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The genome has the ability to respond in a precise and co-ordinated manner to cellular 
signals. It achieves this through the concerted actions of transcription factors and the 
chromatin platform, which are targets of the signaling pathways. Our understanding 
of the molecular mechanisms through which transcription factors and the chromatin 
landscape each control gene activity has expanded dramatically over recent years, 
and attention has now turned to understanding the complex, multifaceted interplay 
between these regulatory layers in normal and disease states. It has become apparent 
that transcription factors as well as the components and modifiers of the epigenetic 
machinery are frequent targets of genomic alterations in cancer cells. Through the 
study of these factors, we can gain unique insight into the dynamic interplay between 
transcription factors and the epigenome, and how their dysregulation leads to aberrant 
gene expression programs in cancer. Here, we will highlight how these factors normally 
co-operate to establish and maintain the transcriptional and epigenetic landscape of 
cells, and how this is reprogramed in cancer, focusing on the RUNX1 transcription factor 
and oncogenic derivative RUNX1–ETO in leukemia as paradigms of transcriptional and 
epigenetic reprograming.
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introduction

The gene expression profile of a cell determines its phenotype and function, and transcription factors 
play a key role in defining these gene expression profiles in response to cellular signals. Typically 
they do so by binding to cis-acting elements within promoters, enhancers, and other gene regulatory 
regions and functioning within regulatory complexes to control gene activity. However, control of 
gene expression is exerted by mechanisms involving the interaction of transcriptional complexes 
with not only the DNA sequence itself but also the chromatin proteins associated with the DNA. 
Access to the DNA by transcription factors is controlled by the packaging of DNA within the nucleus 
as chromatin. The specific composition of chromatin can dictate gene expression patterns in a cell by 
regulating the relative accessibility provided to transcription factors and the transcriptional machin-
ery. Although the tight packaging of nucleosomes into heterochromatin inhibits transcription factor 
access, and transcription, euchromatin, with its associated relaxed chromatin and nucleosome posi-
tioning is more conducive to transcriptional activation due to the relative ease of transcription factor 
access. Chromatin composition is dynamic and is maintained or modified through the concerted 
actions of transcription factors and chromatin modifiers responding to cellular signaling cascades. 
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Not surprisingly then, mutations to transcription factors and the 
molecules that comprise and modify the chromatin landscape 
commonly underlie the altered gene expression profiles that are 
characteristic of cancer cells. Herein, we will focus on the co-
operative actions of these factors to determine the transcriptional 
and epigenetic landscape of cells, and how this is reprogramed by 
modifications to key regulatory factors in cancer.

Mechanisms of epigenetic Control

Within the eukaryotic cell, DNA is assembled into chromatin, 
consisting of repeating units of nucleosomes. Each nucleosome is 
a complex of eight histone proteins (two each of H2A, H2B, H3, 
H4) around which 147 base pairs of DNA are wrapped. This com-
plex forms the basis of the epigenetic landscape of a cell, which 
in its broadest definition encompasses DNA methylation, histone 
modifications, histone variants, and nucleosome positioning (1). 
The epigenetic landscape in a given cell is therefore determined 
by the actions of an array of DNA and chromatin-modifying 
enzymes, chromatin remodeling complexes, recently identified 
chromatin-associated signaling kinases, as well as non-coding 
RNAs (2–6). Together, these are often referred to as epigenetic 
readers, writers and erasers (7). As the name suggests epigenetic 
writers add modifications to the DNA and chromatin, which alter 
gene expression capabilities, while erasers remove these modifi-
cations. Epigenetic readers recognize specific epigenetic modifi-
cations on DNA or histones and include chromatin remodeling 
enzymes, chromatin modifiers, chromatin architectural proteins, 
and adaptor proteins.

Perhaps the most widely investigated mechanism of epigenetic 
control is DNA methylation, the modification of DNA involv-
ing the addition of methyl groups to CpG residues, by DNA 
methyltransferases. CpG dinucleotides are found throughout 
the genome in dense clusters, referred to as CpG islands that 
are associated with a large proportion of gene promoters. CpG 
methylation is generally, although not always, associated with 
gene silencing. CpG methylation facilitates gene repression 
by acting as a recruiting surface for proteins, which possess 
methyl binding domains and initiate chromatin condensation. 
Interestingly, DNA methylation alone has been shown to further 
promote chromatin condensation (8). To a lesser extent, DNA 
methylation can also facilitate gene repression by physically 
blocking the binding of transcriptional regulators. DNA methyla-
tion was previously thought to be a highly stable modification 
that can only be removed following DNA replication, it has 
been recently recognized that intermediate forms exist that are 
thought to be precursors of the demethylated state (9). However, 
DNA methylation does not exist in isolation, with the associated 
histones normally reflecting the modified DNA in terms of active 
or repressive modifications.

Histone tails can be post-translationally modified via the 
addition or removal of numerous chemical groups, with over 
a dozen now reported, including acetyl, methyl, and phosphate 
groups (10). These modifications are reversible and the chro-
matin state that exists at any particular time is a result of the 
competing actions of, for example, histone acetyltransferases 
and histone deacetylases and methyltransferases competing 

with demethylases. Particular modifications can alter the bio-
physical composition of the chromatin or can act as recruitment 
surfaces for the epigenetic readers, thus leading to the idea of 
the histone code (7). However, it is becoming clear that histone 
modifications do not act in isolation, and it is instead the com-
bination of modifications present at a particular region of DNA, 
which defines its functional outcome. The defining example of 
this is the colocation of repressive H3K27me3 and activating 
H3K4me3 modifications marking a “bivalent” chromatin state, 
which maintains certain genes in a primed state in embryonic 
stem cells (11).

Nucleosome structure can also be altered via the inclusion of 
histone variants within the histone octamer. During chromatin 
assembly and disassembly, histone variants can be deposited and 
exchanged by histone chaperones. Histone variants possess unique 
structural and functional properties. For example, the inclusion 
of the histone variant H3.3 is associated with transcriptionally 
active regions but is also deposited in telomeric and pericentric 
heterochromatin (12). The histone chaperones responsible for this 
histone exchange, nucleosome assembly and disassembly play a 
key role in controlling the chromatin nucleoprotein landscape.

Epigenetic plasticity is further regulated by the three-dimen-
sional and higher-order chromatin structure, including nucleo-
some repositioning, DNA looping, and long-range chromatin 
interactions. Chromatin remodeling enzymes use the energy 
released from hydrolysis of ATP to reposition nucleosomes and 
include large multi-subunit complexes, such as SWI/SNF, ISWI, 
Nurd/Mi/CHD, SWR1, and INO80. These complexes must be 
recruited to the appropriate regulatory region to enable remod-
eling, which then facilitates access to the transcription factors 
and transcriptional machinery (13, 14). The spatial organization 
of chromatin plays a role in gene regulation with recent evidence 
demonstrating that certain inactive chromatin domains interact 
with the nuclear lamina, as reviewed in Ref. (15). At a more local-
ized level, chromatin loops can form between regulatory regions 
in actively transcribed genes that are often hundreds of kilobases 
apart, with both cis and trans interactions possible (16, 17).

interplay Between the epigenome and 
Transcription Factors

The dynamic nature of the epigenome can be attributed to 
the interaction of transcription factors with chromatin and 
chromatin-modifying enzymes. Transcription factors must gain 
access to their binding sites within a chromatin context. However, 
once bound to DNA, transcription factors can also modify the 
chromatin landscape. Signaling pathways influence the chroma-
tin landscape by activating transcription factors, which then bind 
to regulatory regions of DNA, recruiting with them chromatin 
modifying and remodeling enzymes. Signaling kinases can, how-
ever, also impact the chromatin landscape directly [reviewed in 
Ref. (18)]. For example, both the signaling kinases, PKC-theta (5) 
and ERK2 (19), have recently been found to have nuclear func-
tions as chromatin-associated proteins. While it has long been 
known that protein kinases operate by communicating signals 
from the cytoplasm to the nucleus, it is also now evident that 
these and other nuclear kinases can also associate with chromatin 
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in the nucleus impacting the chromatin landscape directly by 
phosphorylating histone proteins (2).

Disruption of Transcription Factors and 
the epigenome in Cancer

Dysregulation of the epigenetic landscape is evident in cancer 
with a variety of modifications observed in tumors. Aberrant 
DNA methylation, histone modifications and variant usage, 
non-coding RNA expression, and higher order chromatin 
structure have all been documented across a variety of cancer 
types (20–22). All of these modifications impact the chromatin 
profile and expression of the cancer genome. Not surprisingly 
then, mutations in transcription factors and epigenetic enzymes 
are frequently observed in cancer (23–25) with mutations char-
acterized in numerous cancer types and in chromatin remodeling 
enzymes, histone modifiers, DNA methyltransferases, and non-
coding RNA processing enzymes.

In terms of DNA methylation, cancer cells have a character-
istic signature. Comparison of normal versus tumor tissue has 
demonstrated that cancer is typically characterized by global 
hypomethylation along with promoter specific hypermethyla-
tion (26, 27). Global hypomethylation is considered to promote 
genetic instability, fragile sites, and oncogene activation while 
hypermethylation in cancer is associated with repression of 
tumor suppressor gene transcription. There is also evidence for 
long-range epigenetic silencing (28). These abnormal methyla-
tion profiles can be driven by numerous factors including muta-
tion in the enzymes responsible for distributing this epigenetic 
mark. In acute myeloid leukemia (AML), the DNMT3A enzyme 
is frequently mutated with approximately 20% of patients having 
some form of coding mutation (23).

Histone modifications in cancer have been less frequently 
studied, however, once again certain patterns are characteristic 
of cancer cells, for example profiling H4 revealed a decreased level 
of H4K16 acetylation and H4K20 trimethylation as an almost 
universal hallmark of cancer cells (20). Chromatin remodeling 
and modifying enzymes are also frequently mutated in cancer. 
SWI/SNF mutations have been detected at a frequency of 20% 
(24), with the majority of these being inactivating mutations, 
which points to a likely role as a tumor suppressor. Together, these 
alterations contribute to the epigenetic plasticity and dysregula-
tion of cancer cells, a key property in terms of transformation 
events and the gene expression programs required for epithelial 
to mesenchymal transition.

Thus, in cancer cells signaling pathways, transcription factors 
and the chromatin regulatory networks are altered, resulting 
in transcriptional and epigenetic reprograming that ultimately 
drives increased proliferation and the hallmark features associ-
ated with neoplasia.

RUnX1: A Paradigm of Transcriptional and 
epigenetic Reprograming in Leukemia

A hallmark of leukemia is somatic mutations and genetic rear-
rangements that impact signal transduction and gene expres-
sion programs, with disruption to chromatin modifiers and 

transcription factors prevalent. A unique understanding of the 
dynamic interplay between transcription factors and the epig-
enome can be gained through study of such transcription factors, 
and particularly how alterations to the transcription factors lead 
to reprograming of transcriptional networks and the epigenome. 
The RUNX1 transcription factor and its oncogenic derivative 
RUNX1–ETO are paradigms of transcriptional and epigenetic 
reprograming in leukemia.

The RUNX1 transcription factor is a key regulator of hemat-
opoiesis with its disruption resulting in abnormal hematopoie-
sis (29). RUNX1 is frequently disrupted by genetic alterations in 
leukemia, and was originally identified following characteriza-
tion of the t(8;21) chromosomal translocation found in AML. 
This translocation fuses the N-terminal region of the RUNX1 
gene to the RUNX1T1 gene (also known as Eight-Twenty One 
or ETO), generating a RUNX1–ETO chimeric protein (30). 
While this is the most common chromosomal alteration to the 
RUNX1 gene, up to ten other translocations have been found 
to disrupt this gene in leukemia (31). In addition, RUNX1 loss-
of-function mutations are associated with leukemia, as well as 
with Familial Platelet Disorder with propensity to develop AML 
(FPD/AML) (31).

While early studies characterized RUNX1 as a transcriptional 
activator, and demonstrated co-operation between RUNX1 and a 
range of other transcription factors to drive promoter activity (32, 
33). RUNX1 has also been found to act as a transcriptional repres-
sor in some circumstances (34). The effect of RUNX1 on target 
gene expression is thus highly context dependent, determined 
by the composition of the transcriptional complexes in which 
RUNX1 functions at a particular gene. These complexes contain 
transcriptional cofactors as well as epigenetic modifiers, which are 
recruited to gene promoters as well as other regulatory regions, 
and by doing so, RUNX1 can influence both transcriptional activ-
ity as well as the epigenetic status of target genes (Figure 1).

RUNX1 has been found to complex with an array of epigenetic 
modifiers, with the outcome for both RUNX1 function and target 
gene activity dependent on the balance of activating and repressive 
factors associated with RUNX1 at a particular time (Figure 2A). 
RUNX1 interacts with the histone acetyltransferases, such as 
p300 and CBP, which potentiate RUNX1-dependent transcrip-
tional activation of individual target genes (35, 36). More recently, 
elegant studies have demonstrated the orchestration of genome-
wide changes by RUNX1 during hematopoietic development 
(37), with RUNX1 binding associated with increased histone 
acetylation. These studies illustrate the RUNX1-dependent 
recruitment of acetylating complexes to modify the epigenetic 
state of RUNX1 target genes.

RUNX1 itself is also a target of acetyltransferases as well as 
other modifiers, with modification of RUNX1 activity through 
interaction with epigenetic modifiers emerging as a common 
theme. Acetylation of RUNX1 by p300 was found to enhance 
its DNA-binding activity (38). Methylation of RUNX1 by the 
arginine methyltransferase PRMT1 increases RUNX1 transcrip-
tional activity by disrupting its interactions with the msin3A 
corepressor complex (39). In contrast, methylation of RUNX1 
by another arginine methyltransferase PRMT4 or CARM1 
was found to initiate the formation of a RUNX1-dependent 
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FiGURe 2 | RUnX1 and RUnX1–eTO regulate gene expression by 
recruiting transcriptional cofactors and epigenetic modifiers. (A) 
RUNX1 can act as a transcriptional activator or repressor dependent on the 
balance of coactivators/corepressors associated with it at a particular time. 
RUNX1 can recruit coactivators [for example, p300 histone acetyltransferase 
(p300) and protein arginine methyltransferase (PRMT1)] and epigenetic 
modifiers, which enhance RUNX1 activity through post-translational 
modification (shown as acetylation (ac) and methylation (me) of the RUNX1 
protein) and impart activating modifications to chromatin [for example, 
histone 3 acetylation of lysine 9 and 14 (H3ac)]. RUNX1 can also recruit 
corepressors and epigenetic modifiers [for example, PRMT6 and PRMT4 as 
well as histone deacetylases (HDAC)], which inhibit RUNX1 activity through 
post-translational modification (removal of acetylation marks from RUNX1 
and chromatin) and establish repressive chromatin modifications (for 
example, histone 3 lysine 27 trimethylation, 27me3). Various continuums of 
the two extremes that are shown no doubt exist. (B) RUNX1–ETO binds to 
RUNX1 target genes and primarily acts as a transcriptional repressor through 
the assembly of repressive transcriptional and epigenetic complexes. While 
many of the molecules that associate with RUNX1–ETO are shown [for 
example, DNA methyltranferases (DNMT), nuclear receptor corepressor 
(NCoR), mSin3A corepressor complex (mSin3a), p300, and HDAC], they do 
not necessarily all complex with RUNX1–ETO at a given time. In keeping with 
the primarily repressive function of RUNX1–ETO, its binding is generally 
associated with repressive histone modifications (for example, histone 3 
lysine 27 trimethylation (27me3) and histone 3 lysine 9 trimethylation (9me3).
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repressor complex (40). In addition, the histone methyltrans-
ferase SUV39H1 was found to interact with RUNX1 (41, 42), 
resulting in decreased DNA-binding activity and inhibiting 
RUNX1 activation of target gene promoters. The composition of 
the RUNX1 complexes can also be directly influenced by cellular 
signaling cascades with phosphorylation of RUNX1 by ERK also 
found to potentiate its transactivation activity by disruption its 
interactions with mSin3A (43, 44). Similarly, RUNX1 phospho-
rylation by cylin-dependent kinase (cdk) reduced its interaction 
with HDAC1 and HDAC3 and potentiated its transactivation 
activity (45).

These studies thus build a picture of RUNX1 itself as a target 
of epigenetic modifiers, which post-translationally modify the 
RUNX1 protein, altering its coactivator/corepressor interactions 
and thus influencing its transcriptional activity. In addition, 
RUNX1 recruits these coactivators and corepressors to target 
genes, resulting in modification of the chromatin environment 
and thus affecting gene activity at this second level. An elegant 
example of this multi-layered interaction between RUNX1, 
epigenetic modifiers and the epigenome is demonstrated in 
the recently described interaction of RUNX1 with protein 
arginine methyltransferase 6 (PRMT6). PRMT6 was found to 
be a component of a repressive RUNX1 complex also contain-
ing sin3a and HDAC1 (46). Recruitment of PRMT6 to target 
genes by RUNX1 resulted in asymmetric dimethylation of H3 
(H3R2me2a). These genes were also found to be enriched for 
H3K27me3 and H3K4me2, but not H3K4me3. While these 
modifications were observed in hematopoietic progenitor cells, 
upon megakaryocyte differentiation, PRMT6 dissociated from 
the complex, which instead was found to contain the coactivators 
WRD5/MLL and p300/pCAF, resulting in loss of the H3R2me2a 
mark and enrichment for H3K4me3 and K3K9ac, which was 
associated with increased gene expression. In addition to such 
localized chromatin changes, RUNX1 has also been shown to 
initiate changes in higher order chromatin structure, mediating 
interactions between distal regulatory elements by facilitating 
chromatin looping (47).

FiGURe 1 | RUnX1 regulates gene expression at both the transcriptional and epigenetic level. RUNX1 binding to promoters and enhancers is regulated by the 
chromatin structure encompassing its binding sites (TGTGGNNN, as indicated), with condensed chromatin (nucleosomes, large blue circles) acting as a barrier to RUNX1 
binding. DNA methylation (small black circles) may further inhibit RUNX1 binding. RUNX1 binds in a complex with other transcriptional regulators and coactivators/
corepressors (represented by purple, red and green circles) at regions of open chromatin (nucleosome-depleted regions), which can impact gene expression through 
interactions with the transcription machinery or by modifying chromatin structure and composition. At enhancers, RUNX1 binding is accompanied by active histone 
marks, histone 3 lysine 27 acetylation (27ac), and histone 3 lysine 4 monomethylation (4me1) while at promoters, RUNX1 binding is associated with histone 3 lysine 3 
trimethylation (4me3), histone 3 acetylation (of lysine 9 and 14; H3ac), and histone 3 lysine 27 acetylation (27ac). These active gene regulatory elements may interact 
through DNA loops (purple bidirectional arrow) and are devoid of DNA methylation (small white circles). Arrow, transcriptional start site (TSS).
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Concluding Remarks

Over recent years, we have gained considerable insight into how 
chromatin structure is modified and the impact of this on the 
genome. Attention has now turned to understanding the dynamic 
and multifaceted interactions between transcription factors and 
epigenetic modifiers, and how they co-operate to determine gene 
expression responses to cellular signals. This is providing a better 
understanding of how alterations to these key regulatory molecules 
in cancer, as well as other disease processes, impact gene expression 
profiles. Further, this is offering hope that a better understanding 
of the interaction between aberrant transcription factors and the 
epigenome of cancer cells will provide increased opportunities for 
intervention in the disease. Interest in this field is being stimulated 
by the promising advances that are being made in cancer treatment 
with current epigenetic therapies, as highlighted recently (63). For 
example, the BET proteins, which recognize acetyl lysine modifica-
tions of histones are emerging as exciting therapeutic targets. A 
recent study demonstrated the potential of a specific inhibitor of 
BET proteins (iBET) to inhibit proliferation of myeloproliferative 
neoplasms driven by constitutively active Janus kinase 2 (JAK2) (64).

Authors Contribution

KB conducted literature research and drafted sections of the 
manuscript and edited the manuscript. PT edited the manuscript 
and prepared figures. AH conducted literature research, drafted 
sections of the manuscript and edited the manuscript.

Acknowledgments

This work was supported by The David Collins Leukaemia 
Foundation and The Cancer Council Tasmania.

References

1. Reid G, Gallais R, Metivier R. Marking time: the dynamic role of chromatin 
and covalent modification in transcription. Int J Biochem Cell Biol (2009) 
41:155–63. doi:10.1016/j.biocel.2008.08.028 

2. Dawson MA, Bannister AJ, Gottgens B, Foster SD, Bartke T, Green AR, et al. 
JAK2 phosphorylates histone H3Y41 and excludes HP1alpha from chromatin. 
Nature (2009) 461:819–22. doi:10.1038/nature08448 

3. Bannister AJ, Kouzarides T. Regulation of chromatin by histone modifications. 
Cell Res (2011) 21:381–95. doi:10.1038/cr.2011.22 

4. Piatti P, Zeilner A, Lusser A. ATP-dependent chromatin remodeling factors 
and their roles in affecting nucleosome fiber composition. Int J Mol Sci (2011) 
12:6544–65. doi:10.3390/ijms12106544 

5. Sutcliffe EL, Bunting KL, He YQ, Li J, Phetsouphanh C, Seddiki N, et  al. 
Chromatin-associated protein kinase C-theta regulates an inducible gene 
expression program and microRNAs in human T lymphocytes. Mol Cell 
(2011) 41:704–19. doi:10.1016/j.molcel.2011.02.030 

6. Jin B, Ernst J, Tiedemann RL, Xu H, Sureshchandra S, Kellis M, et al. Linking 
DNA methyltransferases to epigenetic marks and nucleosome structure 
genome-wide in human tumor cells. Cell Rep (2012) 2:1411–24. doi:10.1016/j.
celrep.2012.10.017 

7. Gardner KE, Allis CD, Strahl BD. Operating on chromatin, a colorful 
language where context matters. J Mol Biol (2011) 409:36–46. doi:10.1016/j.
jmb.2011.01.040 

8. Choy JS, Wei S, Lee JY, Tan S, Chu S, Lee TH. DNA methylation increases 
nucleosome compaction and rigidity. J Am Chem Soc (2010) 132:1782–3. 
doi:10.1021/ja910264z 

9. Kinde B, Gabel HW, Gilbert CS, Griffith EC, Greenberg ME. Reading the 
unique DNA methylation landscape of the brain: non-CpG methylation, 
hydroxymethylation, and MeCP2. Proc Natl Acad Sci U S A (2015) 112:6800–6. 
doi:10.1073/pnas.1411269112 

10. Dawson MA, Kouzarides T. Cancer epigenetics: from mechanism to therapy. 
Cell (2012) 150:12–27. doi:10.1016/j.cell.2012.06.013 

11. Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, et  al. A 
bivalent chromatin structure marks key developmental genes in embryonic 
stem cells. Cell (2006) 125:315–26. doi:10.1016/j.cell.2006.02.041 

12. Santenard A, Ziegler-Birling C, Koch M, Tora L, Bannister AJ, Torres-Padilla 
ME. Heterochromatin formation in the mouse embryo requires critical resi-
dues of the histone variant H3.3. Nat Cell Biol (2010) 12:853–62. doi:10.1038/
ncb2089 

13. Kassabov SR, Zhang B, Persinger J, Bartholomew B. SWI/SNF unwraps, 
slides, and rewraps the nucleosome. Mol Cell (2003) 11:391–403. doi:10.1016/
S1097-2765(03)00039-X 

14. Schwabish MA, Struhl K. The Swi/Snf complex is important for histone 
eviction during transcriptional activation and RNA polymerase II elongation 
in vivo. Mol Cell Biol (2007) 27:6987–95. doi:10.1128/MCB.00717-07 

15. Pombo A, Dillon N. Three-dimensional genome architecture: players and 
mechanisms. Nat Rev Mol Cell Biol (2015) 16:245–57. doi:10.1038/nrm3965 

16. Spilianakis CG, Lalioti MD, Town T, Lee GR, Flavell RA. Interchromosomal 
associations between alternatively expressed loci. Nature (2005) 435:637–45. 
doi:10.1038/nature03574 

17. Doyle B, Fudenberg G, Imakaev M, Mirny LA. Chromatin loops as allosteric 
modulators of enhancer-promoter interactions. PLoS Comput Biol (2014) 
10:e1003867. doi:10.1371/journal.pcbi.1003867 

The oncogenic RUNX1–ETO fusion protein contains the 
RUNX1 DNA binding domain but the transcriptionally active 
C-terminal domain of RUNX1 is replaced by almost the entire 
ETO protein. While RUNX1–ETO alone is not sufficient to 
induced leukemic transformation, it is sufficient to promote 
self-renewal and disrupt myeloid and erythroid differentiation 
(48). The RUNX1–ETO protein is proposed to bind to RUNX1 
target genes, and genome-wide analysis has confirmed that 
RUNX1 and RUNX1–ETO binding largely overlap (49–51), 
however RUNX1–ETO is thought to primarily, although not 
exclusively, interact with co-repressor complexes causing 
repression of RUNX1 targets (Figure 2B). Interacting proteins 
include HDACs/N-CoR/msin3A, DNMT1, and p300 (52–57). 
In keeping with this, there are now multiple reports of epigenetic 
silencing of individual RUNX1 target genes by RUNX1–ETO 
associated with increased repressive chromatin modifications, 
such as H3K9 and H3K27 methylation (58–60). Similarly 
epigenetic reprograming on a genome-wide level by RUNX1–
ETO has now also been described (50, 61). Interestingly, 
RUNX1–ETO was found to be recruited to regions of increased 
chromatin accessibility in association with p300, although this 
was not reflected in increased acetylation of the associated 
chromatin, but rather in the enrichment of repressive histone 
marks (62). p300 has been found to acetylate RUNX1–ETO and 
potentiate its activity (57), and the suggestion was that p300 may 
be able to acetylate RUNX1–ETO directly but not counteract 
the actions of repressive epigenetic modifiers also recruited by 
RUNX1–ETO on the chromatin platform. It has thus become 
apparent that RUNX1–ETO recruits different sets of epigenetic 
modifiers to target genes than RUNX1, directing reprograming 
of the epigenetic landscape and therefore resulting in altered 
gene expression profiles that contribute to the development of 
a leukemic state.

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/j.biocel.2008.08.028
http://dx.doi.org/10.1038/nature08448
http://dx.doi.org/10.1038/cr.2011.22
http://dx.doi.org/10.3390/ijms12106544
http://dx.doi.org/10.1016/j.molcel.2011.02.030
http://dx.doi.org/10.1016/j.celrep.2012.10.017
http://dx.doi.org/10.1016/j.celrep.2012.10.017
http://dx.doi.org/10.1016/j.jmb.2011.01.040
http://dx.doi.org/10.1016/j.jmb.2011.01.040
http://dx.doi.org/10.1021/ja910264z
http://dx.doi.org/10.1073/pnas.1411269112
http://dx.doi.org/10.1016/j.cell.2012.06.013
http://dx.doi.org/10.1016/j.cell.2006.02.041
http://dx.doi.org/10.1038/ncb2089
http://dx.doi.org/10.1038/ncb2089
http://dx.doi.org/10.1016/S1097-2765(03)00039-X
http://dx.doi.org/10.1016/S1097-2765(03)00039-X
http://dx.doi.org/10.1128/MCB.00717-07
http://dx.doi.org/10.1038/nrm3965
http://dx.doi.org/10.1038/nature03574
http://dx.doi.org/10.1371/journal.pcbi.1003867


September 2015 | Volume 6 | Article 4996

Brettingham-Moore et al. RUNX1 and the epigenome

Frontiers in Immunology | www.frontiersin.org

18. Baek SH. When signaling kinases meet histones and histone modifiers in the 
nucleus. Mol Cell (2011) 42:274–84. doi:10.1016/j.molcel.2011.03.022 

19. Madak-Erdogan Z, Lupien M, Stossi F, Brown M, Katzenellenbogen BS. 
Genomic collaboration of estrogen receptor alpha and extracellular sig-
nal-regulated kinase 2 in regulating gene and proliferation programs. Mol Cell 
Biol (2011) 31:226–36. doi:10.1128/MCB.00821-10 

20. Fraga MF, Ballestar E, Villar-Garea A, Boix-Chornet M, Espada J, Schotta 
G, et al. Loss of acetylation at Lys16 and trimethylation at Lys20 of histone 
H4 is a common hallmark of human cancer. Nat Genet (2005) 37:391–400. 
doi:10.1038/ng1531 

21. Maekita T, Nakazawa K, Mihara M, Nakajima T, Yanaoka K, Iguchi M, et al. 
High levels of aberrant DNA methylation in Helicobacter pylori-infected gas-
tric mucosae and its possible association with gastric cancer risk. Clin Cancer 
Res (2006) 12:989–95. doi:10.1158/1078-0432.CCR-05-2096 

22. Muralidhar B, Goldstein LD, Ng G, Winder DM, Palmer RD, Gooding EL, et al. 
Global microRNA profiles in cervical squamous cell carcinoma depend on 
Drosha expression levels. J Pathol (2007) 212:368–77. doi:10.1002/path.2179 

23. Ley TJ, Ding L, Walter MJ, McLellan MD, Lamprecht T, Larson DE, et  al. 
DNMT3A mutations in acute myeloid leukemia. N Engl J Med (2010) 
363:2424–33. doi:10.1056/NEJMoa1005143 

24. Kadoch C, Hargreaves DC, Hodges C, Elias L, Ho L, Ranish J, et al. Proteomic 
and bioinformatic analysis of mammalian SWI/SNF complexes identifies 
extensive roles in human malignancy. Nat Genet (2013) 45:592–601. 
doi:10.1038/ng.2628 

25. Shain AH, Pollack JR. The spectrum of SWI/SNF mutations, ubiquitous in 
human cancers. PLoS One (2013) 8:e55119. doi:10.1371/journal.pone.0055119 

26. Gama-Sosa MA, Slagel VA, Trewyn RW, Oxenhandler R, Kuo KC, Gehrke 
CW, et al. The 5-methylcytosine content of DNA from human tumors. Nucleic 
Acids Res (1983) 11:6883–94. doi:10.1093/nar/11.19.6883 

27. Esteller M. Epigenetic gene silencing in cancer: the DNA hypermethylome. 
Hum Mol Genet (2007) 16(Spec No 1):R50–9. doi:10.1093/hmg/ddm018 

28. Frigola J, Song J, Stirzaker C, Hinshelwood RA, Peinado MA, Clark SJ. 
Epigenetic remodeling in colorectal cancer results in coordinate gene sup-
pression across an entire chromosome band. Nat Genet (2006) 38:540–9. 
doi:10.1038/ng1781 

29. Speck NA, Gilliland DG. Core-binding factors in haematopoiesis and leukae-
mia. Nat Rev Cancer (2002) 2:502–13. doi:10.1038/nrc840 

30. Lam K, Zhang DE. RUNX1 and RUNX1-ETO: roles in hematopoiesis 
and leukemogenesis. Front Biosci (Landmark Ed) (2012) 17:1120–39. 
doi:10.2741/3977 

31. Westendorf JJ, Hiebert SW. Mammalian runt-domain proteins and their 
roles in hematopoiesis, osteogenesis, and leukemia. J Cell Biochem Suppl 
(1999) 3(2–33):51–8. doi:10.1002/(SICI)1097-4644(1999)75:32+<51::AID- 
JCB7>3.0.CO;2-S 

32. Wotton D, Ghysdael J, Wang S, Speck NA, Owen MJ. Cooperative binding of 
Ets-1 and core binding factor to DNA. Mol Cell Biol (1994) 14:840–50. 

33. Petrovick MS, Hiebert SW, Friedman AD, Hetherington CJ, Tenen DG, Zhang 
DE. Multiple functional domains of AML1: PU.1 and C/EBPalpha synergize 
with different regions of AML1. Mol Cell Biol (1998) 18:3915–25. 

34. Durst KL, Hiebert SW. Role of RUNX family members in transcriptional 
repression and gene silencing. Oncogene (2004) 23:4220–4. doi:10.1038/
sj.onc.1207122 

35. Kitabayashi I, Yokoyama A, Shimizu K, Ohki M. Interaction and functional 
cooperation of the leukemia-associated factors AML1 and p300 in myeloid cell 
differentiation. EMBO J (1998) 17:2994–3004. doi:10.1093/emboj/17.11.2994 

36. Oakford PC, James SR, Qadi A, West AC, Ray SN, Bert AG, et al. Transcriptional 
and epigenetic regulation of the GM-CSF promoter by RUNX1. Leuk Res 
(2010) 34:1203–13. doi:10.1016/j.leukres.2010.03.029 

37. Lichtinger M, Ingram R, Hannah R, Muller D, Clarke D, Assi SA, et al. RUNX1 
reshapes the epigenetic landscape at the onset of haematopoiesis. EMBO J 
(2012) 31:4318–33. doi:10.1038/emboj.2012.275 

38. Yamaguchi Y, Kurokawa M, Imai Y, Izutsu K, Asai T, Ichikawa M, et al. AML1 
is functionally regulated through p300-mediated acetylation on specific lysine 
residues. J Biol Chem (2004) 279:15630–8. doi:10.1074/jbc.M400355200 

39. Zhao X, Jankovic V, Gural A, Huang G, Pardanani A, Menendez S, et  al. 
Methylation of RUNX1 by PRMT1 abrogates SIN3A binding and poten-
tiates its transcriptional activity. Genes Dev (2008) 22:640–53. doi:10.1101/
gad.1632608 

40. Vu LP, Perna F, Wang L, Voza F, Figueroa ME, Tempst P, et al. PRMT4 blocks 
myeloid differentiation by assembling a methyl-RUNX1-dependent repressor 
complex. Cell Rep (2013) 5:1625–38. doi:10.1016/j.celrep.2013.11.025 

41. Chakraborty S, Sinha KK, Senyuk V, Nucifora G. SUV39H1 interacts with 
AML1 and abrogates AML1 transactivity. AML1 is methylated in  vivo. 
Oncogene (2003) 22:5229–37. doi:10.1038/sj.onc.1206600 

42. Reed-Inderbitzin E, Moreno-Miralles I, Vanden-Eynden SK, Xie J, Lutterbach 
B, Durst-Goodwin KL, et al. RUNX1 associates with histone deacetylases and 
SUV39H1 to repress transcription. Oncogene (2006) 25:5777–86. doi:10.1038/
sj.onc.1209591 

43. Tanaka T, Kurokawa M, Ueki K, Tanaka K, Imai Y, Mitani K, et  al. The 
extracellular signal-regulated kinase pathway phosphorylates AML1, an acute 
myeloid leukemia gene product, and potentially regulates its transactivation 
ability. Mol Cell Biol (1996) 16:3967–79. 

44. Imai Y, Kurokawa M, Yamaguchi Y, Izutsu K, Nitta E, Mitani K, et al. The core-
pressor mSin3A regulates phosphorylation-induced activation, intranuclear 
location, and stability of AML1. Mol Cell Biol (2004) 24:1033–43. doi:10.1128/
MCB.24.3.1033-1043.2004 

45. Guo H, Friedman AD. Phosphorylation of RUNX1 by cyclin-dependent 
kinase reduces direct interaction with HDAC1 and HDAC3. J Biol Chem 
(2011) 286(1):208–15. doi:10.1074/jbc.M110.149013

46. Herglotz J, Kuvardina ON, Kolodziej S, Kumar A, Hussong H, Grez M, et al. 
Histone arginine methylation keeps RUNX1 target genes in an intermediate 
state. Oncogene (2013) 32:2565–75. doi:10.1038/onc.2012.274 

47. Levantini E, Lee S, Radomska HS, Hetherington CJ, Alberich-Jorda M, 
Amabile G, et al. RUNX1 regulates the CD34 gene in haematopoietic stem 
cells by mediating interactions with a distal regulatory element. EMBO J 
(2011) 30:4059–70. doi:10.1038/emboj.2011.285 

48. Muller AM, Duque J, Shizuru JA, Lubbert M. Complementing mutations in 
core binding factor leukemias: from mouse models to clinical applications. 
Oncogene (2008) 27:5759–73. doi:10.1038/onc.2008.196 

49. Gardini A, Cesaroni M, Luzi L, Okumura AJ, Biggs JR, Minardi SP, et al. AML1/
ETO oncoprotein is directed to AML1 binding regions and co-localizes with 
AML1 and HEB on its targets. PLoS Genet (2008) 4:e1000275. doi:10.1371/
journal.pgen.1000275 

50. Ptasinska A, Assi SA, Mannari D, James SR, Williamson D, Dunne J, et al. 
Depletion of RUNX1/ETO in t(8;21) AML cells leads to genome-wide changes 
in chromatin structure and transcription factor binding. Leukemia (2012) 
26:1829–41. doi:10.1038/leu.2012.49 

51. Ben-Ami O, Friedman D, Leshkowitz D, Goldenberg D, Orlovsky K, Pencovich 
N, et al. Addiction of t(8;21) and inv(16) acute myeloid leukemia to native 
RUNX1. Cell Rep (2013) 4:1131–43. doi:10.1016/j.celrep.2013.08.020 

52. Gelmetti V, Zhang J, Fanelli M, Minucci S, Pelicci PG, Lazar MA. Aberrant 
recruitment of the nuclear receptor corepressor-histone deacetylase complex 
by the acute myeloid leukemia fusion partner ETO. Mol Cell Biol (1998) 
18:7185–91. 

53. Lutterbach B, Westendorf JJ, Linggi B, Patten A, Moniwa M, Davie JR, et al. 
ETO, a target of t(8;21) in acute leukemia, interacts with the N-CoR and 
mSin3 corepressors. Mol Cell Biol (1998) 18:7176–84. 

54. Wang J, Hoshino T, Redner RL, Kajigaya S, Liu JM. ETO, fusion partner in 
t(8;21) acute myeloid leukemia, represses transcription by interaction with 
the human N-CoR/mSin3/HDAC1 complex. Proc Natl Acad Sci U S A (1998) 
95:10860–5. doi:10.1073/pnas.95.18.10860 

55. Amann JM, Nip J, Strom DK, Lutterbach B, Harada H, Lenny N, et  al. 
ETO, a target of t(8;21) in acute leukemia, makes distinct contacts 
with multiple histone deacetylases and binds mSin3A through its 
oligomerization domain. Mol Cell Biol (2001) 21:6470–83. doi:10.1128/
MCB.21.19.6470-6483.2001 

56. Liu S, Shen T, Huynh L, Klisovic MI, Rush LJ, Ford JL, et  al. Interplay of 
RUNX1/MTG8 and DNA methyltransferase 1 in acute myeloid leukemia. 
Cancer Res (2005) 65:1277–84. doi:10.1158/0008-5472.CAN-04-4532 

57. Wang L, Gural A, Sun XJ, Zhao X, Perna F, Huang G, et al. The leukemoge-
nicity of AML1-ETO is dependent on site-specific lysine acetylation. Science 
(2011) 333:765–9. doi:10.1126/science.1201662 

58. Li Y, Gao L, Luo X, Wang L, Gao X, Wang W, et al. Epigenetic silencing of 
microRNA-193a contributes to leukemogenesis in t(8;21) acute myeloid 
leukemia by activating the PTEN/PI3K signal pathway. Blood (2013) 
121:499–509. doi:10.1182/blood-2012-07-444729 

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.1016/j.molcel.2011.03.022
http://dx.doi.org/10.1128/MCB.00821-10
http://dx.doi.org/10.1038/ng1531
http://dx.doi.org/10.1158/1078-0432.CCR-05-2096
http://dx.doi.org/10.1002/path.2179
http://dx.doi.org/10.1056/NEJMoa1005143
http://dx.doi.org/10.1038/ng.2628
http://dx.doi.org/10.1371/journal.pone.0055119
http://dx.doi.org/10.1093/nar/11.19.6883
http://dx.doi.org/10.1093/hmg/ddm018
http://dx.doi.org/10.1038/ng1781
http://dx.doi.org/10.1038/nrc840
http://dx.doi.org/10.2741/3977
http://dx.doi.org/10.1002/(SICI)1097-4644(1999)75:32+<51::AID-JCB7>3.0.CO;2-S 
http://dx.doi.org/10.1002/(SICI)1097-4644(1999)75:32+<51::AID-JCB7>3.0.CO;2-S 
http://dx.doi.org/10.1038/sj.onc.1207122
http://dx.doi.org/10.1038/sj.onc.1207122
http://dx.doi.org/10.1093/emboj/17.11.2994
http://dx.doi.org/10.1016/j.leukres.2010.03.029
http://dx.doi.org/10.1038/emboj.2012.275
http://dx.doi.org/10.1074/jbc.M400355200
http://dx.doi.org/10.1101/gad.1632608
http://dx.doi.org/10.1101/gad.1632608
http://dx.doi.org/10.1016/j.celrep.2013.11.025
http://dx.doi.org/10.1038/sj.onc.1206600
http://dx.doi.org/10.1038/sj.onc.1209591
http://dx.doi.org/10.1038/sj.onc.1209591
http://dx.doi.org/10.1128/MCB.24.3.1033-1043.2004
http://dx.doi.org/10.1128/MCB.24.3.1033-1043.2004
http://dx.doi.org/10.1074/jbc.M110.149013
http://dx.doi.org/10.1038/onc.2012.274
http://dx.doi.org/10.1038/emboj.2011.285
http://dx.doi.org/10.1038/onc.2008.196
http://dx.doi.org/10.1371/journal.pgen.1000275
http://dx.doi.org/10.1371/journal.pgen.1000275
http://dx.doi.org/10.1038/leu.2012.49
http://dx.doi.org/10.1016/j.celrep.2013.08.020
http://dx.doi.org/10.1073/pnas.95.18.10860
http://dx.doi.org/10.1128/MCB.21.19.6470-6483.2001
http://dx.doi.org/10.1128/MCB.21.19.6470-6483.2001
http://dx.doi.org/10.1158/0008-5472.CAN-04-4532
http://dx.doi.org/10.1126/science.1201662
http://dx.doi.org/10.1182/blood-2012-07-444729


September 2015 | Volume 6 | Article 4997

Brettingham-Moore et al. RUNX1 and the epigenome

Frontiers in Immunology | www.frontiersin.org

59. Zhuang WY, Cen JN, Zhao Y, Chen ZX. Epigenetic silencing of Bcl-2, CEBPA 
and p14(ARF) by the AML1-ETO oncoprotein contributing to growth arrest 
and differentiation block in the U937 cell line. Oncol Rep (2013) 30:185–92. 
doi:10.3892/or.2013.2459 

60. Ponnusamy K, Kohrs N, Ptasinska A, Assi SA, Herold T, Hiddemann W, et al. 
RUNX1/ETO blocks selectin-mediated adhesion via epigenetic silencing of 
PSGL-1. Oncogenesis (2015) 4:e146. doi:10.1038/oncsis.2015.6 

61. Martens JH, Mandoli A, Simmer F, Wierenga BJ, Saeed S, Singh AA, et  al. 
ERG and FLI1 binding sites demarcate targets for aberrant epigenetic regu-
lation by AML1-ETO in acute myeloid leukemia. Blood (2012) 120:4038–48. 
doi:10.1182/blood-2012-05-429050 

62. Saeed S, Logie C, Francoijs KJ, Frige G, Romanenghi M, Nielsen FG, et al. 
Chromatin accessibility, p300, and histone acetylation define PML-RARalpha 
and AML1-ETO binding sites in acute myeloid leukemia. Blood (2012) 
120:3058–68. doi:10.1182/blood-2011-10-386086 

63. Jones PA. At the tipping point for epigenetic therapies in cancer. J Clin Invest 
(2014) 124:14–6. doi:10.1172/JCI74145 

64. Wyspianska BS, Bannister AJ, Barbieri I, Nangalia J, Godfrey A, 
Calero-Nieto FJ, et  al. BET protein inhibition shows efficacy against 
JAK2V617F-driven neoplasms. Leukemia (2014) 28:88–97. doi:10.1038/leu. 
2013.234 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2015 Brettingham-Moore, Taberlay and Holloway. This is an 
open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://dx.doi.org/10.3892/or.2013.2459
http://dx.doi.org/10.1038/oncsis.2015.6
http://dx.doi.org/10.1182/blood-2012-05-429050
http://dx.doi.org/10.1182/blood-2011-10-386086
http://dx.doi.org/10.1172/JCI74145
http://dx.doi.org/10.1038/leu.2013.234
http://dx.doi.org/10.1038/leu.2013.234
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Interplay between transcription factors and the epigenome: insight from the role of RUNX1 in leukemia
	Introduction
	Mechanisms of Epigenetic Control
	Interplay Between the Epigenome and Transcription Factors
	Disruption of Transcription Factors and the Epigenome in Cancer
	RUNX1: A Paradigm of Transcriptional and Epigenetic Reprograming in Leukemia
	Concluding Remarks
	Authors Contribution
	Acknowledgments
	References


