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Abstract: In addition to genetic variants and copy number alterations, epigenetic deregulation of oncogenes and 
tumor suppressors is a major contributor in cancer development and propagation. Regulatory elements for gene 
transcription regulation can be found in promoters which are located in the vicinity of transcription start sites but 
also at a distance, in enhancer sites, brought to interact with proximal sites when occupied by enhancer protein 
complexes. These sites provide most of the specific regulatory sequences recognized by transcription factors. A sub-
set of enhancers characterized by a longer structure and stronger activity, called super-enhancers, are critical for 
the expression of specific genes, usually associated with individual cell type identity and function. Super-enhancers 
show deregulation in cancer, which may have profound repercussions for cancer cell survival and response to ther-
apy. Dysfunction of super-enhancers may result from multiple mechanisms that include changes in their sequence, 
alterations in the topological neighborhoods where they belong, and alterations in the proteins that mediate their 
function, such as transcription factors and epigenetic modifiers. These can become potential targets for therapeutic 
interventions. Genes that are targets of super-enhancers are cell and cancer type specific and could also be of inter-
est for therapeutic targeting. In colorectal cancer, a super-enhancer regulated and over-expressed oncogene is MYC, 
under the influence of the WNT/β-catenin pathway. Identification and targeting of additional oncogenes regulated 
by super-enhancers in colorectal cancer may pave the way for combination therapies targeting the super-enhancer 
machinery and signal transduction pathways that regulate the specific transcription factors operative on them.
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Introduction

Colorectal cancer is a significant cause of can-
cer-related mortality worldwide. In the United 
States of America, colorectal cancer contrib-
utes to 8% of cancer deaths and constitutes 
the third most frequent cause of cancer related 
mortality in both men and women, after lung 
and prostate cancer in the former and after 
lung and breast cancer in the latter [1]. 
Incidence increases with age; about six of every 
10,000 persons between age 50 to 54 years-
old are diagnosed with the disease, while 20 of 
every 10,000 persons between age 75 and 79 
receive a colorectal cancer diagnosis [2]. 
Therefore, incidence is expected to increase in 
the foreseeable future as a result of the aging 
of the population. Mortality from colorectal 
cancer results mainly from metastatic disease, 
which remains mostly incurable, despite pro-

longation of survival as a result of advance-
ments in systemic treatments [3]. Targeted 
therapies based on molecular defects, such as 
microsatellite instability (MSI), BRAF mutations, 
and HER2 amplifications, which drive colorectal 
cancer carcinogenesis have been effective for 
small sub-sets of patients [4-6]. Targetable 
lesions are present in a minority of colorectal 
cancers and most metastatic colorectal cancer 
patients have few effective therapeutic options, 
besides standard chemotherapy and anti-
angiogenic therapies [7]. Great efforts have 
been invested in the development of targeted 
therapies that would increase the personalized 
treatment options for a wider proportion of 
these patients. 

Based on genomic studies, colorectal cancers 
are categorized into those with high levels of 
microsatellite instability (MSI-H) and those with 
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chromosomal instability (CIN). A third sub-set 
includes colorectal cancers that are genomi-
cally stable possessing neither MSI nor CIN [8]. 
Both MSI and CIN result in widespread changes 
in the DNA of cancer cells not only in gene cod-
ing sequences but also in non-coding and regu-
latory sequences. Consequently, besides alter-
ations in proteins due to mutations in their 
gene sequences observed in cancer cells, 
deregulation of expression of various cell com-
ponents may result from alterations in regula-
tory elements and alterations in the epigenetic 
machinery that orchestrates gene expression 
[9]. Mutations in regulatory elements, such as 
promoters and enhancers may have significant 
repercussions in the ability of transcriptions 
factors to bind and regulate the expression of 
key cancer proteins, such as oncogenes and 
tumor suppressors. Super-enhancers are a 
special type of enhancer sequences, which 
possess stronger regulatory potency than typi-
cal enhancers. Thus their deregulation in can-
cers may have profound effects [10]. In addi-
tion, in cancers that are dependent or addicted 
to super-enhancer activity, reliable reversal of 
super-enhancer dysfunction through targeted 
therapies could provide effective treatment 
opportunities. This article discusses the role of 
super-enhancers in colorectal cancer and the 
arising therapeutic developments in this field. 

Definition, molecular structure and physiolog-
ic role of super-enhancers

Super-enhancers consist of multiple enhancer 
DNA sequences that are closely concentrated 
in the space providing binding sites for enhanc-
er binding proteins [10]. Functionally, genes 
regulated by super-enhancers are robustly tran-
scribed, since super-enhancers serve as the 
docking sites for recruitment of an in tandem 
array of protein complexes required for the 
assembly of the general transcription machin-
ery [11].

The concept of super-enhancers was first intro-
duced in studies of embryonic stem cells (ESCs) 
to denote regions bound by stem cell transcrip-
tion factors Oct4, Sox2 and Nanog, highly 
bound by the Mediator complex and marked by 
the chromatin modification H3K27Ac (acetyla-
tion of lysine at position 27 of histone 3), which 
is a marker of active transcription [12]. Since 
the initial introduction of the concept, super-
enhancers have been identified in various cell 

types and confirmed to be reliably discovered 
based solely on their high H3K27Ac content 
[13]. Super-enhancers provide the high tran-
scriptional output required to establish cell 
identities [14]. Their differentiating properties 
in comparison to typical enhancers are mostly 
quantitative, super-enhancers being longer, 
usually several kilobases in length versus 0.5 
to 3 kilobases for typical enhancers, and pos-
sessing higher levels of concentrated H3K27Ac 
[15]. As mentioned above, in ESCs, super-
enhancers are regulators of genes that are tar-
gets of core stem cell transcription factors. In 
differentiated cells, super-enhancers regulate 
genes that are targets of transcription factors 
associated with the individual cell type identity. 
For example, super-enhancers of adipocyte dif-
ferentiation bind transcription factors, includ-
ing KLF4, KLF5, JunB, FOSL2, nuclear recep-
tors and ATF7, which transcribe adipogenesis 
promoting genes [16]. In another example, car-
diomyocyte differentiation is dependent on 
super-enhancers bound by transcription factor 
GATA4, which promotes expression of genes 
required for contractility and excludes the 
expression of non-cardiomyocyte related genes 
[17].

The key epigenetic marker of super-enhancers, 
H3K27Ac is produced by acetyltransferases of 
the KAT3 family, KAT3A (also known as CBP, or 
CREBBP-CREB Binding Protein) and KAT3B 
(p300) (Figure 1A) [18]. At least in certain tis-
sues, KAT3 acetyltransferases are recruited in 
super-enhancer sequences marked with meth-
ylation of H3K4me1/2 (mono- or dimethylated 
lysine at position 4 of histone 3) [19]. This epi-
genetic modification is performed by methyl-
transferases KMT2C (MLL3) and KMT2B 
(MLL4). Moreover, demethylation of the repres-
sive dimethylated lysine at position 9 of histone 
3 (H3K9me2) by demethylase KDM3 promotes 
H3K4 methylation in colorectal cancer stem 
cells [20]. The H3K27Ac histone modification 
serves as a docking site for protein BRD4 
(Bromodomain containing protein 4), which 
possesses two bromodomains in tandem [21]. 
In addition, BRD4 recognizes the methylated 
sub-unit of the SWI-SNF (Switch/Sucrose  
Non-Fermentable) complex, BAF155 (also call- 
ed SMARCC1-SWI/SNF-related, Matrix-associa- 
ted, Actin-dependent Regulator of Chromatin,  
sub-family C, member 1) [22]. BAF155 methyla-
tion is performed by arginine methytransfe- 
rase CARM1 (Co-activator Associated Arginine 
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Methyltransferase 1, also known as PRMT4), a 
member of the protein arginine methyltransfer-
ase family. The dual acylation on a histone and 
a SWI/SNF component implies a collaboration 
of chromatin modifications, performed by dis-
tinct methyltransferase and acetyltransferase 
enzymes, for the optimal recruitment of BRD4. 
A microRNA, miR-766-5p, which targets both 
acetyltransferase KAT3A (CBP) and BRD4 leads 
to reduced H3K27Ac accumulation and inter-
feres with the transcription function of super-
enhancers [23]. Moreover, BRD4 interacts with 
specific transcription factors, including p53, 
c-Jun, MYC/MAX and TWIST, which may confer 
specificity of action in certain enhancers, but 
not in others [24-26]. Interactions of BRD4 with 
transcription factors occur both in an acetyla-
tion dependent manner through the bromodo-

translocation exhibit a broad H3K4me3 do- 
main at CCND1 gene locus, associated with 
increased expression of cyclin D1 [29]. This 
suggests that broad H3K4me3 domains are 
epigenetic features created by the super-
enhancer associated modifiers and follow the 
super-enhancer sequences in their new aber-
rant location.

The Mediator complex consists of 26 proteins 
with an aggregate molecular mass of 1.4 MDa 
and is part of the pre-initiation transcription 
complex for RNA polymerase II mediated tran-
scription [30]. The Mediator interacts with RNA 
polymerase II for transcription initiation. A sep-
arate module of the Mediator complex called 
Mediator kinase module consists of Cyclin 
dependent kinase 8 (CDK8) or CDK19, cyclin C 

Figure 1. Schematic representation of super-enhancer structure and key 
components. A. Trithorax component methyltransferases methylate hIs-
tone 3 at lysine 4 (H3K4). The SWI/SNF component of Trithorax displac-
es or removes histones using energy from ATP hydrolysis, and sequence 
specific transcription factors bind their cognate sequences. KAT3 acetyl-
transferases acetylate histone 3 at lysine 27, creating the signal for BRD4 
binding. BRD4 contributes in bringing the super-enhancer bound transcrip-
tion factors in contact with promoter bound Mediator complex and the 
general transcription factors that recruit RNA polymerase II to initiate DNA 
transcription from transcription start sites (TSS). B. The Mediator kinase 
module displaces the rest of Mediator complex from their interaction with 
RNA polymerase II and allows transcription to proceed to the elongation 
phase, after an initial pause is released. Both sequence specific transcrip-
tion factors and Mediator kinases are under the control of up-stream signal 
transduction pathways. Small triangles represent H3K27 acetylation and 
cylinders represent the histone octamer.

mains of BRD4 or in an acety- 
lation independent manner. 
BRD4 attracts the Mediator 
complex and the basic tran-
scription machinery for tran-
scription initiation of super-
enhancer target genes (Figure 
1A). Moreover, acetylation by 
p300 and CBP plays a role in 
pause release of RNA poly-
merase II and of the general 
transcription machinery in su- 
per-enhancer dependent tran-
scription initiation sites [27]. 

Another salient epigenetic fea-
ture in super-enhancer regulat-
ed genes is the acquisition of 
broad H3K4me3 domains that 
span the areas up-stream and 
down-stream of transcription 
start sites [28]. Broad H3K4- 
me3 domains associated with 
super-enhancers are aberrantly 
created at pathologically target-
ed genes after super-enhancer 
translocation. This was obser- 
ved in the classic translocation 
t(11q13;14q32) that juxtapos-
es the super-enhancer from the 
immunoglobulin heavy chain 
locus at chromosome 14 with 
the gene CCND1, encoding for 
cyclin D1, at chromosome 11, 
and is frequent in mantle cell B 
cell lymphomas. Cells with this 
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and Mediator units 12 and 13 (MED12 and 
MED13) or the alternative units MED12L and 
MED13L, and associates with the rest of 
Mediator in a RNA polymerase II excluding way. 
As the association of the Mediator kinase mod-
ule with the rest of the Mediator complex pre-
vents the association of RNA polymerase II with 
the complex, the module has been proposed to 
constitute a negative regulator of polymerase II 
mediated transcription [31]. However, the 
kinase module may be required for super-
enhancer dependent gene transcription at 
least in some occasions, a requirement that 
relates to a positive influence of the module on 
elongation (Figure 1B) [32]. In this phase of 
transcription, the kinase module co-operates 
with the elongation factor PTEFb, a complex of 
CDK9 kinase and cyclin T [33]. It is also sug-
gested that the complex that includes the 
kinase module regulates RNA polymerase II 
dependent gene elongation only in some occa-
sions, while the Mediator unit MED26 associ-
ates with the Mediator complex instead of the 
kinase module for elongation of RNA transcripts 
in promoters of other genes [33]. CDK8 was 
shown to participate in the rapid elongation of 
p53 target genes [34]. MED26, on the other 
hand, seems to have a key role in the elonga-
tion phase of genes transcribed at a steady 
rate [32]. MED12 and MED13/MED13L play a 
significant role in super-enhancer mediated 
transcription of oncogene MYC in colorectal 
cancer cells, where depletion of the three pro-
teins down-regulated MYC expression, while 
CDK8 and CDK19 depletion had a lesser effect 
[35]. In these cells, MED12 and MED13/
MED13L directly associate with β-catenin, 
which is involved in attracting MED12 to the 
MYC promoter, as witnessed by decreased 
MED12 binding when β-catenin is depleted.

The two alternative catalytic proteins of the 
Mediator kinase module, CDK8 and CDK19, 
are functionally redundant for gene expression 
[36]. However, double knock out of both kinas-
es results in proliferation reduction and promo-
tion of differentiation and of mucin production 
in intestinal organoids. Exposure to an inhibitor 
of the two kinases, SNX-631 recapitulates the 
knock out phenotype in the same organoid sys-
tem and in mice in vivo [36]. The effect of CDK8 
depletion appears to be content dependent, as 
witnessed in a conditional knock out Apc (Min) 
mouse model [37]. In this model, which shows 

high β-catenin activity, knock out of cdk8 
increased tumor growth rate. Intestinal cells 
with cdk8 deletion displayed loss of the repres-
sive trimethylation at H3K27 and up-regulation 
of respective genes regulated by this epigene-
tic modification [37].

SWI/SNF is a multiprotein complex which con-
sists of several sub-units, such as one of the 
two ATPase sub-units SMARCA2 (SWI/SNF-
related, Matrix-associated, Actin-dependent 
Regulator of Chromatin, sub-family A, member 
4, also called BRM - Brahma) or SMARCA4  
(also called BRG1 - Brahma related gene 1), 
SMARCB1 (also known as INI1 - Integrase 
Interactor 1), SMARCC1 (BAF155 - BRG1/BRM 
Associated Factor 155) and SMARCC2 
(BAF170), that are common for SWI/SNF com-
plexes in all cells and other sub-units that are 
more cell type specific [38]. SWI/SNF use ener-
gy from ATP hydrolysis to remove nucleosomes 
from chromatin in areas of promoters and 
enhancers that are associated with H3K27Ac 
and are devoid of the suppressive methylation 
at the same lysine, performed by the polycomb 
repressive complex 2 (PRC2) [39]. Besides this 
role of nucleosome displacement to facilitate 
transcription, SWI/SNF complex was shown to 
directly associate with the Mediator kinase 
module in intestinal epithelial cells [40]. SWI/
SNF sub-units ARID1A, SMARCC2 and PBRM1 
are phosphorylated by Mediator kinases, a 
phosphorylation that regulates SWI/SNF chro-
matin binding and activity. In intestinal epithe-
lia, loss of CDK8 dependent SWI/SNF phos-
phorylation results in decrease of cells with the 
secretory phenotype, through interference with 
the expression of lineage specification factor 
ATOH1 [40]. Therefore, SWI/SNF is an integral 
regulator of super-enhancer function that is 
required for lineage specification gene expres-
sion in the bowel.

Besides transcription, super-enhancer related 
proteins, such as BRD4 and the SWI/SNF com-
plex proteins are implicated in DNA repair of 
double strand breaks [41]. Using the BLISS 
(Breaks Labeling In Situ and Sequencing) meth-
od, which can detect genome-wide double 
strand breaks at a single nucleotide resolution, 
it was found that super-enhancer sites are 
enriched in double strand DNA breaks related 
to the increased transcriptional activity in these 
sites [42]. As expected from the association of 
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transcriptional activity with double strand 
breaks production, the map of naturally occur-
ring double breaks across the genome (consti-
tuting the “breakome”) is cell type specific [42]. 
The homologous recombination protein RAD51 
is required for repair of these breaks and for 
continuing transcription from super-enhancers, 
while RAD51 depletion impairs super-enhancer 
function [42]. BRD4 is recruited in histone acet-
ylated sites in the vicinity of DNA double breaks 
and interacts with scaffold factor 53BP1 (p53 
Binding Protein 1), which then orchestrates the 
assembly of the non-homologous end joining 
machinery for DNA double break repair [43].

Overall, super-enhancers provide the epigene-
tic framework for the robust expression of 
genes whose protein or RNA products need to 
be present for the establishment and mainte-
nance of different cell type identities with 
diverse cell functions. In this manner, super-
enhancers perform a critical function for the 
creation and maintenance of specialized cells 
and tissues in multi-cellular organisms. Super-
enhancer function is regulated by up-steam sig-
nals as well as the 3-dimensional chromatin 
positioning and the chromatin organization in 
topologically associated domains (TADs). TADs 
boundaries are demarcated by insulator pro-
tein CTCF and cohesins and are stronger in 
TADs that contain super-enhancers [44, 45].

Super-enhancer hijacking in cancer 

In cancer pathogenesis, the importance of 
super-enhancers is often related to aberrant 
positioning of pre-existing super-enhancers 
that were present in non-transformed cells due 
to translocations [46]. These result in over-pro-
duction and activation of oncogenes which are 
not normally targets of the aberrantly posi-
tioned super-enhancer. Frequently, the reposi-
tioned super-enhancers and target genes that 
are regulated by them are particularly sensitive 
to up-stream activated oncogenic pathways 
[47]. An example in colorectal cancer is onco-
gene MYC which is a target of the WNT pathway 
[48]. In addition, existing super-enhancers may 
become regulators of genes through copy num-
ber alterations (amplifications or deletions) that 
bring remote loci on the same chromosome in 
physical and functional proximity. For example, 
a long deletion produced a super-enhancer 
hijacking event in a colon cancer patient result-
ing in over-production of TOP2B [49]. After the 

patient’s genomic lesion was introduced in 
HCT116 colorectal cancer cell line, the three-
dimensional genomic re-arrangement of the 
patient was reproduced and TOP2B was up-
regulated. New super-enhancers can be creat-
ed in cancer cells by amplifications and juxta-
position in the loci of existing enhancers, 
enhancing their transcriptional potency [50]. 
Loss of regulation by normal super-enhancers 
through similar mechanisms may result in 
down-regulation of tumor suppressors or iden-
tity determining genes, leading to dedifferentia-
tion of transformed cells. 

Besides the role of super-enhancers in increas-
ing the transcription of target genes, an addi-
tional mechanism of super-enhancer contribu-
tion to increased production of proteins from 
target genes is by increasing target mRNA avail-
ability for translation in the cytoplasm [51]. The 
mechanism involves a physical association of 
super-enhancer sequences to nuclear pores, 
which allow newly produced mRNAs from the 
target gene to be directly transported to the 
cytoplasm. Given that mRNA decay in the cyto-
plasm is lower than in the nucleus, direct trans-
port of the nascent mRNA prevents its destruc-
tion and results in further increase of protein 
production from the super-enhancer target 
gene [52]. An additional role of nuclear pores in 
super-enhancer function involves the creation 
of local environments with liquid-liquid phase 
separation properties [53]. Phase separation 
promotes the functional interaction of enhanc-
ers with promoters and the transcription 
machinery. Phase separation is favored by 
intrinsically disordered FG domains with high 
phenylalanine and glycine content, which are 
present in several nucleoporins, components 
of the nuclear pore multiprotein complex [53]. 
Relevant to colorectal cancer, a super-enhanc-
er upstream of the MYC gene was shown to 
associate with proteins of the nuclear pore and 
direct MYC mRNA trafficking in a manner that is 
dependent on WNT/β-catenin signaling [54]. 
Inhibition of BRD4 using a novel aminocyclo-
propenone compound led to down-regulation of 
nucleoporin NUP210 and interfered with the 
phase separation micro-environment associat-
ed with BRD4 in HCT116 colorectal cancer 
cells [55]. The drug also showed growth inhibi-
tory effects in this cell line.

Alteration of TADs boundaries is another way of 
super-enhancer hijacking in cancer without the 



Super-enhancers and colorectal cancer

705	 Am J Transl Res 2024;16(3):700-719

need for altering the super-enhancer binding 
sequence or length. TADs boundaries which are 
created by binding of transcription factor CCTF 
and cohesins may be lost or, conversely, newly 
created by point mutations or insertions/dele-
tions altering the binding sequences of TADs 
boundaries proteins. Altered TADs may deregu-
late cancer associated genes, by bringing them 
under the aberrant control of new super-
enhancers [44]. Despite resulting in robust 
modification of expression of cancer associat-
ed genes, these types of alterations are diffi-
cult to identify even by comprehensive sequenc-
ing methods, such as whole exome sequenc-
ing, as they occur in non-coding regions of the 
genome.

Specific types of cancers show distinct super-
enhancer aberrations which depend on the 
transcription factors that are critical for the 
identity and function of the respective tissues 
of origin. For example, in prostate cancer, AR is 
a principal transcription factor and a target of 
therapeutic interventions. AR regulates the 
transcriptome of normal prostate tissues and 
prostate cancer through super-enhancer se- 
quences [56]. Treatment of prostate cancer 
cells with the anti-androgen darolutamide im- 
paired the transcription output from AR- 
dependent enhancers and super-enhancers. In 
colorectal cancer, a new super-enhancer regu-
lating gene POU5F1B, a homologue of ESCs 
transcription factor OCT4 (also known as 
POU5F1) is created recurrently and leads to 
increased expression of POU5F1B, compared 
with normal colon epithelium [57]. Inhibiting 
the newly created super-enhancer function 
through exposure to the BRD4 inhibitor JQ1 
reduced the aberrant expression of POU5F1B 
[57].

Super-enhancer alterations may also contrib-
ute to colorectal cancer cases with the MMR 
phenotype [58]. Loss of a binding sequence for 
the CCTF factor in a super-enhancer up-stream 
of the MLH1 gene resulted in impaired expres-
sion of MLH1. The MMR phenotype resulting 
from MLH1 or other MMR gene loss may per-
turb super-enhancers function across the 
genome by recurrent mutations in binding 
sequences [59]. Therefore, colorectal cancers 
with MMR deficiency may have aberrations in 
their epigenome added to the widespread alter-
ations created by the MMR defects in coding 
sequences.

Beyond copy number alterations and structural 
alterations such as fusions in the super-
enhancer sequences, some components of the 
functional machinery of super-enhancers are 
frequently altered through point mutations or 
copy number alterations in their own gene 
sequences, which provide another mechanism 
for super-enhancer function deregulation in 
cancer. For example, component proteins of 
the SWI/SNF multiprotein complex are variably 
mutated in a significant minority (up to 25%) of 
diverse cancer types [60]. The core sub-unit 
SMARCB1 is mutated in almost all pediatric 
rhabdoid tumors, aggressive tumors of infancy 
and early childhood [61]. The ATPase sub-unit 
SMARCA4 (BRG1) is mutated in the great major-
ity of a rare type of ovarian cancer, small cell 
carcinoma of the ovary, hypercalcemic type, 
occurring mostly in pre-menopausal women 
[62]. In colorectal cancer, mutations of sub-
units ARID1A, ARID1B and ARID2 occur in 
10.9%, 6.7% and 6.9% of cases, respectively, in 
the Cancer Genome Atlas (TCGA) cohort [63]. 
Importantly for colorectal cancer, loss of 
SMARCB1 results in increased activity of 
β-catenin/TCF4 pathway [64]. In contrast, 
SMARCA4 loss decreases WNT signaling 
through down-regulation of Frizzled receptors, 
at least in the context of embryonic vascular 
cells [65]. Mediator kinase module protein 
MED12 frequently possesses recurrent muta-
tions at exon 2 that are present in uterine 
fibroids but also in chronic leukemia and 
colorectal cancer [66]. Mutated MED12 still 
retains the ability to bind, in conjunction with 
MED13, to the cyclin C/CDK8 or CDK19 dimer, 
but is defective in activating the kinase func-
tion [66]. Mutations of MED12 and MED13 or 
the alternative kinase module proteins MED12L 
and MED13L occur in 6.2% of cases, 6.6% of 
cases, 4.9% of cases and 3.7% of cases, 
respectively, in the colorectal cancer cohort of 
TCGA (Figure 2) [63]. The genes for CDK8, 
CDK19 and cyclin C are mutated in 2.1%, 1.5% 
and 0.9% of cases, respectively, in the same 
cohort. In addition CDK8 locus at chromosome 
13q12 is amplified in 4.9% of colorectal can-
cers. Similar prevalence of alterations is 
observed in another genomic series of colon 
cancers reported by the Sidra-LUMC AC-ICAM 
international collaboration (Figure 2) [67]. 
Overall, non-overlapping alterations in one of 
the Mediator kinase module constituent pro-
teins are observed in 20% and 21% of cases in 
the two series, respectively [63, 67].
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Epigenetic deregulation of super-enhancer reg-
ulators is also another mechanism that may 
result in altered expression of these regulators 
with repercussions for super-enhancer target 
genes expression. Methylation of CpG islands 
(CpG Island Methylation Phenotype, CIMP) is 
observed in a sub-set of colorectal cancers and 
may affect promoters of super-enhancer com-
ponent proteins, suppressing their expression. 
In one study, BRD4 promoter hyper-methylation 
was present in seven of nine colorectal cancer 
cell lines and also in colon cancer tumors from 
patients, compared with adjacent healthy 
colonic epithelium [68]. Hyper-methylation was 
associated with the activity of DNA methyl-
transferases DNMT1 and DNMT3B, while knock 
out of the two enzymes in HCT116 cells led to 
BRD4 up-regulation.

Targeting super-enhancers as a colorectal 
cancer therapy

Super-enhancers act as powerful transcription 
regulators with critical roles in cell physiology, 
and are associated with robust target gene 
deregulation in cancer. Consequently, their tar-
geting has raised interest as a valid cancer 

therapeutic manipulation [69]. Inhibitors of 
components of the super-enhancer machinery, 
such as BET (Bromodomain and Extra-Terminal 
domain) inhibitors, targeting bromodomain 
containing proteins, and CDK8/CDK19 inhibi-
tors, or of the signals that are required for their 
recruitment, such as histone acetyltransferas-
es inhibitors, have been discovered and some 
are in various phases of clinical development. 
In colorectal cancer, the MYC gene coding 
sequence is not commonly altered, but the 
gene expression is frequently up-regulated 
under the influence of the oncogenic super-
enhancer and the increased WNT/β-catenin 
pathway activity, in a sub-set of colorectal 
cases [70]. In the following paragraphs, poten-
tial therapeutic interventions targeting super-
enhancer structure and function that are in 
various phases of development and could 
become clinically relevant in colorectal cancer 
are discussed.

Target 1: BRD4

The critical role of BRD4 bromodomain contain-
ing protein for super-enhancer dependent tran-
scription is suggested by the observation that 

Figure 2. Prevalence of mutations in genes of the Mediator kinase module and amplifications of CDK8 in two colon 
cancer series, The Cancer Genome Atlas (TCGA) colorectal cancer cohort (black bars) and the Sidra-LUMC AC-ICAM 
colon cancer cohort (Sidra, grey bars).
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BET inhibitors inhibit transcription of WNT and 
super-enhancer regulated MYC oncogene but 
not other targets of the WNT/β-catenin pathway 
in HCT116 colorectal cancer cells [71]. Other 
target genes of BET inhibition included apopto-
sis regulators XIAP, and FLIP in lung cancer 
cells [72] and DNA repair proteins BRCA1 and 
RAD51 in triple negative breast cancer cells 
[73]. Drugs that bind bromodomains and dis-
rupt the ability of BRD4 to bind acetylated his-
tone tails were sought as a means to interfere 
with BRD4 function and the transcription of tar-
get proteins [74]. The first of such drugs discov-
ered was JQ1, a thieno-triazolo-1,4-diazepine, 
and I-BET, a triazoyl ring containing benzodiaz-
epine, which bind bromodomains in nanomolar 
concentrations [75, 76]. JQ1 was shown to 
inhibit preferentially genes regulated by super-
enhancers, such as MYC and the immunoglob-
ulin heavy chain IGH, compared to genes regu-
lated by typical enhancers, such as SMARCA4, 
in multiple myeloma cells [77].

A phase I trial of the oral benzodiazepine BET 
inhibitor molibresib (GSK525762 or I-BET762) 
which included patients with Nuclear protein in 
testis (NUT) carcinomas and other solid tumors 
established a dose of 75 mg daily as the recom-
mended phase II dose [78]. NUT carcinomas 
are aggressive cancers that are molecularly 
defined by fusions of NUTM1 gene at chromo-
some 15q14 with BRD4 or BRD3 or less com-
monly other genes [79]. They attracted interest 
in BET inhibitor trials because of the involve-
ment of BRD homologous genes in the patho-
genic rearrangements of these carcinomas 
which result in deregulation of target genes. In 
the phase I trial of molibresib, 4 of 14 patients 
(28.6%) with NUT carcinomas showed a partial 
response [78]. The trial included 15 evaluable 
colorectal cancer patients and showed stable 
disease in 5 patients, but no objective respons-
es were observed. A phase II trial of molibresib 
with 102 patients with various cancers (12 with 
NUT carcinomas) included no colorectal cancer 
patients [80]. Median PFS was 4.7 months and 
median OS was 6.5 months. Partial responses 
were observed in 2 patients (one patient with 
NUT carcinoma and one patient with castration 
resistant prostate cancer).

Another oral BET inhibitor, birabresib (MK-
8628) was investigated in a phase I study that 
included NUT carcinoma, lung cancer and cas-
tration resistant prostate cancer patients [81]. 

The drug was well tolerated in the recommend-
ed dose of 80 mg daily and 3 of 10 patients 
with NUT carcinomas showed a partial res- 
ponse. A third oral BET inhibitor, trotabresib 
(CC-90010) is also in clinical development, with 
the results of an expansion phase Ib study 
showing stable disease in 63.4% of a cohort of 
various solid tumors [82]. In 31.7% of these 
patients stability of the disease lasted for more 
than 4 months. The oral reversible bivalent BET 
inhibitor AZD5153 has also completed a phase 
I trial in relapsed or refractory solid tumors (one 
participating patient had Non-Hodgkin lympho-
ma) [83]. The trial also included a cohort of 
ovarian and pancreatic cancer patients treated 
with the combination of AZD5153 with the 
PARP (Poly-ADP Ribose Polymerase) inhibitor 
olaparib [83]. The recommended phase II dose 
as monotherapy was 30 mg daily or 15 mg 
twice daily continuously and the combination 
was feasible with a reduced AZD5153 dose at 
10 mg daily in an intermittent schedule. The 
monotherapy cohort included 33 evaluable  
for response patients, among whom there were 
4 colorectal cancer patients. Two thirds of 
patients had received 3 or more lines of previ-
ous therapies. No objective responses were 
observed in the 33 patients, while stability for 
at least 6 weeks was observed in 48.5% of the 
patients [83]. In the combination cohort, one 
patient (6.7%) had a partial response.

Proteolysis targeting chimeras (PROTACs) are 
constructs that associate a ligand moiety bind-
ing a target protein with another ligand for a 
ubiquitin ligase, an enzyme that catalyzes pro-
tein ubiquitination [84]. PROTACs bring in physi-
cal proximity the target protein with the ubiqui-
tination machinery and promote ubiquitin 
attachment to the target which serves as a sig-
nal for degradation in the proteasome [85]. A 
PROTAC targeting BRD4, called A1874, has 
been developed and tested in primary colorec-
tal cancer cells and the colorectal cancer cell 
line HCT116 [86, 87]. This PROTAC construct 
consists of a binding moiety for E3 ligase 
MDM2, idasanutlin, combined through a poly-
ethylene glycol ligand with JQ1 as a BRD4 bind-
er [86]. A1874 showed efficacy in reducing cell 
proliferation and inducing apoptosis in colorec-
tal cancer cells [87]. Degradation of BRD4 was 
confirmed, as was the down-regulation of target 
genes MYC, BCL2 and CCND1. The PROTAC 
was more effective than BRD4 inhibitors JQ1, 
CPI203, and I-BET151. Interestingly, activity of 
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A1874 was also observed in colorectal cancer 
cells with BRD4 knocked-out, suggesting addi-
tional mechanisms of cytotoxicity not depen-
dent on BRD4 degradation. Indeed, A1874 
showed a stabilizing effect on tumor suppres-
sor p53, which is a target of MDM2 [86]. As a 
result, expression of cell cycle inhibitor p21, a 
p53 target gene, was increased after A1874 
exposure. Colorectal cancer cell line HCT116 
possesses wild type p53, which may increase 
its sensitivity to A1874, compared with cell line 
HT29, which possesses an inactivating muta-
tion of p53, or HCT116 cell sub-lines with dou-
ble p53 knockout [86]. In contrast, another 
BRD4 targeting PROTAC, A743, employing a dif-
ferent E3 ligase, VHL, was more effective 
against cells with mutant or deleted p53. No 
clinical trials with A1874 are currently enlisted 
in the ClinicalTrials.gov database.

The experience with small molecule BRD4 
inhibitors, which suggest low efficacy as mono-
therapy, as well as with PROTACs, which sug-
gest additional mechanisms of action, besides 
BRD4 down-regulation, as important contribu-
tors of efficacy, pinpoint to combination of 
BRD4 inhibitors or BRD4 down-regulators with 
other therapeutic agents as a putative way to 
improve therapeutic efficacy and to boost the 
development of useful clinical regimens in 
colorectal cancer and other cancers. In this 
respect, it was determined that BRD4 inhibition 
induces mismatch repair defects and creates 
therapeutic vulnerability to immune checkpoint 
inhibitors in MMR proficient cells [88]. BRD4 
inhibitors down-regulated MMR-related pro-
teins MSH2, MSH6, MLH1 and PMS2 in colorec-
tal, ovarian, cervical and lung cancer cell lines. 
BRD4 Inhibitor, JQ1 down-regulated MMR-
related proteins in human xenografts, in mice, 
in vivo [88]. Interestingly, even in cells that had 
acquired resistance to the growth inhibitory 
effects of BRD4 inhibitors after prolonged 
exposure, MMR protein levels remained down-
regulated. Cells and tumors with acquired resis-
tance to BRD4 inhibitor AZD5153 displayed 
sensitivity to an anti-PD-L1 checkpoint inhibi-
tor, as expected in cells with persisting MMR 
defects, compared to parental cells. Sensitivity 
was not significantly augmented by continuous 
exposure to the BRD4 inhibitor [88].

Another pre-clinical study suggested synergy of 
the combination of BET inhibitors with PARP in 
homologous recombination proficient cancers 

[89]. BET inhibitors JQ1, molibresib and OTX015 
suppressed the expression of homologous 
recombination proteins BRCA1 and RAD51 at 
the transcriptional level and sensitized cells to 
olaparib. BRCA1 and RAD51 were also down-
regulated in BRCA1 and BRCA2 wild-type triple 
negative breast cancer cells exposed to JQ1 
and another BET inhibitor, GSK525762A [73]. 
This resulted in a homologous recombination 
defect and sensitization to cisplatin and olapa-
rib. Another study also showed that BRD4 inhi-
bition using various BET inhibitors induced 
homologous recombination deficiency, in this 
case through down-regulation of protein CtIP, 
which co-operates in creation of single strands 
through end resection for use as DNA tem-
plates during the repair process [90]. The pro-
duced homologous recombination deficiency 
sensitizes cells to PARP inhibitors. As men-
tioned above, a phase I trial with the combina-
tion of BET inhibitor AZD5153 and olaparib in 
pancreatic and ovarian cancer patients showed 
only a single BRCA proficient pancreatic cancer 
patient with a partial response (6.7% response 
rate) lasting for 4 months [83]. Therefore, a bet-
ter patient selection will be required for transla-
tion of the pre-clinical data to successful clini-
cal drug combinations.

Target 2: CDK8 and CDK19

In view of the regulation of the WNT pathway by 
CDK8 and paralogue kinase CDK19, inhibition 
of the two kinases with small molecule inhibi-
tors has attracted interest in preclinical models 
of colorectal cancer [91]. CDK8/CDK19 inhibi-
tors based on diverse chemical scaffolds have 
been discovered [92]. Inhibition of mediator 
associated kinases may have pleotropic effects 
in cancer cells that are tumor promoting or sup-
pressing and are context dependent [93]. 
Therefore, therapeutic deployment of these 
inhibitors would also be expected to be suc-
cessful only in selected cancers where the 
effects of the target kinases are pro-tumorigen-
ic, but not in other cases where the kinases 
play a tumor suppressing role. The challenge in 
development will be to determine the sub-sets 
of cancers, if any, that are vulnerable to such 
inhibition. The small molecule selective CDK8/
CDK19 inhibitor CCT251545 is a pyridine deriv-
ative discovered through a high throughput cell 
based assay and optimization [94]. CCT251545 
alters expression of WNT target genes as well 
as STAT1 target genes, consistent with its abili-
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ty to engage and inhibit the target kinases in 
colorectal cancer cell lines in vitro [95]. 
Phosphorylation of STAT1 at position S727 was 
a marker of CDK8 kinase activity in vitro and in 
vivo in a breast cancer allograft model in mice. 
Moreover, CCT251545 showed in vivo activity 
in WNT dependent tumors in the same model 
[95].

In a study inquiring into biomarkers of efficacy 
of ATR inhibitors, CDK8 and its partner cyclin C 
were identified as a requirement for efficacy in 
cell lines with or without mutations in the relat-
ed kinase ATM [96]. Loss of CDK8 or Cyclin C 
suppressed replication stress and produced 
resistance to ATR inhibitor ceralasertib. This 
study suggests that pharmacologic inhibition of 
CDK8 could similarly act antagonistically to ATR 
inhibition and would not be a good candidate 
for combination therapy.

Another small molecule CDK8/CDK19 inhibitor, 
RVU120/SEL120 possesses the ability to 
down-regulate lineage commitment genes such 
as KLF1, FLI1, GATA1 and GATA2 [97]. SEL120 
has entered phase I/II dose escalation and 
expansion clinical trials in hematologic malig-
nancies and in solid tumors (NCT05052255). 
Results are currently not available in the peer 
reviewed literature. In anticipation of these 
results, it would be interesting to determine if 
these inhibitors would prove well tolerated and 
if any signals of benefit in specific types of can-
cers or in cancers with specific molecular 
defects will emerge.

Target 3: CDK9

CDK9 is a serine/threonine kinase, which 
together with its partner cyclin T constitute the 
positive transcription elongation factor b 
(P-TEFb), with a key role in transcription elonga-
tion through the release of paused RNA poly-
merase II [98]. Similar to the Mediator kinases, 
CDK9 is involved in the regulation of transcrip-
tion of genes irrespective of the presence of 
super-enhancers in their regulatory sequences. 
However, genes with robust transcription activ-
ity in given cell types, such as those regulated 
by super-enhancers are more dependent on 
the RNA polymerase II transcriptional activity 
and would be more prone to inhibition of the 
different phases of this activity [99]. Indeed, 
the prototypic super-enhancer regulated MYC 
oncogene is dependent on CDK9 for its tran-

scription [99]. In addition, in cancers with 
increased MYC activity, such as sub-sets of 
colorectal cancer, MYC interacts directly with 
CDK9 in the regulation of target genes [100]. 
Therefore inhibition of CDK9 provides a rational 
option for therapeutic targeting of super-
enhancer mediated transcription. Concerns 
regarding adverse effects of CDK9 inhibitors 
due to the important general physiologic role of 
the kinase in RNA polymerase II dependent 
transcription have been partially addressed 
with the advent of more specific inhibitors  
that decrease the likelihood of off-target 
adverse effects, while management of on-tar-
get adverse effects are addressed in on-going 
early phase clinical trials through optimization 
of doses and schedules [98].

Several CDK9 inhibitors are in clinical develop-
ment. One inhibitor, the small molecule 
AZD4573 exhibited selectivity against CDK9 
compared to other CDKs and depleted the 
apoptosis inhibitor MCL1, an anti-apoptotic 
member of the BCL2 family, inducing cell apop-
tosis in cell lines in vitro and mouse xenografts 
in vivo [101]. Hematologic cell lines and patient 
derived xenografts were more sensitive to the 
drug than solid tumor cell lines [101]. Cell lines 
and xenografts that were resistant to AZD4573 
were sensitized by the addition of the BH3 
mimetic venetoclax, suggesting that inhibition 
of both MCL1 and BCL2 was required for induc-
tion of apoptosis in these resistant cases [101, 
102]. AZD4573 is currently in phase 2 trials in 
hematologic malignancies, either as monother-
apy or in combination with the Bruton’s tyrosine 
kinase inhibitor, acalabrutinib [103]. Initial 
results of the AZD4573/acalabrutinib combina-
tion confirmed the feasibility of the regimen 
and showed an overall response rate of 50% in 
patients with heavily pretreated relapsed or 
refractory diffuse large cell lymphoma.

In contrast to AZD4573 which is administered 
intravenously, another CDK9 small molecule 
inhibitor, KB-0742 is orally bio-available and 
has been studied in MYC dependent cancers 
[104]. In a first in human phase 1 trial that 
included colon cancer, other solid tumor and 
lymphoma patients, KB-0742 proved to be well 
tolerated at a dose of 60 mg daily, which was 
selected for further study [105]. At this dose 
two colorectal cancer patients with MYC over-
expressing cancers had stable disease and two 
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myxoid liposarcoma patients with transcription 
factor fusions exhibited partial responses. 
Overall these early clinical results with selec-
tive CDK9 inhibitors are encouraging. Com- 
bination therapies in selected patient popula-
tions such as those with MYC or MCL1 depen-
dent cancers are the lead candidates for more 
advanced phase testing.

Target 4: KAT3 inhibitors

The signal for BRD4 recruitment in super-
enhancer sequences is provided by the 
H3K27Ac histone modification which is excep-
tionally high in these sites. As a result, pharma-
cologic reversal of these acetylations through 
histone acetyltransferase inhibitors would be 
expected to impair the ability of BRD4 to be 
recruited at super-enhancer sites for triggering 
the down-stream interactions and transcription 
initiation and elongation. Inhibitors of p300/
CBP acetyltransferases, that perform the 
H3K27 acetylation, have been discovered and 
have been confirmed to reduce histone 3 and 
histone 4 acetylation in leukemia and prostate 
cancer cells, inducing cell cycle arrest [106, 
107]. The oxazolidinedione compound A-485 
was identified as an acetyl-CoA competitive 
inhibitor of both KAT3 family acetyltransferas-
es [107]. A-485 is selective for KAT3 acetyl-
transferases, with negligible activity for other 
acetyltransferases. The drug inhibited the tran-
scription activity of lineage determining tran-
scription factor MITF (Microphthalmia - associ-
ated Transcription Factor) in melanoma cells 
[108]. This inhibition was associated with 
decreased histone 3 acetylation but not with 
displacement of the acetyltransferases from 
MITF promoters. Acetyltransferase inhibition 
was mimicked by silencing of EP300, the gene 
encoding for p300 or silencing of MITF gene. 
Inhibition of histone acetylation by A-485 was 
associated with melanoma cell senescence 
but not with induction of apoptosis [108]. In an 
attempt to improve the efficacy of A-485 and to 
induce apoptotic death, the combination of 
A-485 with the apoptosis inducer TRAIL was 
evaluated in another preclinical study in lung 
cancer cells [109]. The combination was found 
to be more effective than TRAIL alone in apop-
tosis induction of EGFR inhibitor sensitive and 
resistant lung cancer cell lines in vitro. Currently, 
no clinical trials of A-485 or any other KAT3 
family acetyltransferase inhibitor have been 

reported in the peer reviewed literature. It 
remains to be determined whether the higher 
order of magnitude of H3K27Ac in super-
enhancers will be sufficient to confer selectivity 
of KAT3 inhibitors for super-enhancer depen-
dent genes, sparing genes not dependent on 
super-enhancers.

Target 5: Nucleoporins

The arising role of nuclear pores in the facilita-
tion of transcription from super-enhancers, as 
well as in the prompt export of produced 
mRNAs of target genes suggests that nuclear 
pores may be a therapeutic target for interfer-
ing with super-enhancer function, although 
conceivably targeting nuclear pores may have 
broader implications in cellular functions [53]. 
An indirect targeting of nuclear pore proteins 
through decrease of their production by BET 
inhibitors has also been proposed [55]. An ami-
nocyclopropenone compound inhibiting BRD4 
was shown to reduce transcription of the gene 
NUP210 encoding for a nucleoporin and reduc-
ing growth of colorectal cancer cell line HCT116. 
As expected, the compound also attenuated 
the expression of BRD4 target MYC. However, 
knockdown of NUP210 produced similar growth 
reduction in HCT116 cells with the drug, sug-
gesting that the growth effect was at least in 
part due to the nucleoporin reduction [55]. 

Reduced production of nuclear pore compo-
nents could have global effects on the stoichi-
ometry of the nuclear pore complex and the 
physiologic function of the multi-protein struc-
ture. This could result in triggering of autophagy 
[110]. Autophagy has a dual effect in cancer 
and can be both deleterious and protective for 
cancer cells [111]. Therefore, potential target-
ing of nuclear pore function in a generic man-
ner may have unanticipated effects. In addi-
tion, given the key role of nuclear pores in cell 
physiology, its dysfunction may not be well tol-
erated by normal cells, raising concerns regard-
ing the tolerability of compounds that target the 
nuclear pore. These considerations together 
with the fact that currently there are no clinical 
grade compounds targeting nuclear pore com-
ponents suggest that the nuclear pore may not 
be the optimal target for super-enhancer inhibi-
tion. However, further research may uncover 
aspects of the nuclear pore complex and its 
interactions with the super-enhancer machin-



Super-enhancers and colorectal cancer

711	 Am J Transl Res 2024;16(3):700-719

ery that are amenable to specific functional dis-
ruption of super-enhancers as machineries for 
oncogene production.

Target 6: Synthetic lethality

Synthetic lethality refers to the phenomenon 
where two different molecular lesions are well-
tolerated in a cell environment individually, but 
lead to cell death when they co-exist [112]. The 
concept was brought in the forefront of cancer 
therapeutics with the successful treatment of 
BRCA1 and BRCA2 mutant cancers with PARP 
inhibitors, which takes advantage of the sensi-
tivity of cells with homologous recombination 
defects to inhibition of other DNA repair path-
ways by PARP inhibitors. Related to super-
enhancer components, as mentioned previous-
ly, BET proteins activity impairment sensitizes 
colorectal cancer cells to PARP inhibitors [89]. 
Conversely, BRCA1 deficiency in breast cancer 
cells sensitized them to BET inhibitors through 
down-regulation of MYC and alleviating sup-
pression of target gene TXNIP, encoding for a 
theoredoxin regulator [113]. Moreover, BET 
inhibitor JQ1 sensitized colorectal cancer cells 
to topoisomerase I inhibitor camptothecin by 
preventing recruitment of 53BP1 and MRE11 
necessary for the repair of double strand 
breaks induced by camptothecin [114].

Among components contributing to super-
enhancers function, the multi-protein SWI/SNF 
complex is most frequently mutated in up to a 
fourth of all cancers. SWI/SNF mutant cancers 
have been proposed to be sensitive to EZH2 
inhibition, based on the fundamentally oppos-
ing functions of the PRC2 complex, in which 
EZH2 belongs, and the trithorax complex, the 
broader complex encompassing SWI/SNF, in 
suppressing and promoting transcription, 
respectively [115, 116]. In a phase 1 trial, three 
of 10 patients with SWI/SNF component 
SMARCB1 negative malignant rhabdoid tumors 
and malignant epithelioid sarcomas had a par-
tial response to the EZH2 inhibitor tazemeto-
stat [117]. Two other patients had stable dis-
ease and received the drug for over a year. The 
trial included also two patients with SMARCA4 
negative malignant rhabdoid tumors of the 
ovary (clear cell carcinomas of the ovary of  
the hypercalcemic type) and a patient with 
SMARCA4 negative thoracic sarcoma. One of 
the three patients had a partial response and 

another patient had stable disease, remaining 
on treatment for over six months. No objective 
responses were observed in 30 patients with 
other solid tumors without SMARCB1 or 
SMARCA4 negativity and only one patient had a 
clinical benefit with stable disease lasting for 
11 months [117]. In colorectal cancer, three 
other SWI/SNF components, ARID1A, ARID1B 
and ARID2 are most frequently mutated than 
SMARCA4 and SMARCB1. ARID1A mutations 
are frequently observed in clear cell carcino-
mas of the ovary and ovarian cancer cells with 
such mutations were sensitive to EZH2 inhibi-
tor GSK126 [118]. The synthetic lethality was 
traced in this study to the de-repression of 
PIK3IP1, a negative regulator of the PI3K/AKT 
pathway by GSK126 treatment. In contrast, 
other studies have suggested that ARID1A 
mutant cell lines do not share the sensitivity of 
SMARCB1 or SMARCA4 negative cells to taze-
metostat [119]. Moreover, in urothelial cancer, 
ARID1A truncating mutations, which are also 
the most frequent SWI/SNF sub-unit mutations 
in this disease, did not confer EZH2 inhibitor 
sensitivity, implying that the EZH2/SWI/SNF 
synthetic lethality phenomenon is sub-unit spe-
cific and possibly cell context dependent [120].

Deficiency of the mismatch repair protein MSH2 
and the related MSH6 protein was associated 
with super-enhancer dysfunction in gastric can-
cer cells, independently of the role of the two 
proteins in mismatch repair [121]. Normal 
MSH2 in co-operation with MSH6 interacts 
with SWI/SNF protein SMARCA4 and loss of 
this interaction due to knockdown of MSH2 
results in decreased acetylation of super-
enhancer sites with a particular enrichment in 
super-enhancers of cell adhesion associated 
genes, such as CLDN4, encoding for tight junc-
tion protein Claudin 4, ITGB1, encoding for inte-
grin sub-unit beta 1, and CTNNB1, encoding for 
β-catenin. Loss of MSH2 sensitized cells to BET 
inhibitor JQ1. The sensitization was traced to 
the addiction of cells with MSH2 loss to bromo-
domain protein BAZ1B, whose inhibition results 
in arrest of proliferation [121]. Mismatch repair 
deficiency and microsatellite instability (MSI) 
may also play a role in the synergism with BET 
inhibitors as the widespread mutational lesions 
observed in MSI cells could affect super-
enhancer sequences and function. Conceivably, 
MSI cells that have acquired new super-enhanc-
ers and become dependent on them may be 
sensitive to super-enhancer inhibition.
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SMAD4 mutations are frequent in colorectal 
cancers, occurring in about 10% of cases [63, 
122]. SMAD4 is a co-factor of the TGFβ cas-
cade and mutations lead to deregulation of the 
pathway, which has pro-metastatic effects 
[123]. SMAD4 knockout sensitizes colorectal 
cancer cells in vitro and xenografts in vivo to 
BET inhibitors [124]. The specificity for cells 
without SMAD4 relates to the effect of BET 
inhibitors in curtailing the function of oncogene 
MYC which is a target of transcriptional inhibi-
tion by SMAD4 and therefore is over-expressed 
in these cells. Whether BET inhibitors could be 
effective in colorectal cancer patients with 
SMAD4 mutations is an interesting hypothesis 
that may deserve testing.

In conclusion, super-enhancer targeting in 
colorectal cancer is of clinical interest. The 
most advanced category of drugs, already in 
clinical development, are those targeting BET 
domain proteins. Early clinical results are 
encouraging so far, but pinpoint also to a need 
for use of molecular biomarkers to determine 
populations with the highest probability of 
deriving clinical benefit. Moreover, it is expect-
ed that combination therapies targeting super-
enhancers and other vulnerabilities, such as 
signaling pathways contributing to their activa-
tion, will be required to broaden the spectrum 
of patients effectively targeted. These combi-
nations will require consideration of concomi-
tant oncogene alterations for optimal efficacy. 
For example, in colorectal cancers with BRAF 
oncogenic mutations, targeting BRAF with 
existing inhibitors, such as vemurafenib, and 
targeting super-enhancer activity with BET 
inhibitors may provide synergistic results [125]. 
A putative synergy of targeting the KRAS/BRAF/
MEK pathway in combination with the super-
enhancer machinery is also suggested by the 
observation that many super-enhancers across 
the genome of colorectal cancers are occupied 
by the transcription factor AP-1 (Activator 
Protein 1) that is activated downstream of the 
pathway [126]. The tolerability of targeting 
super-enhancers, especially in combination 
with other drugs, is also to be confirmed, 
although the initial clinical experience with  
BET inhibitors suggests the feasibility of the 
approach.
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