dissection 
in future studies. Importantly, these de novo therapy 
induced SEs involved in resistance and escape should not 
be confused with de novo SEs that are seen with response 
to therapy, as seen in MEK/ERK inhibition in Ras-driven 
rhabdomyosarcomas [129].

Conclusion
Since the initial identification of SEs decades ago, a great 
deal of evidence has been generated supporting the con-
cept that SEs play an important role in the development 
of many types of cancer. As summarized in this review, 
pathogenic super enhancers can form as the result of 
genetic changes directly at cis or trans elements of the 
transcriptional machinery or can form indirectly as a 
result of activation of a signaling pathway that ultimately 
activates the formation of SEs at target genes. The most 
common deliverable from the study of oncogenic SEs has 
been the identification of transcriptional dependency 
genes, including in settings, where recurrent mutations 
are scarce [130–135]. Upstream of SEs, algorithms such 
as Coltron can be used to define core transcription fac-
tor circuitry that occupy and sustain SEs, often critically 
essential themselves [136–139]. Analyses of SE land-
scapes have also been used to subtype and prognosticate 
individual cancers and discern intra-tumoral cancer cell 
types [113, 140–148].

Early efforts to selectively target SE expression were 
aimed at general transcriptional machinery, such as 
bromodomain-containing proteins, such as BRD4 and 
CDK7/9/12/13, with the idea that the disproportion-
ate occupancy at SEs would be preferentially depleted as 
compared to other, physiologic typical enhancer loci [2, 
54, 132, 149–152]. Alternatively, a proteolysis-targeting 
chimera (PROTAC) degrader of the SWI/SNF chromatin 
remodeling complex ATPase subunits SMARCA2 and 
SMARCA4 was recently observed to deplete H3K27ac at 
several oncogenic SEs, including at MYC, AR, ERG, and 
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FOXA1, resulting in potent suppression of prostate can-
cer growth in xenograft models [153].

The most recent advances in understanding the 
enhancer, SE, and open chromatin landscape of cancer is 
a greater appreciation that it is shaped by forces within 
the cell—such as genomic alterations—but also indepen-
dently by forces outside the cell as well (Fig. 7).

Thus, our wealth of ChIP-seq and ATAC-seq data on 
primary tumors actually reflect three, distinct super-
imposed chromatin landscapes: cell-intrinsic, cell-
extrinsic, and a unique third subset that arises from 
the interplay between the latter two [154]. Indeed, the 
tumor-microenvironment and inflammation mediated 
SE at PDZK1IP1 may fall into this latter category—
ubiquitous in primary CRC, yet rare in CRC cell lines 
(purely cell-intrinsic) as well as inflamed non-dysplastic 
colon (purely cell-extrinsic) [114]. In particular, how 
cell-intrinsic and cell-extrinsic forces constrain and 

synergize with each other to shape the enhancer land-
scape of cancer will be an exciting area of future study. 
This area’s relevance is perhaps best exemplified in pan-
creatic tumorigenesis, where inflammation from local 
pancreas tissue injury induces a chromatin switch (cell-
extrinsic) that cooperates with Kras mutations to accel-
erate lesion formation [154].

Cell-extrinsic enhancer reprogramming may also 
provide insight towards targeting these oncogenic 
epigenetic changes. Given the role of inflammation 
towards their induction, future studies should elucidate 
whether tamping down local inflammation, using FDA-
approved TNF-α inhibitors or PROTAC-degraders 
of STAT3, could attenuate such reprogramming with 
therapeutic benefit [155]. While most current studies 
examining cell-extrinsic forces focused on chromatin, 
it may be interesting to see whether hypoxia or other 
extracellular stressors exert long-lasting effects on the 
epigenome.
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