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Abstract

Transcriptional deregulation is one of the core tenets of cancer biology and is underpinned by 

alterations in both protein-coding genes and noncoding regulatory elements. Large regulatory 

elements, so-called super-enhancers (SEs), are central to the maintenance of cancer cell identity, 

and promote oncogenic transcription to which cancer cells become highly addicted. Such 

dependence on SE-driven transcription for proliferation and survival offers an Achilles’ heel for 

the therapeutic targeting of cancer cells. Indeed, inhibition of the cellular machinery required for 

the assembly and maintenance of SEs dampens oncogenic transcription and inhibits tumor growth. 

In this article, we review the organization, function, and regulation of oncogenic SEs and their 

contribution to the cancer cell state.

Transcriptional Deregulation in Cancer

The maintenance of a specific cell state is reliant on precisely regulated gene expression 

programs. Such regulation involves highly orchestrated interactions between transcription 

factors (TFs) and the general transcriptional machinery that control transcription initiation 

and elongation, as well as chromatin-dependent mechanisms that govern DNA accessibility 

and transcriptional activation. The hallmarks of cancer cells -sustained proliferation, 

replicative immortality, apoptotic evasion and metastasis — are supported by aberrant gene 

expression programs [1, 2]. Thus, not surprisingly, transcriptional deregulation driven by 

changes in the genetic and epigenetic landscape is a fundamental mechanism of cancer [3, 

4]. The intimate relationship between transcriptional deregulation and oncogenesis is 

underscored by the observation that many oncogenes and tumor suppressor genes encode 

TFs, strongly implicating altered gene regulation as a key oncogenic mechanism [1–4]. 

Moreover, in a wide range of cancers, recurrent chromosomal translocations result in 

chimeric TFs with oncogenic function [5]. The argument for a central role of transcriptional 

deregulation in oncogenesis became more persuasive with the identification of recurrent 

mutations in DNA-binding TFs and chromatin remodelers that disrupt the cancer genome 

and the epigenome, with consequent adverse effects on gene regulation [4, 6].
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In metazoans, yet another level of gene regulation is provided by c/s-regulatory elements or 

enhancers, which drive tissue-specific gene expression necessary for the development of 

complex multicellular systems [7–9]. Given their function in specifying cell fate, enhancers 

are ideally positioned to contribute to inappropriate cell fate choices such as 

hyperproliferation and prolonged survival, both of which are recurrent themes in cancer [10, 

11]. Enhancers are capable of activating gene expression over both short and long distances, 

independent of their position and orientation with respect to transcription start sites [12]. 

These sequences are enriched in binding sites for TFs that specify cell lineage and/or 

signaling pathways that impinge on them, thereby acting as a platform to integrate the 

environmental and developmental cues necessary to orchestrate spatio-temporally controlled 

gene expression [13]. TF binding to enhancers results in the recruitment of the Mediator 

complex, which facilitates enhancer interaction with the basal transcription machinery and 

RNA polymerase II (Pol II) at promoters in a gene-specific manner, a process mediated by 

“looping” of the loaded enhancer to the cognate promoter [11, 14] (Figure 1). Distinct 

functional states of enhancers are characterized by a unique combination of histone 

modifications: active enhancers are marked by monomethylation at lysine 4 (K4me1), 

acetylation at lysine 27 (K27ac), and the absence of trimethylation at lysine 4 (K4me3) of 

the histone H3 protein [13]. H3K4me1 and H3K27ac marks are conferred by the mixed 

lineage leukemia (MLL) family of methyltransferases (MLL2/3/4) and the CREB-binding 

protein (CBP)/p300 acetyltransferases, respectively; whereas the H3K4me3 mark is erased 

by the H3K4me3-specific demethylase KDM5C [13, 15]. Thus, the enzymatic machinery 

that confers and removes these histone modifications play a crucial role in the establishment 

and maintenance of the enhancer landscape, and its dysregulation is often associated with 

cancer [6]. Enhancer activity is also characterized by Pol II mediated transcription of 

noncoding RNA (enhancer RNA or eRNA) that contributes to enhancer function and gene 

regulation [16].

The recent identification of a subset of enhancers, called super-enhancers (SEs), has been 

instrumental in refining our understanding of cell-type-specific gene regulation [17–19]. 

Most cancer cells rely on aberrant transcription propelled by SEs, and such dependence 

offers productive targets for cancer therapy [18, 20–22]. Here we review the fundamental 

principles of SE organization and function, their formation in cancer cells and promising 

avenues for their selective therapeutic targeting, as well as open questions regarding their 

functional significance.

Super-enhancers: Organizing Principles

Super-enhancers are defined as clusters of enhancers in close genomic proximity that 

regulate the expression of genes that specify cell identity and functionally conform to cell 

type-specific biological processes. Regular enhancers and the genes they regulate, on the 

other hand, are common to a variety of cell types [17, 19, 23] (Figure 1). Some cell type-

specific SEs overlap with other previously annotated regulatory regions implicated in tissue-

specific gene expression [17], such as locus control regions [24], DNA methylation valleys 

[25], and transcription initiation platforms [26], suggesting that these diverse regulatory 

elements may typify distinct classes of SEs. SEs are frequently flanked by CTCF (CCCTC-

binding factor) binding sites, suggesting that their activity may be constrained by boundary 
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elements [27]. The notion of SEs stemmed from work in mouse embryonic stem cells 

(mESCs), in which large enhancer domains were involved in regulating the expression of 

key genes mediating pluripotency [19]. Subsequently, several studies not only extended the 

concept of SEs to diverse cell types, but also provided compelling evidence that they possess 

unique functional properties distinguishing them from regular enhancers [17, 18, 28]. These 

reports laid out the following iterative themes pertaining to SE-driven transcription: (i) SEs 

are densely occupied by H3K27ac and H3K4me1 enhancer marks, the Mediator complex 

(MED1) and bromodomain-containing protein 4 (BRD4); (ii) cell type-specific TFs and 

constituent enhancers within a SE exhibit an order-of-magnitude higher abundance of 

enhancer-associated chromatin marks and TFs as compared to the composition of regular 

enhancers [17–19, 28]; (iii) SE-driven genes are expressed at significantly higher levels than 

are genes under the control of regular enhancers [17–19, 28]; (iv) individual constituent 

enhancers of a SE are capable of increased transcriptional activation as compared to regular 

enhancers [19]; (v) SEs are characterized by differential binding of tissue-specific TFs. In 

mESCs, for example, both regular enhancers and SEs are equally enriched for Oct4, Sox2, 

and Nanog pluripotency marker binding sites, whereas, Klf4 and Esrrb binding sites are 

selectively localized to SEs [17, 19]. How the differences in TF binding at these enhancers 

contribute to differential gene regulation remains to be explored. Finally, (vi) SE-associated 

genes are much more sensitive to perturbation of associated enhancer-binding transcriptional 

regulator genes [18–21, 28, 29]. For example, knockdown of the mESC-specific TF Oct4 
and the Mediator subunit Med12, leads to a more striking decrease in levels of SE-associated 

genes than of genes related to regular enhancers [19]. These observations support the 

hypothesis that enhancer function depends on cooperative and synergistic interactions 

among TFs, and that transcriptional output from enhancers with larger numbers of TF-

binding sites will be more susceptible to changes in TF concentration. Intriguingly, master 

TFs enriched at SEs are themselves regulated by SE-driven transcription, suggesting a 

cooperative feedforward loop directed towards the maintenance of SEs at key target genes 

[19–22, 30]. Thus, the ability of SEs to regulate cell identity together with their vulnerability 

to perturbation could form the basis of cell state transitions associated with development, 

reprogramming and disease [17, 31, 32].

A fundamental question germane to SE biology lies in whether these enhancer clusters have 

unique functional significance compared with regular enhancers [33]. Several lines of 

evidence support the notion that SEs function as regulatory ensembles in which cooperative 

interactions between the constituent enhancers affect gene expression [18, 28, 34–37]. At 

certain well-studied loci, constituent enhancers within a SE physically interact with each 

other, exhibit interdependencies, and have nonredundant functions in gene regulation [28, 

37]. Hnisz et al, for example, demonstrated cooperative behavior between enhancer elements 

at the Pou5f1 and Prdm14 SE loci as well as the concentration of signaling factors compared 

with typical enhancers [28]. Such cooperative interdependence between constituent 

enhancers is also evident in vivo, for example, at the mammary gland-specific Wap SE 

locus, where the establishment of a “seed enhancer” is essential to instituting additional 

enhancers required for optimal gene expression [37]. SE cooperativity is further highlighted 

by the observation that single TF binding promotes the assembly of large oncogenic and 

inducible SE domains [34, 35, 38]. Not all SEs conform to cooperative principles, however. 
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Indeed, the constituent enhancers at the developmentally regulated alpha globin SE function 

independently and additively with respect to hematologic phenotype, gene expression, 

chromatin structure and chromosome conformation [39]. Similarly, cooperativity at the 

chromatin level is not always reflected at the transcriptional level. Proudhon et al for 

example, demonstrated that individual enhancer elements within the B-cell-specific Igk SE 

act synergistically, such that depletion of one element led to dissolution of the SE. Yet, this 

did not completely abolish transcription at the lgk locus, indicating an additive relationship 

among the remaining elements [36]. Together, these studies suggest that SE mapping based 

on chromatin marks is a good starting point for characterizing cell-type-specific gene 

regulation; however, the modus operandi of each SE could be highly context-specific, 

requiring rigorous genetic analysis to unravel the underlying regulatory grammar.

Super-enhancers: Critical Roles in Cancer

SEs maintain cancer cell identity

Oncogenic SEs were first identified in multiple myeloma cells, distinguished from regular 

enhancers by their higher densities of MED1 and BRD4 binding [18]. Functionally, most 

SEs were associated with genes that confer hematopoietic identity and contributed to the 

pathogenesis of multiple myeloma (MYC, IRF4, PRDM1 XBP1), as well as general 

oncogenes (CYCLIN D, MCL1, BCL-XL). These observations suggested that, similar to 

normal cells, cancer-associated SE domains mark lineage-restricted genes as well as putative 

oncogenes that normally serve as critical regulators of cell proliferation and apoptosis. 

Indeed, SEs mark lineage-specific TFs and oncogenes in a broad spectrum of cancers, 

including neuroblastoma [20], small-cell lung cancer (SCLC) [21], medulloblastoma [40], 

breast [41], esophageal [42] and gastric [43] cancers and melanoma [44]. The SEs associated 

with key oncogenes are unique to cancer cells and conspicuously absent in normal 

untransformed cells of identical lineage, suggesting that they are acquired during the course 

of tumorigenesis and underlie the oncogenic state in fundamental ways [17]. This prediction 

is further supported by the observation that most SEs acquired de novo segregate into 

functional categories recognized as hallmarks of cancer [1, 2, 17]. Together, these 

observations suggest that SEs facilitate the transition to a transformed state and contribute to 

its maintenance.

Although unique to cancer cells, the same oncogene can have a different SE architecture in 

diverse tumor types, further underscoring the role of SEs in maintaining cell identity. This 

scenario is best exemplified by tumor-specific SE profiles observed at the MYC and MYCN 
loci [11, 20, 21]; however, the significance of such diversely arranged SEs in gene regulation 

remains unclear. Thus far, the SE landscapes in established cancer cell lines have 

recapitulated the SE profiles identified in primary human tumors, supporting the hypothesis 

that SEs are key to the maintenance of tumor identity in vivo [20, 45].

SE-mediated regulation of cellular identity also provides a means to distinguish cancer 

subtypes. Medulloblastoma, for example, consists of four main subgroups based on 

underlying biochemical and genetic signatures. Mapping of the enhancer landscape in each 

sub-group revealed a unique set of SEs that correlated with tumor heterogeneity, 

independently predicted subgroup status and identified therapeutic vulnerabilities [40]. 
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Importantly, analysis of SE-regulated TFs in these tumors facilitated reconstruction of the 

cell type-specific core regulatory circuitry, enabling the identification of LMX1A as a master 

TF in group 4 medulloblastoma. Interestingly, other genetically heterogeneous cancers, such 

as triple-negative breast cancer rely on a specific gene cluster driven by SEs to sustain 

proliferation and survival, thereby offering a uniform platform for therapeutically targeting 

this group of diverse tumors [41].

Cellular identity mediated by SEs also plays an important role during cell-fate transitions 

associated with cancer initiation. This contribution is illustrated by the association of 

melanoma initiation in BRAFV600E/p53 mutant zebrafish with reactivation of a neural crest 

cell state in a single melanocyte precursor cell [32]. Interestingly, this transition to a 

primitive cell state was linked to the establishment of SEs at sox10 and dlx2, two key genes 

involved in regulating neural crest cell specification. Indeed, human melanoma cells are 

associated with SEs at these gene loci, further emphasizing the marking of key cell identity 

genes as an essential feature of SEs. Together, these findings suggest a general strategy in 

which the discovery of unique SE domains in cancer cells could be used to predict the 

presence of candidate oncogenes and, on an entirely different level, their unique therapeutic 

vulnerabilities.

Convergence of oncogenic signaling pathways on SEs

Early studies in mESCs revealed that, as compared with regular enhancers, developmentally 

regulated SEs are enriched in one or more binding sites for the terminal TFs of the Wnt, Lif 
and Tgfβ pathways, signaling modules that function in the maintenance of stemness and 

pluripotency [28]. Interestingly, manipulation of these pathways resulted in larger expression 

changes in SE-associated genes compared with genes driven by regular enhancers [28]. 

These observations support a model in which SEs function as a platform to integrate 

developmentally regulated signaling to trigger appropriate gene expression. As an extension 

of this organizing principle, oncogenic SEs are enriched in TF binding sites pertinent to 

specific signaling pathways upon which cancer cells depend. In colorectal cancer cells 

driven by the oncogenic WNT pathway, for example, associated SEs are enriched in binding 

sites for TCF4, the terminal TF of the WNT pathway [28]. Similarly, SE-associated genes in 

SCLC are enriched for E2F1 binding sites, consistent with loss of the retinoblastoma tumor 

suppressor pathway and unrestrained E2F1 activity in this disease [21, 46]. This link 

between oncogenic signaling and transcription also operates in distinguishing cancer 

subtypes that rely on distinct signaling pathways. In estrogen receptor (ER)-positive breast 

cancer cells, for example, SE-associated genes are enriched for ERα binding, whereas in 

triple-negative breast cancer cells that lack steroid hormone expression, the associated SEs 

are enriched for a different repertoire of oncogenic TFs [17, 41].

Oncogenic signaling has been shown to regulate SE function through multiple mechanisms 

[34, 47–49]. In one example, unrestrained RAS activity promotes the formation of 

oncogenic SEs, and pharmacologic inhibition of aberrant RAS signaling leads to the loss of 

active enhancer marks, decommissioning of SEs, and concomitant reduction in gene 

expression [47]. Consistent with these observations, the introduction of oncogenic RAS and 

RAF (HrasG12V, BRAFV600E) stimulates the deposition of active enhancer marks, resulting 
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in a gain of SE domains and increased oncogenic transcription [47]. In addition, oncogenic 

signaling can directly modulate SE function by directing the engagement of the 

transcriptional machinery at enhancers, for example, through the regulation of 

transcriptional pause-release. Transcriptional pausing refers to promoter-proximal stalling of 

active RNA Pol II, which serves to regulate gene expression by restricting elongation [50]. 

In normal liver cells, active Hippo signaling restricts both regular enhancer and SE-mediated 

gene expression by facilitating Pol II pausing [48]. However, in liver cancer cells, the loss of 

Hippo signaling results in increased expression of YAP, which encodes the terminal TF of 

the Hippo pathway [51]. Consequential binding of YAP to cognate motifs within enhancer 

domains leads to recruitment of the Mediator complex and the cyclin-dependent kinase 

CDK9, to allow productive elongation and aberrant expression of growth-promoting genes. 

Thus, YAP-induced SE activation serves as an oncogenic mechanism in liver cancer [48].

Another intriguing aspect of the impact of multiple signaling cues on DNA regulatory 

sequences pertains to the dynamic loading and unloading of signaling TFs at SEs, as 

illustrated in T-cell acute lymphoblastic leukemia (T-ALL) driven by aberrant NOTCH1. 

Although oncogenic NOTCH1 exhibits pervasive binding to the T-ALL genome, only a 

subset of these target sites respond to perturbations in NOTCH levels and thus qualify as 

bona fide NOTCH targets. Intriguingly, these dynamically responsive sites are contained 

within SEs, and loss of NOTCH1 binding at these sites results in the depletion of active 

enhancer marks and extensive remodeling of the associated SE domains [52]. Together, 

these studies suggest that one of the general functions of SEs may be to channel oncogenic 

signaling pathways into gene expression programs that are required to sustain cancer cells.

Establishment and Regulation of Oncogenic Super-enhancers

Understanding how oncogenic SEs are formed during tumorigenesis is a rapidly emerging 

area of scientific inquiry. Broadly speaking, inappropriate SE formation and function may 

stem from (i) alterations in cis-regulatory elements (cis-REs) [38, 53, 54], (ii) focal and 

large-scale chromosomal rearrangements [20, 30, 55–59], and (iii) rewiring of the cellular 

TF network by viral oncogenes [60–62].

SEs acquired through alterations in cis-REs

Germline and somatic mutations in the noncoding genome result in the deregulated 

expression of key oncogenes and tumor suppressors through altered promoter and enhancer 

function. In the context of cancer cells, a causal relationship between altered cis-REs and 

aberrant SE formation was first demonstrated in T-ALL where short insertions ~8 kb 

upstream of the TAL1 oncogene introduced binding sites for the transcription factor MYB, 

resulting in the formation of a SE driving TAL1 expression [38]. MYB binding to these de 
novo sites facilitates SE formation through recruitment of CBP/p300 acetyltransferase and 

the TAL1 transcription factor complex, which drive key genes involved in leukemogenesis 

(Figure 2A). In addition to insertional mutations, single nucleotide polymorphisms (SNPs) 

associated with certain cancers have a direct bearing on the regulation of oncogenic SEs. In 

neuroblastoma, for example, SE formation at the LMO1 oncogene locus is contingent upon 

GATA3 binding at a conserved intronic GATA binding site conferred by the tumorigenic 
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“G” allele [54]. Interestingly, in cells harboring the protective “T” allele (TATA) at this site, 

LMO1 lacks a SE and shows greatly reduced expression [54] (Figure 2B). Such alterations 

in cis-REs can also disrupt SEs associated with tumor suppressor genes. In chronic 

lymphocytic leukemia associated with the 15q15.1 risk locus, a SNP within the intronic SE 

of the pro-apoptotic gene BMF, disrupts a binding site for the transcription factor RELA, 

resulting in compromised enhancer activity, reduced BMF expression, and unrestrained anti-

apoptotic BCL2 function [53]. Together, these examples illustrate how alterations in cis-REs 

modulate SE formation by routing tissue-specific TFs to key drivers and repressors of 

oncogenesis.

SEs acquired through focal and large scale chromosomal rearrangements

Chromosomal rearrangements result in the juxtaposition of unrelated SEs to oncogenes, 

leading to their high-level expression. In adenoid cystic carcinoma, a chromosomal 

translocation repositions a distant SE in proximity to the MYB gene, resulting in its high 

expression [30] (Figure 2C). Moreover, MYB binding to the newly acquired SE generates a 

positive feedback loop that reinforces its own expression and activates a MYB-dependent 

oncogenic transcriptional program. Such “enhancer hijacking” is also evident in acute 

myeloid leukemia (AML), neuroblastoma, medulloblastoma, and colorectal cancer where 

structural rearrangements position the key oncogenic drivers EVI1, TERT, GFI1 and IGF2 
under the regulatory control of SEs, leading to their sustained expression [55–58]. Such 

repositioning of a single enhancer can result in concomitant deregulation of multiple genes 

that may cooperatively contribute to tumorigenesis. This concept is illustrated in AML, 

where overexpression of EVI1 caused by hijacking of the GATA2 SE leads to the 

concomitant loss of GATA2 transcription [56]. Considering that GATA2 is a key regulator of 

hematopoiesis and that its loss is associated with AML, GATA2 haploinsufficiency might 

provide the precise context for EVI1-mediated oncogenic transformation [56, 63–65]. In 

addition to enhancer hijacking, aberrant oncogene expression is also driven by focal 

amplification of SEs, as seen with several cancer-related genes such as KLF5, USP12, 
PARD6B and MYC [59] (Figure 2D). In certain contexts, these amplified oncogenic SEs 

exhibit cell-type specific localization. For example, focally amplified 3’-SEs at the MYC 
locus exhibit distinct localization in T-ALL, AML, lung adenocarcinomas and uterine 

cancer, where they modulate MYC expression presumably through lineage-specific 

chromatin loops [49, 59]. A variation to this theme is observed in neuroblastoma, where a 

350–2000 kb genomic region harboring the MYCN oncogene and its cognate SE is 

aberrantly amplified and contributes to high MYCN levels that drive tumorigenesis [20, 66].

SEs mediated by viral oncogenes

Virally mediated cellular transformation relies heavily on transcriptional output from the 

host cell, and is partly achieved through high levels of transcription driven by virus-induced 

SE formation at key genes involved in proliferation and survival. For example, during 

infection of human B cells by Epstein-Barr virus (EBV), the TFs encoded (EBNA2, 3A, 3C 

and EBNALP) or activated (RelA, RelB) by EBV induce the formation of SEs at key pro-

survival and anti-apoptotic genes — MYC, MIR155, IKZF3 and BCL2 — resulting in 

massively upregulated transcription [60, 61]. This dependency on oncogenic transcription is 

highlighted by the observation that inhibiting viral oncoproteins and BRD4 result in the 
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collapse of SE domains and the inhibition of cell growth [61]. Intriguingly, the expression of 

viral oncogenes per se can also be regulated by SEs. As depicted by human papillomavirus 

virus (HPV)-transformed cervical cancer cells, tandemly integrated copies of the HPV16 

genome assemble SE-like elements that drive transcription of the E6/E7 oncogenes required 

to sustain unrestrained proliferation [62]. These lines of evidence suggest that the 

establishment of SE domains through cis and trans regulatory mechanisms, at key target 

genes, is a fundamental step toward tumorigenesis.

Targeting SE-driven Transcriptional Dependencies in Cancers

Cancer cells, unlike most normal healthy cells, generally possess increased levels of 

oncogenic transcriptional activity that facilitate growth-promoting pathways [3, 67]. Thus, 

inhibiting oncogenic transcription is an attractive therapeutic option, but presents significant 

challenges, considering that transcription is a fundamental biological process shared by all 

living cells and hence its targeting could have dire consequences on global gene expression 

[3, 68]. Thus, any clinically useful transcriptional inhibitor should selectively target 

oncogenic transcription with only minimal toxicity in normal cells. Recent studies have 

demonstrated that JQ1 (a competitive inhibitor of BRD4), and (a covalent inhibitor of CDKs 

7 and 12), selectively kill cancer cells by inhibiting SE-driven oncogenic transcription, with 

both agents lacking systemic toxic effects in vivo [20–22, 29]. The targeting rationales for 

JQ1 and THZ1 and their mechanisms of action are discussed below.

Transcription initiation, pausing and elongation proceed through an ordered exchange of 

regulatory and enzymatic cofactors. SE-associated transcription depends, at the very least, 

on the cooperative binding of BRD4, the Mediator complex, and the stepwise recruitment of 

the CDK7-containing TFIIH initiation complex and the CDK9-containing p-TEFb 

elongation complex [50]. CDK7 phosphorylates RNA Pol II to initiate transcription, and 

plays an active role in promoter proximal pausing, by enabling the loading of the pause-

inducing negative elongation factor (NELF) and DRB-sensitivity-inducing factor (DSIF) 

onto Pol II [69]. Release of transcriptional pausing and transition into productive elongation 

is mediated by p-TEFb (CDK9)-mediated phosphorylation of Pol II and DSIF [50]. In 

addition, BRD4 promotes SE assembly by initiating recruitment of the Mediator complex, 

and positively contributes to transcriptional elongation of SE-driven genes by promoting 

pause release [70]. Elongation is further facilitated by CDKs 12/13, which are also involved 

in mRNA processing [71, 72]. Thus, when considered as core regulators of the transcription 

cycle, the Mediator complex, BRD4, and the transcriptional CDKs offer attractive targets for 

inhibiting oncogenic transcription (Table 1).

In support of this idea, JQ1 selectively binds to the acetyl-lysine recognition domain of 

BRD4 and inhibits tumorigenesis by restricting the chromatin-dependent functions of this 

target at promoters and enhancers [73–75]. Consistent with the disproportionate loading of 

BRD4 at SEs [18, 29], and its role in positively regulating SE function [70], JQ1 treatment 

results in preferential depletion of BRD4 and CDK9 at these sites, resulting in Pol II stalling 

and impaired elongation. Such dependencies on BRD4 are also evident in SE-driven 

transcriptional programs required for the maintenance of pluripotency and oncogenic 

identity [29, 70]. For instance, in diffuse large B-cell lymphoma, JQ1 treatment abolishes the 
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SE-driven transcription of lineage-specific TF genes and oncogenes, resulting in reduced 

tumor growth and improved survival [29]. Such dampening of SE-driven oncogenic 

transcription through BRD4 inhibition has also been demonstrated in other cancers [76–78].

The ability of BRD4 to collaborate with other chromatin regulators to mediate SE-dependent 

transcription opens exciting opportunities for combination therapies. In AML, for example, 

BRD4 inhibition leads to the eviction of the Mediator complex from a subset of SEs 

involved in the regulation of key leukemogenic genes, leading to tumor growth inhibition 

[76]. In MLL, the disruptor of telomeric silencing 1 -like (DOT1L)-mediated methylation of 

histone H3K79 promotes histone H4 acetylation to positively regulate BRD4 binding at SEs 

[79]. Dual inhibition of DOT1L and BRD4 leads to a synergistic blockade of leukemia cell 

growth and proliferation [79]. SE-mediated gene regulation also contributes to a senescence-

associated secretory phenotype (SASP), an immune surveillance mechanism that evicts 

premalignant oncogenic senescent cells [80]. Activation of the SASP gene expression 

program is enabled by the formation of novel BRD4-enriched SEs in proximity to SASP 

genes and with concomitant decommissioning of SEs associated with proliferative genes 

[81]. In vivo, BRD4 inhibition results in the impaired clearance of oncogenic N-RAS 
expressing cells through disruption of SE-driven SASP transcriptional programs [81].

The extraordinary reliance of cancer cells on SE-driven transcription is further illustrated by 

their susceptibility to THZ1, a highly specific covalent inhibitor of CDK7 and to a lesser 

extent, CDK12 [20–22, 41]. THZ1 inhibits phosphorylation of the carboxyl-terminal domain 

(CTD) of RNA Pol II and thus hinders promoter proximal pausing [69]. As SEs are enriched 

in paused RNA Pol II [82, 83], THZ1-induced deficiency in pausing leads to diminished 

occupancy of Pol II at these enhancers, culminating in transcriptional inhibition. Indeed, 

THZ1 treatment leads to the collapse of SEs, resulting in massive downregulation of 

oncogenic transcription and inhibition of tumor growth in several cancer types (Table 1) 

[20–22, 41]. In all of these cancers, THZ1 specifically targets the SE-dependent expression 

of a subset of cell type-specific master TFs (RUNX1, MYCN and MYC) that are critical to 

the regulation of core transcriptional programs responsible for the maintenance of tumor cell 

identity, proliferation and survival.

SE-driven transcription can also be targeted by inhibiting CDK12, a positive regulator of 

transcriptional elongation [84], or by inhibiting the Mediator kinases CDK8/19, which 

negatively regulate SE function [85, 86]. In this context, selective inhibition of Mediator 

kinases in AML led to the upregulation of tumor suppressor genes and lineage-specific TFs, 

ultimately resulting in antileukemic activity [85]. Finally, guided by the principle that 

identification of SE-associated genes could reveal unappreciated oncogenic dependencies, 

Kennedy et al. have called attention to the SE-driven cyclin D1 locus in Ewing sarcoma, 

which may confer vulnerability to inhibition of the cyclin D/CDK4 pathway [87].

The underlying mechanism that accounts for the exquisite sensitivity of SE-associated genes 

to chromatin/transcriptional regulator inhibition is still uncertain. One explanation that has 

been put forward to account for the sensitivity of JQ1 in multiple myeloma is the 

disproportionate loading of BRD4 and Mediator at SE loci associated with MYC and other 

lineage-specific survival genes which are preferentially displaced by JQ1 [18]. This 
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conclusion was strengthened by the demonstration of direct target engagement at SEs for 

BET inhibitors [73]. However, subsequent reports, albeit in AML cells, have shown that 

JQ1-mediated eviction of Mediator occurred in less than half of all SEs associated with 

cancer relevant genes, and therefore did not correlate with pre-existing levels of this 

transcriptional cofactor [76]. Rather, the SE-associated transcriptional programs that were 

most affected by JQ1 demonstrated higher levels of MYB binding.

In other studies, the heightened sensitivity of SE-associated genes to inhibition has been 

postulated to stem from at least two complementary mechanisms: (i) cooperativity among 

the constituent enhancers and (ii) the short half-lives of oncogenic TFs [20–22, 41]. 

Moreover, as master TFs enriched at SEs sustain their expression through autoregulatory 

feedforward loops, their depletion presumably results in dampened transcriptional output 

from the SEs that they regulate. This has been demonstrated in MYCN-amplified 

neuroblastoma where THZ1 treatment led to preferential downregulation of SE-associated 

genes, including MYCN, thus inhibiting its autoregulation, while simultaneously, 

suppressing MYCN-driven global transcription amplification [20]. Finally, cancer subtypes 

with varying transcriptional addictions have markedly different responsiveness to these 

inhibitors. For example, MYCN-amplified neuroblastoma and MYC-family expressing 

SCLC cells are much more sensitive to THZ1 than are MYCN non-amplified neuroblastoma 

and NSCLC respectively, due to the dependencies of the former tumors on deregulated 

MYC expression. [20, 21, 67, 88]. Nevertheless, the fact that these inhibitors have the 

potential to disrupt fundamental biological processes with eventual global consequences on 

gene expression cannot be discounted, especially since almost all human tissues have 

“normal” SEs that confer tissue specificity. It seems likely that within the established 

principles governing SEs, individual SE constituents may demonstrate differential 

sensitivities to inhibition based on the TFs and chromatin modulators that form part of the 

complex, the binding of each constituent, the level of dependence that such binding confers 

on the tumor cells, all of which would be critically context-dependent. Additional 

contributing factors could be oncogenic aberrations that may not be major drivers, but would 

contribute to the tumor phenotype and are driven, not by enhancer elements but by point 

mutations and post translational modifications. Clearly, further work is needed to carefully 

interrogate SE structure and function in each cancer type in the context of additional 

synthetic lethal oncogenic aberrations that are not dependent on increased enhancer activity 

but on factors that dictate tumor behavior, such as patient age at diagnosis (children vs. 

adult), tumor histology and propensity to metastasize to specific sites.

Concluding Remarks

In conclusion, the available evidence establishes a number of basic concepts regarding SEs 

in cancer: 1) they are present in multiple cancer types, 2) they are required for the 

maintenance of cancer cell identity, 3) they regulate critical oncogenes and confer tumor 

dependencies, and 4) they can be targeted through inhibition of chromatin and 

transcriptional regulators that are disproportionately bound to these regulatory elements SEs. 

Unresolved questions are the contributions of the individual constituents to the diverse roles 

of SEs as they relate to cancer phenotypes and how they selectively respond to therapeutic 

inhibition (see outstanding questions). Future studies focused on elucidating the three-
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dimensional organization of SEs into insulated neighborhoods and their perturbation by 

cancer-associated genetic and epigenetic changes will contribute to the understanding of 

their assembly and function. From a therapeutic standpoint, it will be necessary to elucidate 

the roles of all the components of the SE complex and how they are affected by inhibition, 

before additional targetable nodes can be identified. As SEs are key to the establishment and 

maintenance of cellular identity, elucidating the alterations that occur in SEs in drug-

resistant and relapsed tumor models will be valuable in deciphering the underlying 

mechanisms as well as identifying new vulnerabilities. Finally, it is critical in these studies 

to establish that results from cell line models recapitulate the features of representative 

primary tumors, thus enabling assessment of the true significance of such SE-driven 

oncogenic dependencies.
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Trends Box

• Super-enhancers (SEs) are large regulatory elements enabling cell type-

specific gene regulation and the maintenance of cell identity.

• SEs regulate cancer cell proliferation and survival as well as cell identity, 

through transcriptional regulation of genes that confer oncogenic traits and 

lineage specificity.

• SEs integrate diverse oncogenic signaling pathways to effectively modulate 

gene expression.

• Oncogenic SEs are acquired de novo during cellular transformation, often by 

still undefined processes.

• Targeted inhibition of SE assembly and function hinders tumor viability and 

growth through selective abrogation of key transcriptional regulators.
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Outstanding questions

• How do the contributions of the individual constituents of SE complexes 

differ in normal and cancer cells and within cancer subtypes?

• How do SEs selectively respond to therapeutic inhibition?

• How do oncogenic signaling pathways impinge on chromatin to influence SE 

assembly and function?

• Does the SE landscape and organization change during the acquisition of drug 

resistance and relapse
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Figure 1. Organization and function of super-enhancers (SEs)
Transcription factor (TF) binding to enhancers (E) results in the recruitment of the Mediator 

(Med) complex, which facilitates enhancer interaction with the basal transcription 

machinery and RNA polymerase II (Pol II) at promoters (P) in a gene-specific manner, a 

process mediated by “looping” of the loaded enhancer to the cognate promoter. Enhancer 

looping can span large genomic distances (several kb). SEs are characterized by clustering 

of multiple constituent enhancers (E1–E3) located in close genomic proximity, and 

distinguished by the presence of multiple TF binding sites and increased density of the 

Mediator complex. Regular enhancers in neurons and hematopoietic cells are involved in the 

transcription of housekeeping genes, whereas, SEs regulate only cell-type-specific genes that 

confer “identity”. Non-lineage-specific genes are silenced in both cell types.
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Figure 2. Mechanisms of oncogenic super-enhancer formation
(A) Short insertion mutations that introduce novel MYB binding sites upstream of the TAL1 
oncogene, resulting in the formation of a SE that drives TAL1 expression in T-ALL. MYB 
binding to these de novo sites facilitates SE formation through recruitment of CBP-p300 
acetyl-transferase and the TAL1 transcription factor complex, which drive key genes 

involved in leukemogenesis [38]. (B) SE formation at the LMO1 oncogene in neuroblastoma 

is contingent upon GATA3 binding at a conserved intronic GATA binding site conferred by 

the tumorigenic “G” allele. Cells harboring the protective “T” allele (TATA) at this locus 

have impaired GATA3 binding, leading to diminished recruitment of H3K27Ac, resulting in 

decreased enhancer activity and greatly reduced LMO1 expression [54]. (C) A chromosomal 

translocation as found in adenoid cystic carcinoma (ACC) that repositions an unrelated SE in 

proximity to the MYB oncogene, resulting in its high expression [30]. (D) Focal 

amplification of SE regions as in lung adenocarcinoma, where a focal amplification ~450s 

kb downstream of the MYCN locus leads to SE formation and drives high expression of the 

oncogene [59]. Grey arcs represent physical interactions between SEs and the gene promoter 

(P).
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Table 1

Therapeutic targeting of SE-driven transcription in cancer

Cancer model Inhibitor Effect on SE-driven transcription Effect of SE inhibition on 
tumor biology

Ref.

DLBCL JQ1 (BRD4) Downregulation of SE-driven 
oncogenic and lineage-specific 
transcriptional circuits.

Decreased lymphoma 
infiltration in the bone 
marrow and improved 
overall survival

[29]

AML JQ1 (BRD4) Eviction of BRD4 and Mediator from 
select SE regions causing decreased 
expression of associated genes that are 
MYB targets and important for 
leukemogenesis

Impaired proliferation and 
triggering differentiation of 
leukemic blasts

[76]

Oncogenic Nras 
expression in mouse 
liver

iBET (BRD4) Reduced expression of genes involved 
in SASP that are driven by SEs.

Decreased clearance of 
oncogenic senescent cells.

[81]

T-ALL, MYCN- 
amplified NB, 
SCLC, TNBC

THZ1 (CDK7) Downregulation of SE-associated and 
tumor addictive and lineage specific 
gene expression, MYCN-driven 
transcriptional amplification

Decreased tumor volumes, 
growth and increased 
survival

[20–22, 41, 42]

AML Cortistatin A (CDK8/19) Upregulation of SE-associated genes 
linked to tumor suppression and lineage 
specification.

Reduction in disease 
progression, leukemic 
burden, and tumor volume, 
improved overall survival.

[85]

T-ALL THZ531 (CDK12/13) Downregulation of DNA damage 
response and SE-associated genes

Apoptosis [84]

Ewing sarcoma LEE011 (CDK4/6) Downregulation of SE-associated ES 
dependency genes CyclinD1/CDK4

Cytostasis and delayed 
growth

[87]

SE, super-enhancer; DLBCL, diffuse large B-cell lymphoma; AML, acute myeloid leukemia; SASP, senescence-etory phenotype; T-ALL, T-cell 
acute lymphoblastic leukemia; NB, neuroblastoma;; SCLC, small-cell lung cancer; gative breast cancer; ES, Ewing sarcoma
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