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Abstract  

RUNX1 and RUNX3 are the main RUNX genes expressed in B lymphocytes. Both are 

expressed throughout B-cell development and play key roles at certain key 

developmental transitions. The tumour-associated Epstein-Barr virus (EBV) has potent 

B-cell transforming ability and manipulates RUNX3 and RUNX1 transcription through 

novel mechanisms to control B cell growth. In contrast to resting mature B cells where 

RUNX1 expression is high, in EBV-infected cells RUNX1 levels are low and RUNX3 

levels are high. Downregulation of RUNX1 in these cells results from cross-regulation 

by RUNX3 and serves to relieve RUNX1-mediated growth repression. RUNX3 is 

upregulated by the EBV transcription factor (TF) EBNA2 and represses RUNX1 

transcription through RUNX sites in the RUNX1 P1 promoter. Recent analysis revealed 

that EBNA2 activates RUNX3 transcription through an 18 kb upstream super-enhancer 

in a manner dependent on the EBNA2 and Notch DNA-binding partner RBP-J. This 

super-enhancer also directs RUNX3 activation by two further RBP-J-associated EBV 

TFs, EBNA3B and 3C. Counter-intuitively, EBNA2 also hijacks RBP-J to target a 

super-enhancer region upstream of RUNX1 to maintain some RUNX1 expression in 

certain cell backgrounds, although the dual functioning EBNA3B and 3C proteins limit 

this activation. Interestingly, the B-cell genome binding sites of EBV TFs overlap 

extensively with RUNX3 binding sites and show enrichment for RUNX motifs. 

Therefore in addition to B-cell growth manipulation through the long-range control of 

RUNX transcription, EBV may also use RUNX proteins as co-factors to deregulate the 

transcription of many B cell genes during immortalisation.  

 

Keywords: RUNX1, RUNX3, enhancer, transcription, super-enhancer, Epstein-Barr 

virus, EBNA2, EBNA3B, EBNA 3C, Notch, RBP-J. 
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Role of RUNX in B cell development 

Both RUNX3 and RUNX1 are expressed throughout the haemopoietic system including 

B lymphocytes (Levanon et al. 1994; Bangsow et al. 2001; North et al. 2004) and their 

tightly regulated expression plays an important role in defining key developmental 

transitions (Whiteman and Farrell 2006; Imperato et al. 2015). For example, RUNX1 

upregulation is crucial for the endothelial-to-hematopoietic transition (Chen et al. 2009) 

and RUNX3 upregulation by TGF-beta1 drives class switching to IgA in splenic B cells 

through the activation of Ig alpha gene transcription (Shi and Stavnezer 1998). 

 

Studies in mice have confirmed a role for Runx3 in IgA class-switching (Fainaru et al. 

2004) and delineated the role of Runx1 in embryonic and adult haematopoiesis 

(Imperato et al. 2015). Homozygous disruption of Runx1 leads to embryonic lethally 

and a block to definitive haematopoiesis (Wang et al. 1996) and embryos from Runx1 

knock-out mice lack both myeloid and erythroid cells in their yolk sacs and liver 

(Okuda et al. 1996). Numerous studies of the role of Runx1 in adult blood cell 

development using knock-out mice have led to the conclusion that loss of Runx1 does 

not disrupt haematopoiesis completely (as haematopoietic stem cells are maintained), 

but impairs the development of particular cell lineages. The bone marrow of adult mice 

lacking functional Runx1 showed impaired megakaryocytic maturation and defective 

T- and B-lymphocyte development (Ichikawa et al. 2004). A further similar study 

documented a reduction in the percentage of mature B cells (CD19+B220+) in the bone-

marrow, with an almost complete lack of pre-B and pro-B cell precursors (Growney et 

al. 2005). A reduction in the number of mature B cells expressing IgM and the B-cell 

marker B220 in the spleens of Runx1 knock-out adult mice, with no effect on the 

number of immature B cells was also reported, consistent with an early stage block in 



5 
 

B-cell development (Putz et al. 2006). Taken together these studies indicate that Runx1 

plays a key role in B-cell maturation.  

 

Consistent with a role for Runx1 in B cell development, expression of a deregulated 

Runx1 transgene in mice results in increased cell survival and an increase in the number 

of IgM+ and CD19+ cells in the bone marrow (Blyth et al. 2009). Although Runx1 

expression in foetal liver cells in vitro led to reduced total cell and B cell survival, an 

increased proportion of the cells that survived were B220+. These data suggest that, 

whilst the survival effects of Runx1 may be context dependent, its expression induces 

a drive towards the B-cell lineage.  

 

Cross regulation of RUNX1 by RUNX3 in B cells 

The structure of the mammalian RUNX genes is highly conserved and their transcription 

is controlled from two distinct promoters, P1 (distal) and P2 (proximal), that give rise 

to different protein isoforms (Figures 1 and 2). These promoters are differentially active 

in different cell-types and at different stages of differentiation (Bangsow et al. 2001; 

Levanon et al. 1996). In resting mature B cells RUNX1 transcripts are derived from the 

P1 promoter, leading to high-level expression of the RUNX1c isoform. RUNX1c 

expression drops dramatically when B cells are immortalised though latent infection 

with the tumour-associated herpesvirus EBV (Spender et al. 2002; Spender et al. 2005). 

In EBV-immortalised B cells, RUNX1c downregulation occurs concomitantly with the 

upregulation of RUNX3 transcription from the P2 promoter (Spender et al. 2002). 

RUNX3 is activated by the EBV TF EBNA2 (Spender et al. 2002), the master regulator 

of latent EBV gene transcription and a key inducer of hundreds of host genes including 

the growth regulators MYC, CD23 and FGR (Kaiser et al. 1999; Wang et al. 1987; 
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Knutson 1990; Spender et al. 2002; Maier et al. 2006; Zhao et al. 2006) (Table 1). 

Infection of resting B cells with EBV drives cell proliferation and this depends on the 

initial and continued expression of EBNA2, indicating a critical requirement for cell 

gene activation by EBNA2.  

 

The differential expression of RUNX1 and RUNX3 distinguished between B-cell lines 

displaying different patterns of EBV latent gene expression (known as latency 1 and 

latency III). Only those latency III cell-lines expressing EBNA2 (in association with 

the other 8 EBV latent proteins) (Table 1) were characterised by high RUNX3 

expression and low RUNX1 expression (Spender et al. 2002). Latency I cell-lines 

derived from Burkitt’s lymphoma tumour biopsies, that express only the EBV genome 

maintenance and replication factor EBNA-1, maintained high RUNX1c expression and 

lacked detectable RUNX3 expression. A similar induction of RUNX3 and consequent 

repression of RUNX1 occurs when B cells are activated by phorbol ester treatment and 

an inverse correlation between Runx3 and Runx1 expression is observed in the I.29μ 

mouse B-cell line upon Runx3 induction by TGF-β (Shi and Stavnezer 1998).  

 

Given this inverse correlation between RUNX3 and RUNX1 expression in B cells and 

the role of RUNX proteins as activators and repressors, a plausible explanation for the 

downregulation of RUNX1 was found in direct repression by RUNX3. Following the 

identification of two adjacent RUNX motifs located between positions -2 and +12 in 

the RUNX1 P1 promoter, mutagenesis revealed that RUNX1 transcription was indeed 

repressed by RUNX3 through these sites (Spender et al. 2005). The ability of the RUNX 

proteins to activate or repress gene expression is determined by the higher complexes 

they form with activators or repressors of transcription in a gene- and context-specific 
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manner (Durst and Hiebert 2004).  Mammalian RUNX proteins contain both a 

transactivation region and a highly-conserved repression domain near the C-terminus, 

the VWRPY sequence. This VWRPY sequence recruits TLE family proteins, which 

mediate repression of RUNX target genes through their association with histone 

deacetylases (Imai et al. 1998; Levanon et al. 1998; McLarren et al. 2001; Wang et al. 

2004). The repression of RUNX1 by RUNX3 in B cells was shown to be dependent on 

the VWRPY sequence, since its removal prevented RUNX3-mediated repression 

without affecting RUNX3 binding to the RUNX1 promoter (Brady et al. 2009). TLE3 

was implicated as the co-repressor involved, since it was the only TLE family member 

expressed in B cell-lines where cross-repression was observed.   

 

The regulation of B cell growth by RUNX1  

Given the role of EBNA2 in driving B cell growth, the upregulation of RUNX3 by 

EBNA2 could represent an important step in B-cell immortalisation by EBV. Because 

of the inter-dependence of RUNX1 and RUNX3 levels, a key question to address was 

whether altered levels of RUNX1, RUNX3 or both proteins contributed to cell 

proliferation. The dependence of RUNX1 repression on RUNX3 was confirmed under 

normal physiological conditions through siRNA depletion of endogenous RUNX3 in 

EBV transformed lymphoblastoid cell-lines (LCLs) (Spender et al. 2005). In these 

experiments, knock-down of RUNX3 expression led to increased RUNX1 expression as 

expected. Importantly, this reversal of cross regulation impaired the growth of the 

LCLs. These growth inhibitory effects were attributed to RUNX1 when it was shown 

that ectopic expression of RUNX1c in an LCL blocked cell growth (Brady et al. 2009; 

Brady et al. 2013). Interestingly, the RUNX1c isoform (expressed in resting B cells) 

was more potent in inhibiting growth than RUNX1b, suggesting that the extra 30 N-
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terminal amino acids in RUNX1c play a role in the growth inhibitory function of this 

isoform (Brady et al. 2013). These data suggest that a switch from RUNX1 to RUNX3 

may be a critical step in the activation of resting B cells; RUNX1 must be removed for 

B cell proliferation to occur. The effects of RUNX1 on B cell growth do however seem 

to be cell-type specific (see later).  The experiments conducted to date do not rule out 

an additional role for RUNX3 in promoting proliferation. For example, the RUNX3 

target gene encoding the survival factor B-cell maturation antigen was induced in 

RUNX3 expressing B cells (Brady et al. 2009).    

 

Functional differences between RUNX1b and RUNX1c in the regulation of cell 

proliferation were noted previously when RUNX1b but not RUNX1c was found to 

delay mitotic arrest in differentiating myeloid cells (Telfer et al. 2004).  There are also 

other examples of RUNX1 and RUNX3 regulating growth differently in the same cell 

type. RUNX1 and RUNX3 have opposing roles in regulating the survival of cells 

expressing the BCR-ABL oncoprotein through transcriptional control of the 24p3R cell 

surface receptor (Sheng et al. 2009). BCR-ABL induces expression of the secreted 

receptor ligand 24p3, which induces apoptosis in normal cells expressing 24p3R, but 

in BCR-ABL+ cells 24p3R expression is repressed providing apoptosis resistance. In 

murine 32D myeloid BCR-ABL expressing cells, 24p3R gene repression involves the 

displacement of RUNX3 from the 24p3R gene promoter by RUNX1 and the 

recruitment of the Sin3A-HDAC co-repressor complex. This switch in RUNX binding 

is induced by BCL-ABL signalling through the Ras/MAP kinase pathway resulting in 

an increase in RUNX1 expression. Inhibition of BCR-ABL with Imatinib reversed this 

switch, promoting RUNX3 occupancy of the 24p3R promoter, increased 24p3R 

expression and increased apoptosis sensitivity in these cells.  
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The mechanism of RUNX3 activation by EBV 

The original discovery of RUNX3 as a target gene for the EBV transactivator EBNA2 

came from experiments using an EBV transformed LCL expressing a conditionally 

active EBNA2-oestrogen receptor fusion protein. EBNA2 activation through β-

estradiol addition to cells cultured in its absence for 5 days led to an induction of 

RUNX3 mRNA (Spender et al. 2002).  The upregulation of RUNX3 by EBV was 

attributed to the direct actions of EBNA2 rather than the induced synthesis of another 

TF since the induction was observed in the presence of protein synthesis inhibitors. 

Subsequent investigations into the mechanism of RUNX3 activation by EBNA2 using 

RUNX3 promoter constructs containing promoter sequences close to the transcription 

start site failed to detect any reproducible effects of EBNA2 on the RUNX3 P2 

promoter, the promoter active in these cells (Spender et al. 2005; Gunnell et al. 2016).  

 

The development of ChIP-sequencing assays for EBNA2 has shed considerable light 

on the potential mechanism of EBNA2 activation of a plethora of cellular genes, 

including many whose promoters had proved to be EBNA2 unresponsive (McClellan 

et al. 2013; Zhao et al. 2011). These genome-wide binding analyses revealed that a 

significant proportion (75% or 86%) of EBNA2 binding sites were located distal to 

gene transcription start sites and coincided with regions of the genome that display the 

chromatin signature of active or poised enhancers (H3K4 monomethylation with or 

without H3K27 acetylation)(McClellan et al. 2013). EBNA2 binding data generated in 

the latency III Burkitt’s lymphoma (BL) cell-line Mutu III and new data from the 

GM12878 EBV transformed LCL revealed the presence of a large 18 kb enhancer 

region centred -97 kb upstream of the RUNX3 P2 promoter (chr1:25,344,250-
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25,363,078, GRCh37/hg19) (Gunnell et al. 2016). This region displays high-level 

H3K27 acetylation in GM12878 and chromatin landscape analysis (dbSUPER, 

http://bioinfo.au.tsinghua.edu.cn/dbsuper/ (Khan and Zhang 2015)) classifies this 

region as a super-enhancer, a highly-active and characteristically large TF binding site 

cluster that drives transcription of lineage-specific genes (Whyte et al. 2013). An 

independent study also reported the super-enhancer characteristics of this EBNA2 

binding region in EBV-infected cells (Zhou et al. 2015). Interestingly, based on H3K27 

acetylation spread, this region is classified as a super-enhancer in GM12878 cells, early 

haematopoietic and T cell lineages but not CD19+ primary and CD20+ B cells. This 

suggests that the binding of EBNA2 drives its activation in EBV-infected B cells.  

 

EBNA2 binding was also detected at the RUNX3 P2 promoter, but the lack of EBNA2 

responsiveness of this region in reporter assays indicates that these peaks may represent 

‘shadow’ peaks of EBNA2 binding as a result of looping interactions between the 

EBNA2-bound super-enhancer region and the P2 promoter. This would result in the 

capturing of promoter DNA in cross-linked EBNA2 ChIP assays. In fact an adaptation 

of the genome-wide chromosome conformation capture technique that enriches for 

chromosome interactions involving promoters (capture Hi-C) (Mifsud et al. 2015) 

demonstrated that the RUNX3 EBNA2 super-enhancer interacts with RUNX promoters 

in GM12878 cells supporting its regulatory function (Gunnell et al. 2016).  

 

The main six EBNA2 binding peaks from the RUNX3 super-enhancer were cloned 

upstream of the RUNX3 P2 promoter and used in reporter assays to determine which 

regions of the super-enhancer were responsible for directing EBNA2 activation. These 

experiments identified the 1.3 kb super-enhancer region 2 as the main EBNA2-
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responsive component of the super-enhancer. Since EBNA2 does not bind DNA 

directly and relies on the hijacking of cellular TFs to control both viral and cell genes, 

cellular TFs bound to this region must be responsible for mediating the effects of 

EBNA2 on RUNX3 transcription. As expected, this region contained binding sites for 

multiple cell TFs, but the use of a knock-out B cell line identified the Notch DNA 

binding partner RBP-J as the main TF responsible (Gunnell et al. 2016). This is 

consistent with the known association of EBNA2 with RBP-J via a conserved WϕP 

motif found in Notch family members and the essential nature of the EBNA2-RBPJ 

interaction for B-cell immortalisation (Ling and Hayward 1995; Yalamanchili et al. 

1994).  

 

A separate study identified a role for NF-B binding to the RUNX3 super-enhancer in 

maintaining RUNX3 mRNA levels in EBV-infected cells, since RUNX3 gene 

expression was reduced upon NF-B inactivation (Zhou et al. 2015). Investigation of 

the role of an NF-B binding site in enhancer region 2 supported these observations, 

demonstrating that this site was required for the maintenance of basal activity of the 

enhancer, but its mutation did not impair EBNA2 activation. These data are consistent 

with a role for NF-B in EBNA2-independent activation of the RUNX3 super-enhancer. 

Since the EBV oncogene and CD40 mimic, Latent membrane protein 1, activates NF-

B in EBV-infected cells (Rowe et al. 1994), this may represent an additional route 

exploited by EBV to maintain high RUNX3 levels in infected cells. Although NF-B 

did not contribute to EBNA2-dependent activation of the RUNX3 super-enhancer, 

deletion of an additional region of enhancer 2 next to the region containing identified 

RBP-J sites also led to a loss of EBNA2 activation implicating co-operative effects of 
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other as yet unidentified TFs, or the presence of additional variant RBP-J sites (Gunnell 

et al. 2016). 

 

ChIP-sequencing analysis of other EBV TFs expressed in immortalised B cells 

(EBNA3A, 3B and 3C) also detected binding of EBNA3B and 3C to enhancer region 

2 of the RUNX3 super-enhancer (Gunnell et al. 2016; McClellan et al. 2012; McClellan 

et al. 2013). Microarray analysis of B cell lines infected with recombinant EBVs 

lacking all three EBNA3 proteins provided evidence for their role in activating RUNX3 

transcription (White et al. 2010) and this was confirmed at the protein level (Gunnell et 

al. 2016), a role that would not have been previously identified on the background of 

EBNA2 activation. Since these two factors also bind RBP-J on chromatin in a 

competitive manner with EBNA2 (Harth-Hertle et al. 2013; Wang et al. 2015a), it 

would appear that the activation of RUNX3 by EBNA3 proteins may also be mediated 

through this TF and that EBNA2, 3B and 3C bind independently to the super-enhancer. 

 

It therefore appears that at least two B cell TFs play key roles in RUNX3 super-enhancer 

control in immortalised B-cells; NF-kB and RBP-J. Further experiments will be 

required to determine whether the RUNX3 super-enhancer does indeed play a role in 

the regulation of RUNX3 transcription in other cell-types as predicted and whether 

additional TFs are required to direct cell-type specificity in these contexts.  

 

Cell-type specific feed-forward activation of RUNX1 by EBV 

Because RUNX1 transcription is repressed in EBV-infected cells as a result of the 

induction of RUNX3 by EBNA2, it was surprising that genome-wide binding analyses 

also identified binding sites for EBNA2 in a >100 kb region 139 to 250 kb upstream of 
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RUNX1 P1 (chr21:36,561,018-36,672,471, GRCh37/hg19)(Gunnell et al. 2016) 

(Figure 2). These binding sites coincide with regions assigned as super-enhancers in 

specific cell-types (e.g. Diffuse large B cell lymphoma cell-lines, a breast cancer line, 

mammary epithelial cells and skeletal muscle (dbSUPER, 

http://bioinfo.au.tsinghua.edu.cn/dbsuper/ (Khan and Zhang 2015)). EBNA2 binds at 

six main sites within this region in a cell-type specific manner, with binding detected 

in Mutu III BL cells and not in LCLs. The lack of activity of the RUNX1 superenhancer 

in LCLs is supported by the lack of H3K27 acetylation in this region in the GM12878 

LCL (Figure 2). Reporter assays examining EBNA2 responsiveness of the 6 main 

enhancer binding peaks identified enhancer region 4 as the main mediator of EBNA2 

activation (Gunnell et al. 2016). As observed for RUNX3, EBNA2 activation of the 

RUNX1 super-enhancer was dependent on the expression of RBP-J. The ability to 

access gene regulatory elements through association with RBP-J therefore appears be 

central in the control of RUNX1 and RUNX3 expression by EBV (Figure 3).  

 

Although EBNA2 has the ability to target RUNX1 and activate its transcription, it is 

unclear why EBNA2 would target RUNX1 for activation, when its upregulation of 

RUNX3 serves to repress RUNX1 transcription (Spender et al. 2005). It is possible that 

the cell-type specificity of RUNX1 targeting is important here. Experiments in LCLs 

highlight the importance of RUNX1 repression for LCL growth, but EBNA2 activation 

of the RUNX1 super-enhancer was observed in BL cells and not in LCLs. In BL cells, 

the characteristic IG-MYC translocation leads to growth deregulation through MYC 

overexpression. In this background, the repressive effects of RUNX1 on growth may be 

overridden by the effects of MYC. It is also possible that the expression of some RUNX1 

might provide some advantage for the survival or growth of BL cells. 
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EBNA3B and 3C also bind RUNX1 super-enhancer regions in the same cell-type 

specific manner as EBNA2, indicating multiple points of control by EBV (Gunnell et 

al. 2016) (Figure 3). However, rather than contributing to RUNX upregulation as 

observed at RUNX3, these proteins appear to attenuate RUNX1 expression. These dual 

roles of the EBNA3s are entirely consistent with their known roles as activators and 

repressors of transcription and their association with both co-activators and co-

repressors (Knight et al. 2003; Cotter and Robertson 2000; Subramanian et al. 2002; 

Paschos et al. 2012) (Table 1).  

 

RUNX1 regulation by intronic super-enhancer elements in haematopoietic cells 

RUNX1 expression is controlled by enhancer elements in mouse and human cells, but 

unlike the intergenic upstream enhancers targeted by EBV, these enhancers are located 

in the region between the RUNX1 P1 and P2 promoters. Comparative genomics 

combined with DNase hypersensitivity site (DHS) analysis identified a 194 bp enhancer 

in the mouse genome located 23.5 kb downstream of the RUNX1 P1 transcript ATG 

(Nottingham et al. 2007). This +23 enhancer drives early haemopoietic-specific gene 

expression in mouse embryos in a pattern consistent with that of endogenous RUNX1. 

In vitro analysis of conserved TF binding sites in the enhancer identified conserved 

RUNX, Gata2 and Ets sites as crucial for its activity and RUNX1, Gata2 and the Ets 

TFs Fli-1, Elf1 and PU.1 bound the enhancer in vivo (Nottingham et al. 2007). Binding 

of the Gata-associated SCL, Lmo2 and Ldb1 complex was also detected by ChIP. 

Transgenic enhancer-reporter embryos confirmed that mutation of the Gata and Ets 

motifs severely disrupted enhancer activity in the embryo, although mutation of the 

RUNX motif had little effect (Nottingham et al. 2007). Unlike in zebrafish, where 
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RUNX1 P1 contains sites that control tissue-specific expression, the mouse P1 and P2 

promoters alone lack tissue-specific activity, but tissue-specific expression of either 

promoter can be controlled by +23 kb enhancer (Bee et al. 2009). 

 

In human cells, P1 and P2 display some cell-type specific activity and an equivalent 

500 bp +23 kb enhancer (RE1) in intron 1 was found to regulate RUNX1 expression in 

a haemopoietic cell-specific manner (Markova et al. 2011). The RE1 element was able 

to activate transcription from RUNX1 P1 and P2 in reporter assays in Jurkat T 

leukaemic cells, from P2 in K562 erythroleukaemic cells, but failed to activate either 

promoter in HEK293 epithelial cells. A further 400 bp element identified in RUNX1 

intron 5.2 based on the presence of lymphoid-specific DHSs (RE2) did not activate 

RUNX1 expression in reporter assays in any cell background. Chromosome 

conformation analysis detected haemopoietic cell-specific interactions between both P1 

and P2 and RE1 (Markova et al. 2011) and showed that the promoters also interact with 

one another, forming a chromatin hub resembling that observed at RUNX3 (Gunnell et 

al. 2016).  RE2 also interacted with both P1 and P2, but separately, and this was not 

cell-type specific (Markova et al. 2011). Given the lack of detectable enhancer activity 

for RE2, this region may play an architectural role in the organisation of the locus, 

although a role as a matrix attachment region was ruled out (Markova et al. 2012).  

 

Recent analysis confirmed the importance of the region between P1 and P2 in the 

regulation of RUNX1 expression in Jurkat cells (Kwiatkowski et al. 2014). T-cell acute 

lymphoblastic leukaemia (T-ALL) cell-lines, including Jurkat, were found to be highly 

sensitive to treatment with a selective covalent inhibitor of the TFIIH kinase subunit 

CDK7 (Kwiatkowski et al. 2014). Genome-wide analysis in Jurkat cells identified 
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RUNX1 as one of a subset of genes that were selectively downregulated on inhibitor 

treatment. A RUNX1 super-enhancer covering the entire 173 kb region between P1 and 

P2, containing the previously described RE1 element, was identified through 

examination of H3K27 acetylation profiles.  The association of CDK7 with this entire 

super-enhancer region and the susceptibility of super-enhancers to inhibition likely 

explains the enhanced suppression of RUNX1 transcription in these cells. T-ALL cell-

line sensitivity to low-dose drug treatment is also probably enhanced as a result of the 

loss of expression of TAL1 and GATA3, two other key components of the auto and 

cross-regulatory RUNX1 transcriptional network (Kwiatkowski et al. 2014).  

 

It is therefore clear that cell-type and developmental stage specific expression of 

RUNX1 can be controlled by at least two extremely large super-enhancer regions, one 

located upstream of the gene locus that is exploited by EBV TFs in B cells and one 

located in an intronic region between the P1 and P2 promoters. Given the prediction 

that the upstream region has H3K27 acetylation levels consistent with superenhancer 

function in other cell-types, it is likely that this region has further cell-type specific and 

potentially disease specific roles in controlling RUNX1 expression. 

 

Notch control of RUNX gene expression 

The mechanism of RUNX super-enhancer control by EBV in immortalised B cells 

requires association of viral TFs with RBP-J.  This reinforces the known interplay 

between the Notch and RUNX pathways in many developmental systems. For example, 

haematopoiesis in Drosophila is associated with Notch signalling-dependent induction 

of RUNX1 (Lozenge) in specific precursor cells (Lebestky et al. 2003). RUNX1 was 

also identified as a direct target gene induced by activated Notch1 signalling in murine 
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mesodermal cells, but not embryonic stem cells (Meier-Stiegen et al. 2010) and in 

mouse NIH3T3 cells Notch1 upregulates RUNX1 transcription (Nakagawa et al. 2006) 

and Notch1-RBP-J null mice have impaired haematopoietic potential and reduced 

RUNX1 expression in specific compartments (Nakagawa et al. 2006). Notch signalling 

also controls RUNX1 expression and haematopoietic stem cell development in 

Zebrafish (Burns et al. 2005). Although most studies have concentrated on RUNX1, 

RUNX3 has also been shown to be a direct target of Notch in murine endothelial cells 

(Fu et al. 2011).   

 

 

The role of RUNX proteins as transcriptional regulators in EBV-immortalised B 

cells 

In addition to targeting RUNX genes via their super-enhancers to control RUNX 

transcription in EBV-infected cells, EBV TFs may also regulate cellular genes in 

association with RUNX proteins. Evidence for a role for RUNX proteins in EBV-

directed gene control in B cells is based on the presence of RUNX motifs and/or 

RUNX3 binding at human genome binding sites for EBNA2 and EBNA3 proteins. 

Motif analysis of EBNA2 binding sites in the IB4 LCL found that 43% had significant 

enrichment for a RUNX motif (Zhao et al. 2011). Cluster analysis of cell TF binding 

or the presence of TF motifs at EBNA2 sites was used to determine whether specific 

sets of TFs co-bound to EBNA2 binding sites. These analyses identified a cluster of 

EBNA2 binding sites with RUNX motifs that were also bound by EBF and RBP-J. A 

separate cluster of EBNA2 sites was also identified that was bound by RBP-J in 

association with RUNX motifs, but in the absence of EBF. Interestingly, although the 

RUNX-EBF-RBP-J co-bound sites overlapped with significant binding sites of the 
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histone acetyl transferase p300 (37%) and had high H3K4 monomethylation levels, the 

RBP-J-RUNX co-bound sites showed the least overlap with p300 (5%) binding and had 

low H3K4 monomethylation levels (Zhao et al. 2011). The most highly expressed 

RUNX protein in these LCLs is RUNX3, but the analyses did not distinguish between 

RUNX1 and RUNX3 binding. These observations are interesting, however, in the 

context of a previous report where RUNX3 was found to suppress Notch activation of 

RBP-J dependent transcription through its association with the Notch intracellular 

domain (NIC) (Gao et al. 2010). Given that EBNA2 mimics NIC in its association with 

RBP-J, it is possible that RUNX3 might associate with EBNA2 to repress transcription 

at RBP-J bound sites and that the presence of EBF counteracts this repression. An EBF 

site in the viral LMP1 promoter has been shown to play a in role in EBNA2 activation 

of the promoter, although the involvement of RUNX3 in LMP1 transcription control is 

unknown (Zhao et al. 2011).  

 

The potential involvement of RUNX proteins in EBV-mediated gene control also 

extends to the EBNA3 proteins. ChIP-sequencing analysis of epitope tagged EBNA3C 

found that similar to EBNA2, 44% of EBNA3C sites were enriched for RUNX motifs 

(Jiang et al. 2014). Availability of RUNX3 ChIP-seq data for this later study also 

allowed analysis of binding overlap, which revealed that an even higher proportion 

(64%) of EBNA3C sites in the human genome were also bound by RUNX3 (Jiang et 

al. 2014). EBNA3C sites that were co-bound by RUNX3 were found in 5 different 

clusters with different sets of cell TFs, some of which did not contain RBP-J, indicating 

that other TFs play a role in EBNA3C binding to DNA. Interestingly one EBNA3C-

RUNX3 co-bound site cluster was associated with chromatin marks found at strong 

promoters, but lacked RBP-J binding or any enrichment for RUNX motifs, consistent 
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with some RUNX binding in the absence of a consensus site. Despite the ‘active’ 

chromatin profile these sites were also co-bound by the Sin3A co-repressor, 

highlighting a potential role for RUNX3 in gene repression, in this case in the ‘shutting 

down’ of active promoter sites. Three other EBNA3C-RUNX3 clusters had mostly 

strong enhancer chromatin marks and RUNX motifs and included either PU.1, RBP-J 

and EBNA2, or BATF and IRF4. EBNA3C binding was enhanced in the presence of 

RUNX3 and RUNX3 has higher binding signals at sites bound by EBNA3C indicating 

some mutual enhancement or stabilisation of binding.  

 

A high degree of overlap with RUNX3 binding was also detected in LCLs at binding 

sites for epitope tagged EBNA3A (63%) or EBNA3B (83%) (Schmidt et al. 2015; 

Wang et al. 2015a). For EBNA 3A, 7 clusters of cell TF co-association were identified 

with 5 of them showing enrichment for RUNX3 binding and the presence of RUNX 

motifs (Schmidt et al. 2015). All of these 5 site clusters displayed chromatin marks 

associated with either weak or strong enhancers. Interestingly, in contrast to EBNA3C 

and its cell TF clusters, there were no detected associations of RUNX3 with EBNA3A 

in TF clusters containing co-repressors, indicating that RUNX3 association with 

different EBV TFs may be distinct and have different roles in different contexts. 

However, analysis of these datasets is hindered by the extensive overlap between the 

binding sites of EBNA2 and the EBNA3s (McClellan et al. 2013; Wang et al. 2015a), 

making it difficult to assign specificity to any interactions or co-operation. 

Interestingly, analysis of unique EBNA2, EBNA3A, 3B and 3C binding sites revealed 

that RUNX motifs are only enriched at sites bound by EBNA2 alone or EBNA3C alone 

and not for EBNA3A and EBNA3B, indicating that there may be specificity in the 

potential association between EBV TFs and RUNX3 (Wang et al. 2015a).   
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Although there is no evidence to date of any direct or indirect interactions between 

EBV TFs and RUNX proteins, taken together these genome-wide binding studies 

strongly implicate RUNX3 in EBV-directed cellular gene regulation, through direct or 

indirect interactions at gene regulatory elements. This is consistent with the 

immortalisation of B cells by EBV TFs through the hijacking of cell TFs that drive the 

B-cell transcription program.   

 

It is noteworthy that there is significant RUNX3 binding at the RUNX3 super-enhancer 

and multiple RUNX motifs are present, including in enhancer 2, the most EBNA2 

responsive region (Figure 4). In fact there is a RUNX consensus site within the region 

of enhancer 2 that seems to play a co-operative role in EBNA2 activation (Gunnell et 

al. 2016), so it will be interesting to determine the effects of mutating the RUNX 

binding site in this region on EBNA2 responsiveness of the superenhancer. RUNX3 

also bound to the RUNX3 P1 promoter (Figure 4). This is interesting given the known 

role of RUNX3 binding to two conserved RUNX sites in the RUNX1 P1 promoter in 

the repression of RUNX1 transcription in B cells (Spender et al. 2005) and the auto-

repression of RUNX2 via the same sites in rat (Drissi et al. 2000) . The tandem RUNX1 

P1 RUNX sites are completely conserved in the human RUNX3 P1 promoter so it is 

possible that binding of RUNX3 to these sites may auto-repress its own P1 promoter. 

Consistent with this, RUNX3 transcripts are derived from P2, not P1 in EBV 

immortalised B cells (Spender et al. 2005). Further analysis is required to determine the 

role played by RUNX3 in the regulation of its own enhancer and promoters, and indeed 

how RUNX3 binding to RUNX1 P1 may influence RUNX1 enhancer activity. 
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Future directions and outstanding questions 

Studies of RUNX gene control in B cells immortalised by the tumour-associated 

Epstein-Barr virus have led to the identification of super-enhancers that play a key role 

in controlling the cell-type specific expression of both RUNX3 and RUNX1. Further 

investigation is now needed to address the potential role of these super-enhancers in the 

spatial and temporal control of RUNX gene expression in the haemopoietic and other 

developmental systems and their contribution to RUNX gene deregulation in other 

disease states. The known susceptibility of super-enhancers to perturbation and their 

key role in lineage-specific growth regulation has already made them attractive targets 

for new transcription inhibitory molecules that have been shown to block T-ALL, small 

cell lung carcinoma, neuroblastoma and triple negative breast cancer cell growth 

(Chipumuro et al. 2014; Christensen et al. 2014; Kwiatkowski et al. 2014; Wang et al. 

2015b).  The perturbation of these EBV-driven super-enhancers may offer new 

therapeutic possibilities for the treatment of EBV-associated malignancies, given the 

key role played by RUNX proteins in the regulation of EBV-infected cell growth.  

 

In spite of all this progress, there are still many questions regarding the role of RUNX3 

and RUNX1 in B-cell gene regulation and growth control. One important priority is to 

determine in detail which genes are targeted by RUNX3 and RUNX1 in B cells and how 

combination with other cell TFs determines the dual roles of these proteins in gene 

activation and repression. It is also notable that the RUNX1 super-enhancer is only 

active and bound by EBV TFs in Burkitt’s lymphoma cells and not in the LCLs 

examined to date. Repression by the higher levels of RUNX3 in LCLs may be one 

possible explanation (Gunnell et al. 2016), but there may well be other effects of the 
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high levels of MYC in Burkitt’s lymphoma cells on the super-enhancer, and MYC 

binding sites that are bound by MYC/MAX are present in this region. Bringing together 

the rapidly increasing ChIP-sequencing information with functional studies of 

promoter/enhancer elements and further functional TF interactions is likely to give an 

even more comprehensive understanding of the roles of RUNX genes in B cell 

immortalisation in the near future.  
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Figure captions 

 
Table 18.1 EBV latent proteins and their roles and expression in EBV immortalised B 

cells. Epstein-Barr nuclear antigens (EBNAs) are found in the nucleus and Latent 

membrane proteins (LMP) are found in the cell membrane. Genes essential for 

transformation of peripheral resting B cells are indicated (+). EBNA-LP (leader 

protein) plays an accessory role (+/-). Burkitt’s lymphoma tumour cells display a 

latency I gene expression pattern but drift in culture to the latency III pattern seen in 

initially transformed cells and LCLs. For more information on latent gene function 

see (Kempkes and Robertson 2015; Cen and Longnecker 2015) 

 

Fig. 18.1 Binding of EBV transcription factors at human RUNX3 on chromosome 1. 

ChIP-sequencing reads for EBNA2 and EBNA3 proteins (3A, 3B and 3C) in Mutu III 

BL cells and the GM12878 LCL and H3K27ac signals in GM12878 from ENCODE. 

RUNX3 runs right to left in the human genome. The arrow indicates the promoter active 

in B cells.  Numbering indicates the major EBNA2 binding sites in the 18 kb upstream 

super-enhancer. The super-enhancer is bound by EBNA2 and active in both cell lines 

 
 
Fig. 18.2 Binding of EBV transcription factors at human RUNX1 on chromosome 21. 

The P1 and P2 promoters and the RUNX1a, RUNX1b and RUNX1c isoforms are 

shown. Labelling as in Fig. 1.  Numbering indicates the major EBNA2 binding sites in 

the 111 kb upstream super-enhancer, which is bound by EBNA2 and active in Mutu III 

BL cells but not GM12878 cells 

 
 
Fig. 18.3 Model of EBV control of the RUNX transcriptional network in different B 

cell backgrounds. EBNA2, 3B and 3C bind to the RUNX3 super-enhancer (SE) in 
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EBV-infected B cells to activate RUNX3 transcription. RUNX3 then binds to the 

RUNX1 P1 promoter to repress RUNX1 transcription with its binding partner CBFβ. a 

In EBV-infected BL cell-lines expressing the latency III pattern of gene expression 

(Table 1), RUNX1 is also regulated positively through EBNA2 binding to a RUNX1 

SE. EBNA3B and 3C attenuate this EBNA2 activation, but higher RUNX1 expression 

is maintained. b In EBV-infected LCLs the RUNX1 SE is inactive and not bound by 

EBNA2, 3B or 3C and RUNX1 is repressed by RUNX3/CBFβ 

 

Fig. 18.4 RUNX3 binding at RUNX1 and RUNX3. a Binding of RUNX3 at human 

RUNX3 on chromosome 1. ChIP-sequencing reads for RUNX3 in GM12878 cells from 

ENCODE are shown alongside ChIP-sequencing reads for EBNA2 in GM12878. 

Labelling as in Fig. 1. b Binding of RUNX3 at human RUNX1 on chromosome 21. 

ChIP-sequencing reads for RUNX3 in GM12878 cells from ENCODE are shown 

alongside ChIP-sequencing reads for EBNA2 in Mutu III BL cells. Labelling as in Fig. 

2 
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Table 18.1 
 
EBV 
latent 
protein 

Essential for 
immortalisation 

latency I 
expression

latency III 
expression 

Function 

EBNA1 + + + Viral genome maintenance and 
segregation, latent replication, 
transcription activation. 

EBNA2 + - + Transcriptional activation of all viral 
latent genes and many cell genes. 
Binds RBP-J and PU.1. 

EBNA3A + - + Transcriptional activation and 
repression. Competes with EBNA2 to 
bind RBP-J. Polycomb repressor 
complex-mediated cell gene silencing. 

EBNA3B - - + Transcriptional activation and 
repression. Competes with EBNA2 to 
bind RBP-J. Tumour suppressor. 

EBNA3C + - + Transcriptional activation and 
repression. Competes with EBNA2 to 
bind RBP-J. Polycomb repressor 
complex-mediated cell gene silencing. 
Deregulates the cell-cycle. 

EBNA-LP +/- - + Coactivates genes with EBNA2. 
LMP1 + - + Transforming oncogene. 

Constitutively active CD40-like 
receptor. Activates NF-B, JNK and 
p38 signalling pathways. Enhances 
cell survival and growth. 

LMP2A  - - + BCR mimic and decoy. Activates PI3-
K/AKT. Regulates autophagy and 
blocks viral reactivation. 

LMP2B - - + Blocks viral reactivation. Impairs 
activation of LMP2A. 

 
  



26 
 

References 
 
 
Bangsow C, Rubins N, Glusman G, Bernstein Y, Negreanu V, Goldenberg D, Lotem 

J, Ben-Asher E, Lancet D, Levanon D, Groner Y (2001) The RUNX3 gene--
sequence, structure and regulated expression. Gene 279 (2):221-232 

Bee T, Ashley EL, Bickley SR, Jarratt A, Li PS, Sloane-Stanley J, Gottgens B, de 
Bruijn MF (2009) The mouse Runx1 +23 hematopoietic stem cell enhancer 
confers hematopoietic specificity to both Runx1 promoters. Blood 113 
(21):5121-5124. doi:10.1182/blood-2008-12-193003 

Blyth K, Slater N, Hanlon L, Bell M, Mackay N, Stewart M, Neil JC, Cameron ER 
(2009) Runx1 promotes B-cell survival and lymphoma development. Blood 
Cells Mol Dis 43 (1):12-19. doi:10.1016/j.bcmd.2009.01.013 

Brady G, Elgueta Karstegl C, Farrell PJ (2013) Novel function of the unique N-
terminal region of RUNX1c in B cell growth regulation. Nucleic Acids Res 41 
(3):1555-1568. doi:10.1093/nar/gks1273 

Brady G, Whiteman HJ, Spender LC, Farrell PJ (2009) Downregulation of RUNX1 
by RUNX3 requires the RUNX3 VWRPY sequence and is essential for 
Epstein-Barr virus-driven B-cell proliferation. J Virol 83 (13):6909-6916 

Burns CE, Traver D, Mayhall E, Shepard JL, Zon LI (2005) Hematopoietic stem cell 
fate is established by the Notch-Runx pathway. Genes Dev 19 (19):2331-
2342. doi:10.1101/gad.1337005 

Cen O, Longnecker R (2015) Latent Membrane Protein 2 (LMP2). Curr Top 
Microbiol Immunol 391:151-180. doi:10.1007/978-3-319-22834-1_5 

Chen MJ, Yokomizo T, Zeigler BM, Dzierzak E, Speck NA (2009) Runx1 is required 
for the endothelial to haematopoietic cell transition but not thereafter. Nature 
457 (7231):887-891. doi:10.1038/nature07619 

Chipumuro E, Marco E, Christensen CL, Kwiatkowski N, Zhang T, Hatheway CM, 
Abraham BJ, Sharma B, Yeung C, Altabef A, Perez-Atayde A, Wong KK, 
Yuan GC, Gray NS, Young RA, George RE (2014) CDK7 inhibition 
suppresses super-enhancer-linked oncogenic transcription in MYCN-driven 
cancer. Cell 159 (5):1126-1139. doi:10.1016/j.cell.2014.10.024 

Christensen CL, Kwiatkowski N, Abraham BJ, Carretero J, Al-Shahrour F, Zhang T, 
Chipumuro E, Herter-Sprie GS, Akbay EA, Altabef A, Zhang J, Shimamura T, 
Capelletti M, Reibel JB, Cavanaugh JD, Gao P, Liu Y, Michaelsen SR, 
Poulsen HS, Aref AR, Barbie DA, Bradner JE, George RE, Gray NS, Young 
RA, Wong KK (2014) Targeting transcriptional addictions in small cell lung 
cancer with a covalent CDK7 inhibitor. Cancer Cell 26 (6):909-922. 
doi:10.1016/j.ccell.2014.10.019 

Cotter MA, 2nd, Robertson ES (2000) Modulation of histone acetyltransferase 
activity through interaction of epstein-barr nuclear antigen 3C with 
prothymosin alpha. Mol Cell Biol 20 (15):5722-5735 

Drissi H, Luc Q, Shakoori R, Chuva De Sousa Lopes S, Choi JY, Terry A, Hu M, 
Jones S, Neil JC, Lian JB, Stein JL, Van Wijnen AJ, Stein GS (2000) 
Transcriptional autoregulation of the bone related CBFA1/RUNX2 gene. 
Journal of cellular physiology 184 (3):341-350. doi:10.1002/1097-
4652(200009)184:3<341::AID-JCP8>3.0.CO;2-Z 

Durst KL, Hiebert SW (2004) Role of RUNX family members in transcriptional 
repression and gene silencing. Oncogene 23 (24):4220-4224. 
doi:10.1038/sj.onc.1207122 



27 
 

Fainaru O, Woolf E, Lotem J, Yarmus M, Brenner O, Goldenberg D, Negreanu V, 
Bernstein Y, Levanon D, Jung S, Groner Y (2004) Runx3 regulates mouse 
TGF-beta-mediated dendritic cell function and its absence results in airway 
inflammation. EMBO J 23 (4):969-979. doi:10.1038/sj.emboj.7600085 

Fu Y, Chang AC, Fournier M, Chang L, Niessen K, Karsan A (2011) RUNX3 
maintains the mesenchymal phenotype after termination of the Notch signal. J 
Biol Chem 286 (13):11803-11813. doi:10.1074/jbc.M111.222331 

Gao J, Chen Y, Wu KC, Liu J, Zhao YQ, Pan YL, Du R, Zheng GR, Xiong YM, Xu 
HL, Fan DM (2010) RUNX3 directly interacts with intracellular domain of 
Notch1 and suppresses Notch signaling in hepatocellular carcinoma cells. Exp 
Cell Res 316 (2):149-157. doi:10.1016/j.yexcr.2009.09.025 

Growney JD, Shigematsu H, Li Z, Lee BH, Adelsperger J, Rowan R, Curley DP, 
Kutok JL, Akashi K, Williams IR, Speck NA, Gilliland DG (2005) Loss of 
Runx1 perturbs adult hematopoiesis and is associated with a 
myeloproliferative phenotype. Blood 106 (2):494-504. doi:10.1182/blood-
2004-08-3280 

Gunnell A, Webb HM, Wood CD, McClellan MJ, Wichaidit B, Kempkes B, Jenner 
RG, Osborne C, Farrell PJ, West MJ (2016) RUNX super-enhancer control 
through the Notch pathway by Epstein-Barr virus transcription factors 
regulates B cell growth. Nucleic Acids Res doi: 10.1093/nar/gkw085 

Harth-Hertle ML, Scholz BA, Erhard F, Glaser LV, Dolken L, Zimmer R, Kempkes B 
(2013) Inactivation of intergenic enhancers by EBNA3A initiates and 
maintains polycomb signatures across a chromatin domain encoding CXCL10 
and CXCL9. PLoS Pathog 9 (9):e1003638. doi:10.1371/journal.ppat.1003638 

PPATHOGENS-D-13-00854 [pii] 
Ichikawa M, Asai T, Saito T, Seo S, Yamazaki I, Yamagata T, Mitani K, Chiba S, 

Ogawa S, Kurokawa M, Hirai H (2004) AML-1 is required for 
megakaryocytic maturation and lymphocytic differentiation, but not for 
maintenance of hematopoietic stem cells in adult hematopoiesis. Nat Med 10 
(3):299-304. doi:10.1038/nm997 

Imai Y, Kurokawa M, Tanaka K, Friedman AD, Ogawa S, Mitani K, Yazaki Y, Hirai 
H (1998) TLE, the human homolog of groucho, interacts with AML1 and acts 
as a repressor of AML1-induced transactivation. Biochem Biophys Res 
Commun 252 (3):582-589. doi:10.1006/bbrc.1998.9705 

Imperato MR, Cauchy P, Obier N, Bonifer C (2015) The RUNX1-PU.1 axis in the 
control of hematopoiesis. International journal of hematology 101 (4):319-
329. doi:10.1007/s12185-015-1762-8 

Jiang S, Willox B, Zhou H, Holthaus AM, Wang A, Shi TT, Maruo S, Kharchenko 
PV, Johannsen EC, Kieff E, Zhao B (2014) Epstein-Barr Virus Nuclear 
Antigen 3C binds to BATF/IRF4 or SPI1/IRF4 composite sites and recruits 
Sin3A to repress CDKN2A. Proc Natl Acad Sci U S A 111 (1):421-426. 
doi:1321704111 [pii] 

10.1073/pnas.1321704111 
Kaiser C, Laux G, Eick D, Jochner N, Bornkamm GW, Kempkes B (1999) The proto-

oncogene c-myc is a direct target gene of Epstein-Barr virus nuclear antigen 2. 
J Virol 73 (5):4481-4484 

Kempkes B, Robertson ES (2015) Epstein-Barr virus latency: current and future 
perspectives. Current opinion in virology 14:138-144. 
doi:10.1016/j.coviro.2015.09.007 



28 
 

Khan A, Zhang X (2015) dbSUPER: a database of super-enhancers in mouse and 
human genome. Nucleic Acids Res. doi:10.1093/nar/gkv1002 

Knight JS, Lan K, Subramanian C, Robertson ES (2003) Epstein-Barr virus nuclear 
antigen 3C recruits histone deacetylase activity and associates with the 
corepressors mSin3A and NCoR in human B-cell lines. J Virol 77 (7):4261-
4272 

Knutson JC (1990) The level of c-fgr RNA is increased by EBNA-2, an Epstein-Barr 
virus gene required for B-cell immortalization. J Virol 64 (6):2530-2536 

Kwiatkowski N, Zhang T, Rahl PB, Abraham BJ, Reddy J, Ficarro SB, Dastur A, 
Amzallag A, Ramaswamy S, Tesar B, Jenkins CE, Hannett NM, McMillin D, 
Sanda T, Sim T, Kim ND, Look T, Mitsiades CS, Weng AP, Brown JR, Benes 
CH, Marto JA, Young RA, Gray NS (2014) Targeting transcription regulation 
in cancer with a covalent CDK7 inhibitor. Nature 511 (7511):616-620. 
doi:10.1038/nature13393 

Lebestky T, Jung SH, Banerjee U (2003) A Serrate-expressing signaling center 
controls Drosophila hematopoiesis. Genes Dev 17 (3):348-353. 
doi:10.1101/gad.1052803 

Levanon D, Bernstein Y, Negreanu V, Ghozi MC, Bar-Am I, Aloya R, Goldenberg D, 
Lotem J, Groner Y (1996) A large variety of alternatively spliced and 
differentially expressed mRNAs are encoded by the human acute myeloid 
leukemia gene AML1. DNA and cell biology 15 (3):175-185 

Levanon D, Goldstein RE, Bernstein Y, Tang H, Goldenberg D, Stifani S, Paroush Z, 
Groner Y (1998) Transcriptional repression by AML1 and LEF-1 is mediated 
by the TLE/Groucho corepressors. Proc Natl Acad Sci U S A 95 (20):11590-
11595 

Levanon D, Negreanu V, Bernstein Y, Bar-Am I, Avivi L, Groner Y (1994) AML1, 
AML2, and AML3, the human members of the runt domain gene-family: 
cDNA structure, expression, and chromosomal localization. Genomics 23 
(2):425-432. doi:10.1006/geno.1994.1519 

Ling PD, Hayward SD (1995) Contribution of conserved amino acids in mediating the 
interaction between EBNA2 and CBF1/RBPJk. J Virol 69 (3):1944-1950 

Maier S, Staffler G, Hartmann A, Hock J, Henning K, Grabusic K, Mailhammer R, 
Hoffmann R, Wilmanns M, Lang R, Mages J, Kempkes B (2006) Cellular 
target genes of Epstein-Barr virus nuclear antigen 2. J Virol 80 (19):9761-
9771. doi:80/19/9761 [pii] 

10.1128/JVI.00665-06 
Markova EN, Kantidze OL, Razin SV (2011) Transcriptional regulation and spatial 

organisation of the human AML1/RUNX1 gene. J Cell Biochem 112 
(8):1997-2005. doi:10.1002/jcb.23117 

Markova EN, Razin SV, Kantidze OL (2012) Fragment of intron 5.2 of the human 
RUNX1 gene important for transcription activation is neither enhancer nor 
MAR-element. Doklady Biochemistry and biophysics 442:26-29. 
doi:10.1134/S1607672912010085 

McClellan MJ, Khasnis S, Wood CD, Palermo RD, Schlick SN, Kanhere AS, Jenner 
RG, West MJ (2012) Downregulation of Integrin Receptor-Signaling Genes 
by Epstein-Barr Virus EBNA 3C via Promoter-Proximal and -Distal Binding 
Elements. J Virol 86 (9):5165-5178. doi:JVI.07161-11 [pii] 

10.1128/JVI.07161-11 
McClellan MJ, Wood CD, Ojeniyi O, Cooper TJ, Kanhere A, Arvey A, Webb HM, 

Palermo RD, Harth-Hertle ML, Kempkes B, Jenner RG, West MJ (2013) 



29 
 

Modulation of enhancer looping and differential gene targeting by Epstein-
Barr virus transcription factors directs cellular reprogramming. PLoS Pathog 9 
(9):e1003636. doi:10.1371/journal.ppat.1003636 

PPATHOGENS-D-13-00786 [pii] 
McLarren KW, Theriault FM, Stifani S (2001) Association with the nuclear matrix 

and interaction with Groucho and RUNX proteins regulate the transcription 
repression activity of the basic helix loop helix factor Hes1. J Biol Chem 276 
(2):1578-1584. doi:10.1074/jbc.M007629200 

Meier-Stiegen F, Schwanbeck R, Bernoth K, Martini S, Hieronymus T, Ruau D, 
Zenke M, Just U (2010) Activated Notch1 target genes during embryonic cell 
differentiation depend on the cellular context and include lineage determinants 
and inhibitors. PLoS One 5 (7):e11481. doi:10.1371/journal.pone.0011481 

Mifsud B, Tavares-Cadete F, Young AN, Sugar R, Schoenfelder S, Ferreira L, 
Wingett SW, Andrews S, Grey W, Ewels PA, Herman B, Happe S, Higgs A, 
LeProust E, Follows GA, Fraser P, Luscombe NM, Osborne CS (2015) 
Mapping long-range promoter contacts in human cells with high-resolution 
capture Hi-C. Nat Genet 47 (6):598-606. doi:10.1038/ng.3286 

Nakagawa M, Ichikawa M, Kumano K, Goyama S, Kawazu M, Asai T, Ogawa S, 
Kurokawa M, Chiba S (2006) AML1/Runx1 rescues Notch1-null mutation-
induced deficiency of para-aortic splanchnopleural hematopoiesis. Blood 108 
(10):3329-3334. doi:10.1182/blood-2006-04-019570 

North TE, Stacy T, Matheny CJ, Speck NA, de Bruijn MF (2004) Runx1 is expressed 
in adult mouse hematopoietic stem cells and differentiating myeloid and 
lymphoid cells, but not in maturing erythroid cells. Stem Cells 22 (2):158-168. 
doi:10.1634/stemcells.22-2-158 

Nottingham WT, Jarratt A, Burgess M, Speck CL, Cheng JF, Prabhakar S, Rubin EM, 
Li PS, Sloane-Stanley J, Kong ASJ, de Bruijn MF (2007) Runx1-mediated 
hematopoietic stem-cell emergence is controlled by a Gata/Ets/SCL-regulated 
enhancer. Blood 110 (13):4188-4197. doi:10.1182/blood-2007-07-100883 

Okuda T, van Deursen J, Hiebert SW, Grosveld G, Downing JR (1996) AML1, the 
target of multiple chromosomal translocations in human leukemia, is essential 
for normal fetal liver hematopoiesis. Cell 84 (2):321-330 

Paschos K, Parker GA, Watanatanasup E, White RE, Allday MJ (2012) BIM 
promoter directly targeted by EBNA3C in polycomb-mediated repression by 
EBV. Nucleic Acids Res 40 (15):7233-7246. doi:gks391 [pii] 

10.1093/nar/gks391 
Putz G, Rosner A, Nuesslein I, Schmitz N, Buchholz F (2006) AML1 deletion in 

adult mice causes splenomegaly and lymphomas. Oncogene 25 (6):929-939. 
doi:10.1038/sj.onc.1209136 

Rowe M, Peng-Pilon M, Huen DS, Hardy R, Croom-Carter D, Lundgren E, Rickinson 
AB (1994) Upregulation of bcl-2 by the Epstein-Barr virus latent membrane 
protein LMP1: a B-cell-specific response that is delayed relative to NF-kappa 
B activation and to induction of cell surface markers. J Virol 68 (9):5602-5612 

Schmidt SC, Jiang S, Zhou H, Willox B, Holthaus AM, Kharchenko PV, Johannsen 
EC, Kieff E, Zhao B (2015) Epstein-Barr virus nuclear antigen 3A partially 
coincides with EBNA3C genome-wide and is tethered to DNA through BATF 
complexes. Proc Natl Acad Sci U S A 112 (2):554-559. 
doi:10.1073/pnas.1422580112 



30 
 

Sheng Z, Wang SZ, Green MR (2009) Transcription and signalling pathways 
involved in BCR-ABL-mediated misregulation of 24p3 and 24p3R. EMBO J 
28 (7):866-876. doi:10.1038/emboj.2009.35 

Shi MJ, Stavnezer J (1998) CBF alpha3 (AML2) is induced by TGF-beta1 to bind and 
activate the mouse germline Ig alpha promoter. J Immunol 161 (12):6751-
6760 

Spender LC, Cornish GH, Sullivan A, Farrell PJ (2002) Expression of transcription 
factor AML-2 (RUNX3, CBF(alpha)-3) is induced by Epstein-Barr virus 
EBNA-2 and correlates with the B-cell activation phenotype. J Virol 76 
(10):4919-4927 

Spender LC, Whiteman HJ, Karstegl CE, Farrell PJ (2005) Transcriptional cross-
regulation of RUNX1 by RUNX3 in human B cells. Oncogene 24 (11):1873-
1881 

Subramanian C, Hasan S, Rowe M, Hottiger M, Orre R, Robertson ES (2002) 
Epstein-Barr virus nuclear antigen 3C and prothymosin alpha interact with the 
p300 transcriptional coactivator at the CH1 and CH3/HAT domains and 
cooperate in regulation of transcription and histone acetylation. J Virol 76 
(10):4699-4708 

Telfer JC, Hedblom EE, Anderson MK, Laurent MN, Rothenberg EV (2004) 
Localization of the domains in Runx transcription factors required for the 
repression of CD4 in thymocytes. J Immunol 172 (7):4359-4370 

Wang A, Welch R, Zhao B, Ta T, Keles S, Johannsen E (2015a) EBNA3 proteins 
regulate EBNA2 binding to distinct RBPJ genomic sites. J Virol:DOI: 
10.1128/JVI.02737-02715. doi:10.1128/JVI.02737-15 

Wang F, Gregory CD, Rowe M, Rickinson AB, Wang D, Birkenbach M, Kikutani H, 
Kishimoto T, Kieff E (1987) Epstein-Barr virus nuclear antigen 2 specifically 
induces expression of the B-cell activation antigen CD23. Proc Natl Acad Sci 
U S A 84 (10):3452-3456 

Wang Q, Stacy T, Binder M, Marin-Padilla M, Sharpe AH, Speck NA (1996) 
Disruption of the Cbfa2 gene causes necrosis and hemorrhaging in the central 
nervous system and blocks definitive hematopoiesis. Proc Natl Acad Sci U S 
A 93 (8):3444-3449 

Wang W, Wang YG, Reginato AM, Glotzer DJ, Fukai N, Plotkina S, Karsenty G, 
Olsen BR (2004) Groucho homologue Grg5 interacts with the transcription 
factor Runx2-Cbfa1 and modulates its activity during postnatal growth in 
mice. Dev Biol 270 (2):364-381. doi:10.1016/j.ydbio.2004.03.003 

Wang Y, Zhang T, Kwiatkowski N, Abraham BJ, Lee TI, Xie S, Yuzugullu H, Von T, 
Li H, Lin Z, Stover DG, Lim E, Wang ZC, Iglehart JD, Young RA, Gray NS, 
Zhao JJ (2015b) CDK7-dependent transcriptional addiction in triple-negative 
breast cancer. Cell 163 (1):174-186. doi:10.1016/j.cell.2015.08.063 

White RE, Groves IJ, Turro E, Yee J, Kremmer E, Allday MJ (2010) Extensive co-
operation between the Epstein-Barr virus EBNA3 proteins in the manipulation 
of host gene expression and epigenetic chromatin modification. PLoS One 5 
(11):e13979. doi:10.1371/journal.pone.0013979 

Whiteman HJ, Farrell PJ (2006) RUNX expression and function in human B cells. 
Crit Rev Eukaryot Gene Expr 16 (1):31-44 

Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, Rahl PB, Lee 
TI, Young RA (2013) Master transcription factors and mediator establish 
super-enhancers at key cell identity genes. Cell 153 (2):307-319. 
doi:10.1016/j.cell.2013.03.035 



31 
 

Yalamanchili R, Tong X, Grossman S, Johannsen E, Mosialos G, Kieff E (1994) 
Genetic and biochemical evidence that EBNA 2 interaction with a 63-kDa 
cellular GTG-binding protein is essential for B lymphocyte growth 
transformation by EBV. Virology 204 (2):634-641. doi:S0042-
6822(84)71578-9 [pii] 

10.1006/viro.1994.1578 
Zhao B, Maruo S, Cooper A, M RC, Johannsen E, Kieff E, Cahir-McFarland E (2006) 

RNAs induced by Epstein-Barr virus nuclear antigen 2 in lymphoblastoid cell 
lines. Proc Natl Acad Sci U S A 103 (6):1900-1905. doi:0510612103 [pii] 

10.1073/pnas.0510612103 
Zhao B, Zou J, Wang H, Johannsen E, Peng CW, Quackenbush J, Mar JC, Morton 

CC, Freedman ML, Blacklow SC, Aster JC, Bernstein BE, Kieff E (2011) 
Epstein-Barr virus exploits intrinsic B-lymphocyte transcription programs to 
achieve immortal cell growth. Proc Natl Acad Sci U S A 108 (36):14902-
14907. doi:1108892108 [pii] 

10.1073/pnas.1108892108 
Zhou H, Schmidt SC, Jiang S, Willox B, Bernhardt K, Liang J, Johannsen EC, 

Kharchenko P, Gewurz BE, Kieff E, Zhao B (2015) Epstein-Barr Virus 
Oncoprotein Super-enhancers Control B Cell Growth. Cell Host Microbe 17 
(2):205-216. doi:10.1016/j.chom.2014.12.013 

 
 



EBNA2

EBNA2

EBNA3s

H3K27ac

RUNX3

P1P2

GM12878
LCL

Mutu III
BL

18 kb super-enhancer

1

2

3
45 6



EBNA2

EBNA2

EBNA3s

H3K27ac

RUNX1b

RUNX1c

RUNX1a

P2

GM12878
LCL

Mutu III
BL

111 kb super-enhancer
(Mutu III only)

1

2
3

4
5

6

P1



RUNX1

EBNA3B  
and 3CEBNA2

SE

LCL

RUNX1

EBNA3B  
and 3CEBNA2

SE

SE

Latency III BL ba

CBFβ

RUNX3

CBFβ

RUNX3



EBNA2
Mutu III BL

RUNX3
GM12878 LCL

RUNX1b

RUNX1c

RUNX1a

P2

1

2
3

4 5
6

b

a

EBNA2
GM12878 LCL

RUNX3
GM12878 LCL

P1

1

2

3
45 6

18 kb super-enhancer

111 kb super-enhancer
(Mutu III only)

P2

P1


	RUNX Review Final mjw
	Figure 18.1 review
	Figure 18.2 review
	Figure 18.3 review
	Figure 18.4 review

