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One of the major challenges in cancer treatments is the dynamic adaptation of tumor cells to cancer therapies. In

this regard, tumor cells can modify their response to environmental cues without altering their DNA sequence. This

cell plasticity enables cells to undergo morphological and functional changes, for example, during the process of

tumour metastasis or when acquiring resistance to cancer therapies. Central to cell plasticity, are the dynamic

changes in gene expression that are controlled by a set of molecular switches called enhancers. Enhancers are

DNA elements that determine when, where and to what extent genes should be switched on and off. Thus, defects

in enhancer function can disrupt the gene expression program and can lead to tumour formation. Here, we review

how enhancers control the activity of cancer-associated genes and how defects in these regulatory elements

contribute to cell plasticity in cancer. Understanding enhancer (de)regulation can provide new strategies for

modulating cell plasticity in tumour cells and can open new research avenues for cancer therapy. 

enhancer  cancer  epigenetic  stem cell  plasticity

1. The Epigenetic Foundation of Tumour Plasticity

One of the processes that underlies tumour heterogeneity is the cellular differentiation of tumour cells that harbour

a stem cell capacity. These cancer stem cells (CSCs) generate committed cells with a spectrum of phenotypes,

that all share the same genetic background , making CSCs one of the main culprits of tumour heterogeneity 

. Recent studies suggest that stemness can be considered as a “biological state” in which cells can enter or exit,

indicating a robust cell plasticity within tumours . Here, tumour cells can gain stem-like or differentiated

phenotype depending on the intrinsic genetic triggers or the external environmental cues. For example, in luminal

breast tumours, in which the majority of cells have epidermal characteristics, a small fraction of cells expresses the

mesenchymal/basal markers (e.g., CD44) and show resemblance with the normal mammary stem cells. Of note, a

homogenous population of luminal tumour cells, sorted based on low levels of CD44(CD44 low ), can regenerate

the tumour bulk that contains CD44 high cells (constituting 10% of the tumour bulk). Thus, the luminal breast

tumour cells can undergo de-differentiation to obtain a more basal CD44 high phenotype, suggesting a strong

plasticity of cells within the tumour .

In addition to phenotypic variation, our understanding of the extent of tumour heterogeneity has tremendously

increased by using technologies that reveal features of tumour cells at the single cell level. One such approach is

based on investigating the gene expression profiles by high-resolution single cell RNA-seq (scRNA-seq) analysis

. For example, a recent study of a BRCA1-null model of breast cancer indicates that tumour cells with a similar

genetic background can cluster into different subpopulations that have distinct gene expression profiles. In this
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regard, the upregulation of cell cycle regulators (e.g., BIRC5 , TYMS and MKI67 ) is only observed in a cluster of

highly proliferative cells and not in the cell cluster that exhibits a progenitor-like phenotype (with the expression of

the basal cell markers such as KRT14 , IGFBP5 , WNT10A ). These observations suggest that cancer therapies

that target cell proliferation may be less effective in eradicating the quiescent progenitor-like populations in these

tumours .

The exact sequence of events that leads to enhancer activation is not well established; however, pioneering factors

and lineage defining TFs (LDTFs) can access the condensed chromatin regions and can act as the initial step for

enhancer activation. These TFs recruit the epigenetic modifiers, e.g., the histone acetyl transferases CBP/P300

and/or the mono methyl transferases MLL3/MLL4, to deposit H3K27ac and H3K4me1 at enhancers. These active

enhancer marks are then recognised by epigenetic readers such as BRD4 that recruit transcription coactivator, the

Mediator complex and the RPOL2 transcription machinery to maintain the expression of target genes .

The activity of enhancers can be also regulated by DNA methylation that is deposited at cytosine residues and,

based on the genomic location and the co-occurrence of other epigenetic marks, can have a positive or negative

impact on transcription. Generally, CpGs methylation at promoters and enhancers is followed by inactivating

histone methylation marks and the formation of a condensed chromatin state , whereas gene-body methylation

shows a positive correlation with transcription . The global hypomethylation, e.g., via mutation in DNMTs, can

potentiate the ectopic expression of oncogenes . For example, studies in lymphoma indicate that the

hypomethylated fraction of a genome usually harbours genes and CREs that are related to proliferation,

differentiation, and negative regulators of P53 pathway . However, an elevated level of DNMT can also

contribute to tumourigenesis through the inactivation of tumour suppressor genes . In breast cancer, for

instance, the upregulation of DNMTs is necessary for tumour progression; here, the cancer stem cell subpopulation

relies on DNMT1 to hypermethylate and suppress ISL1 that functions as a negative regulator of self-renewal in

mammary stem cells and plays a tumour suppressor role in breast cancer .

2. Enhancer Dynamics and Tumour Plasticity:

Switching between enhancers in different developmental states is another strategy that cells use to tailor their gene

expression profiles. In haematopoietic stem and progenitor cells, alternative elements that engage in enhancer

switching have different compositions of TF binding sites that include various differentiation regulators (such as

MYB, FLI1, LMO2, and RUNX1) and signalling-dependent TFs. This unique array of TF-binding sites and the

differential expression of TFs determines the state-specificity and the level of enhancer activity. Interestingly, the

deregulation of these TFs is often detected in transformed cells, leading to enhancer switching and the usage of

elements with more oncogenic impacts. In line with this, the expression of GATA2 and MYC in haematopoietic

malignancies is controlled by the re-establishment of a series of enhancers that normally function in HSCs, further

highlighting the contribution of stem-state-specific enhancers to cancer .

EMT is one of the main mechanisms fuelling the tumour plasticity and heterogeneity and entails dynamic changes

in transcriptional and epigenetic landscapes ( Figure 1 ) . Studying EMT in normal and transformed cells
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indicates dependency on global epigenetic reprograming, that starts with extracellular cytokine or the induction of

EMT master regulators (e.g., TWIST and SNAIL ). DNA methylation is one of the waves of epigenetic changes that

is pivotal for the EMT cell state transition, as suppressing DNMTs (e.g., by chemical inhibition of their functions)

impairs EMT, even when the EMT-inducing signal persists . The reprogramming of DNA methylome starts

shortly after EMT induction (e.g., by TGFB) and lasts until the cells commit to a mesenchymal state. In transitioning

cells, hyper methylation occurs at CpGs containing regulatory regions that associate with epithelial identity and cell

cycle progression, resulting in chromatin condensation at these sites. Histone modifications are another layer of

epigenetic regulations that dynamically change in response to an elevated level of EMT master regulators such as

SNAIL . SNAIL mainly functions as a transcription repressor and modulates the loss of H3K27Ac and

H3K4Me3, as well as the enrichment of H3K27me3 by recruiting corresponding chromatin modifiers to the

promoter of epithelial markers. However, later on in the transition, SNAIL induces positive histone marks

(H3K4Me3 and H3K4Me1) on the promoter of mesenchymal genes to support the mesenchymal commitment .

Figure 1.  Schematic representation of the general features of active and inactive enhancers. The intra-tumour

heterogeneity may arise from differentiation of cancer stem cells or EMT, two main processes that involve cell state

transition and epigenetic reprogramming of transcriptional enhancers.
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Among different extracellular signals, TGFB is one of the most potent inducers of EMT that triggers a global

epigenetic reprogramming in target cells. Several signalling cascades function downstream of TGFB to transmit the

signal to target genes. For example, in mammary epithelial cells, ERK signalling plays a crucial role downstream of

TGFB to regulate H3K27ac deposition at enhancers. In this regard, enhancers activated by TGFB are highly

enriched for TFs such as GABPA, JUN, RUNX1, and ATF3 that function downstream of ERK signalling and have

prominent roles in EMT. Furthermore, when ERK-signalling is inhibited, cells treated with TGFB fail to express early

EMT regulators such as HMGA2, ITGA2, and TGFBR1 due to a lack of H3K27ac deposition at corresponding

enhancers. Thus, ERK-signalling is necessary for acquiring H3K27 acetylation at enhancers and the induction of

the EMT process . The TGFB-induced EMT is not always conveyed through canonical TFs (e.g., SNALI or

ZEB1). In alveolar carcinoma cells, an unconventional trio of ETS2, HNF4A, JUNB show overexpression in the E/M

hybrid phase of EMT and are necessary for the formation of TGFB-induced super enhancers. These super

enhancers control the expression of mesenchymal markers such as FOXP1 and CDH2 in transitioning cells. The

synergic effect of ETS2, HNF4A, JUNB is crucial for enhancer activity as their suppression impairs the EMT

process through loss of enhancer activity .

EMT regulation can be cell-type specific, and the downstream epigenetic changes can vary, dependent on the EMT

stimuli. For example, EMT induction in renal, alveolar and breast immortalised cells reveals that the changes in

histone methylation (at H3K27, H3K4 and H3K9) is cell-type specific. This difference in epigenetic regulation is also

observed when different EMT stimuli such as TGFB/TNFa or EGF are used. This context-specific epigenetic

regulation is associated with different transcriptional outputs. For instance, TGFB treatment causes the

downregulation of E-cadherin in all investigated cell lines, whereas the gain of mesenchymal markers such as

Vimentin is detected in some cells. Nevertheless, a fraction of regulatory elements is similarly decorated with

histone marks in all conditions, regardless of the source of EMT induction. Interestingly, these universal EMT

elements control genes that function in extracellular matrix degradation (e.g., ADAM and MMP9 ) rather than EMT-

related transcription factors .

3. Cancer-Related Genetic Variations at Enhancers

Somatic structural variants may also disrupt the boundaries of insulated genomic domains and can lead to

deregulated gene expression ( Figure 2 C). Most enhancer–promoter interactions occur within topologically

associating domains (TADs)  that insulate the regulatory activity of enhancers from neighbouring domains. In

this regard, structural variants can lead to TADs fusion, the duplication of TAD-boundaries or complex

rearrangements, such as TAD inversions. The PCWAG found that structural variants affecting TAD boundaries

occur in 5.0%, 8.5%, and 12.8% of all deletions, inversions, and duplications, respectively. Such examples have

been observed in a TAD boundary deletion near the WNT4 locus in lymphoma, and the SLC22A2 locus in breast

cancer. However, PCWAG results indicate that structural variation at TAD boundaries do not strongly affect the

expression of nearby genes; only in 14% of the cases, deletion in a TAD boundary results in the significant

expression change of nearby genes .
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Figure 2. Contribution of mutations that affect enhancer sequence in cancer. (A) Somatic mutations can generate

novel TF binding sites that recruit epi-modifiers that in turn can deposit epigenetic marks forming putative

oncogenic enhancers. (B) Structural rearrangement of DNA can increase the expression of oncogenes by

assigning ectopic enhancers to oncogenes via chromosomal translocation or by reducing the distance of enhancer

to target promoter via deletions. (C) Mutations and structural rearrangement can influence the insulator regions and

consequently can disturb TAD boundaries that shield oncogenes from nearby enhancers.

It is important to note that enhancers operate as platforms for the epigenetic machinery. Thus, in addition to genetic

variations in cis-regulatory elements, mutations in enhancer-associated proteins can also influence cell state,

tumour formation and progression, via altered epi-decoration of enhancers .

The other side of balancing the histone acetylation is controlled by histone deacetylases such as HDAC1. A multi-

omics study in liposarcoma shows that HDAC1 is mutated in 8.5% of primary tumours. Mechanistically, HDAC1

inactivation leads to the deregulated expression of lineage-defining TFs such as C/EBPα, enhancing the

undifferentiated state of tumour cells . In another case, CRC cells that carry a frame-shift mutation at the HDAC2
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gene become refractory to anti-proliferative drugs. This loss of HDAC2 correlates with increased histone

acetylation at regulatory elements that control various pathways involved in cell proliferation .

In addition to histone methylation, aberrant histone acetylation is also a major influencer of suppressor genes and

oncogenes expression (  Figure 3 B). Therefore, enhancer reprogramming via targeting histone acetylation

provides a promising therapeutic strategy in cancer. One such strategy is based on the upregulation of HDACs or

inhibiting the activity of HATs, leading to a loss of the acetylation at CREs associated with oncogenes . Such

examples include the use of small molecules, such as Comp 5, that induces SIRT1 catalytic activity, resulting in the

deacetylation of H3 in glioma or using HAT inhibitors such as CCS1357 for targeting P300/CBP in prostate cancer,

leading to the downregulation of AR and MYC . The combined inhibition of epi-factors, e.g., P300/CBP (by

GNE-781) and BRD4 (by OTX015), have been also applied for decommissioning oncogenic enhancers (e.g., MYC

enhancers), and can increase the anti-tumour efficacy . Targeting tumour-associated super enhancers also

provides a promising epigenetic therapy, as addiction to oncogenic enhancers can be observed in many tumours

.
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Figure 3.  Targeting epigenetic modifiers in cancer by epi-drugs. (A) Excessive expression of transcription co-

activators such as HATs and BRD4 in tumours leads to upregulation of oncogenes. Inhibition of HATs by CCS1357,

GNE-781, JQ1 and OTX015 can abolish their enhancing effect on oncogenes. Hyper activation of HDACs can lead

to repression of tumour suppressor genes by removing activating acetyl marks at corresponding regulatory

elements. HDAC inhibitors such as SAHA can restore the reduced expression of tumour suppressor genes in

cancer. (B) Elevated levels of DNMTs and PRC2 can lead to expansion of suppressive methylation marks at

regulatory elements that control tumour suppressor genes. Targeting DNMT and PRC activity by chemicals such as

5-Azacytidine and EZH2i, EPZ-6438, can resolve the repressed chromatin and restore the expression of tumour

suppressor genes.
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