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Abstract 

Helix-loop-helix (bHLH) transcription factors (TFs) plays a key role in various cellular 

differentiation and function through the regulation of enhancer activity. E2A, a member 

of the mammalian E-protein family (class I HLH protein), is well known to play an 

important role in hematopoiesis, especially in adaptive lymphocyte development. E2A 

instructs B- and T-cell lineage development through the regulation of enhancer activity 

for B- or T-cell signature gene expression, including Rag1 and Rag2 (Rag1/2) genes. In 



this chapter, we mainly focus on the function of E2A in B-cell development and on the 

roles of E2A in establishing the enhancer landscape through the recruitment of 

EP300/KAT3B, chromatin remodeling complex, mediator, cohesion, and TET proteins. 

Finally, we demonstrate how E2A orchestrates the assembly of the Rag1/2 gene super-

enhancer (SE) formation by changing the chromatin conformation across the Rag gene 

locus. 
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Introduction 

Immune responses are mediated by adaptive and innate immune cells, and they 

cooperatively evoke immune responses aimed at protecting against pathogen invasion. 

Innate immune cells (macrophages and neutrophils) are activated by pattern recognition 

receptors (PRRs) that recognize common microbial components as danger signals. In 

contrast, adaptive immune cells, such as B-cells and T-cells, are stimulated through 

antigen-specific diverse receptors, which are generated by somatic recombination 

involving variable (V), diversity (D), and joining (J) gene segments of immunoglobulin 

(Ig) and T-cell receptor (TCR) genes. V(D)J recombination of Ig and TCR genes is a 

characteristic feature of adaptive lymphocytes that is mediated by the recombination-

activating gene 1 (RAG1) and RAG2 protein complex (1-3). The RAG1 and RAG2 

complex recognize and cleave the recombination signal sequence (RSS) flanking the V, 

D, and J gene segments of the Ig and TCR gene loci. Following B-cell lineage 

commitment, D-J recombination of the Ig heavy (Igh) chain gene is initiated, and then V-

DJ recombination occurs in B-cell progenitors (pro-B-cells) (4). When the Ig heavy chain 

is paired with the surrogate light chain (l5 and VpreB), they form a pre-B-cell receptor 

(pre-BCR). Pre-BCR signaling induces cell expansion accompanied by IL7 signaling and 

differentiation into B-cell precursors (pre-B-cells) (5). If the first Ig heavy chain gene 



recombination fails, V-DJ recombination of the second allele of the Igh gene is attempted. 

In pre-B-cells, V-J rearrangement of the Ig light (Igl) chain gene occurs to generate a pair 

of IgH and IgL for B-cell receptors (IgM-expressing immature B cells) (6). Similarly, 

TCRb and/or TCRg/d V(D)J recombination is initiated in immature CD4–CD8– (double 

negative; DN) thymocytes. Following the success of productive TCRb gene 

recombination in DN cells, they differentiate into CD4+CD8+ (double positive; DP) 

thymocytes and start V-J recombination of TCRa genes. DP cells that successfully express 

the TCRa/b complex undergo positive and negative selection to eliminate harmful T-cells 

(7). During these Igh and Igl gene recombination events, RAG1 binds and cleaves DNA 

[introduction of double-strand DNA breaks (DSBs) at RSSs]. RAG2 contains a plant 

homeodomain (PHD) finger in its C-terminus and recognizes hypermethylated histone 

H3K4 modification through this PHD, which enhances RAG1 binding and catalytic 

activity (3). In both developing T- and B-cells, the RAG1 and RAG2 protein complex 

binds in a highly focal manner to a small region of D-J gene segments of the Igh and 

TCRb genes and J gene segments of Igk and TCRa, referred to as recombination centers. 

The recombination center coordinates V(D)J recombination by providing specific sites 

for capturing V-D-J gene segments (8). Because RAG-mediated DNA cleavage can 

potentially lead to oncogenic translation and since a subset of leukemic cells express Rag 



genes (9-11), the expression of the Rag1 and Rag2 genes is limited and strictly controlled 

in a highly cell type-specific manner (6). Only developing B- and T-cells [pro-B and pre-

B-cells in the BM, pro-T (DN3) and pre-T (DP) cells in the thymus] express RAG1/2. 

Hence, Rag1/2 gene expression typically reflects the cell lineage commitment toward 

adaptive immune cells, and the regulatory mechanisms of Rag1/2 gene expression should 

be controlled by TFs essential for B- and T-cell development (12).     

During hematopoiesis in adults, hematopoietic stem /progenitor cells (HSPCs) in the BM 

have the ability to both reconstitute all hematopoietic cells and self-renew to maintain the 

hematopoietic system (13). HSPCs can give rise to multipotent progenitors (MPPs) and 

then differentiate into lymphoid-primed multipotent progenitors (LMPPs) (14), which 

then differentiate into common lymphoid progenitors (CLPs) or granulocyte-macrophage 

progenitors (GMPs) (15, 16). CLPs give rise to all lymphocytes, including B-cells, T-cells, 

natural killer (NK) cells, innate lymphoid cells (ILCs) and dendritic cells (DCs), while 

GMPs are restricted to myeloid cell pathways, such as granulocytes and macrophages. 

CLPs are defined as lineage marker-negative (Lin–) Flt3high IL7 receptor (IL7R) high 

Sca1low or – KIT low or – cells by flow cytometric analysis. The restriction of lymphoid versus 

myeloid cell lineage choice during hematopoiesis in vivo was clarified by IL7RCre-

mediated fate mapping and further high-resolution endogenous DNA Polylox barcoding 



(17-20). As mentioned, CLPs include heterogeneous populations of each lymphoid 

lineage cell and are subdivided into Ly6D-positive (B-primed lymphoid progenitors: 

BLPs) and -negative CLPs, and BLPs mainly generate B lineage cells after 

transplantation, although they do not express the B lineage marker CD19 (21, 22). More 

recently, among Ly6D-expressing BLPs, GFRA2 and BST1 expression define a 

developmental trajectory to pro-B-cells in CLPs, and BST1+ BLPs restrict other 

lymphoid lineages, including T-cell potential (23). During early B-cell development, a 

gene regulatory network (GRN) of TFs, such as IKAROS, E2A, EBF1, PAX5, and 

FOXO1, which are essential for B-cell development, orchestrates the B-cell lineage 

commitment and the expression of lineage-specific genes, including Rag1/2, pre-

BCR/BCR-associated molecules (l5 and VpreB, Iga, and Igb), and prevents 

hematopoietic malignancies (24).  

E-proteins are basic helix-loop-helix (bHLH) TFs involved in the regulation of multiple 

hematopoietic development and include E2A (Tcf3 gene; E12 and E47 protein), HEB 

(Tcf12 gene), and E2-2 (Tcf4 gene) (25). E-proteins form either homodimers or 

heterodimers with other E-proteins or HLH proteins via the HLH dimerization domain 

and bind to the E-box motif (CANNTG) within the cis-regulatory element (CRE, 

enhancer region) of the target genes through the basic DNA binding region. In contrast, 



ID-proteins (ID1-ID4) contain an HLH dimerization domain but lack the basic region for 

DNA binding. Therefore, when ID-proteins form heterodimers with E-proteins, they 

antagonize the DNA binding of E-proteins and thereby function as negative regulators of 

E-proteins (Figure 1A) (26). It is well established that the transcriptional balance between 

E- and ID-proteins (the E-ID axis) controls developmental trajectories of lymphoid 

lineages and their activation, especially T-cells, B-cells, and DCs (Figure 1B) (7, 24, 27, 

28). The E2A gene encodes the E47 and E12 proteins (splicing isoform of the E2A gene), 

and the E47 protein is essential for B-cell development (29). E2A also acts in pro-T-cells 

along with HEB to activate T-cell signature gene expression and simultaneously suppress 

ILC development in the thymus (7, 30-33). E2A and HEB also regulate the positive 

selection of DP cells in the thymus (34), and HEB is also needed for Invariant natural 

killer-T (iNKT) cell development (35, 36). In addition, E2-2 controls type I interferon-

producing plasmacytoid DCs (pDCs) and is essential for the maintenance of pDC identity, 

while ID2 regulates antigen-presenting classical DC (cDC) development by neutralizing 

E2-2 activity (37-40). ID2 is also well known as a critical regulator of the development 

of all ILC subsets, including ILC1-3, NK cell, and lymphoid tissue inducer (LTi) cells 

(41-43). In this chapter, we will focus on the roles of E2A in B-cell development, 

molecular mechanisms that underpin enhancer activity, and the regulation of Rag1/Rag2 



gene expression. 

E2A functions in B-cell lineage commitment and development 

Discovery of E2A (E47 and E12) and E2A knockout mouse 

E12 and E47 were first identified as a specific binding factors to Ig kappa chain enhancer 

E2 (kE2) containing an E-box, and they were found to form heterodimers with other HLH 

proteins, such as MYOD or Achaete-scute T3 (AS-C T3) by electrophoretic mobility shift 

assay (EMSA) (44, 45). E12 was clone number #12 and E47 was clone #47, and further 

investigation clarified that E12 and E47 were encoded in the E2A gene and generated by 

differential splicing of exons encoding the DNA binding domain (46). Indeed, E12 and 

E47 were the first E-proteins identified. Interestingly, it was found that the splicing factors 

HNRNPH1 and HNRNPF (HNRNPH/F) regulate E2A splicing in embryonic stem cells 

(ESCs), and a high level of HNRNPH/F leads to higher E12 expression, and decreasing 

HNRNPH/P during differentiation causes switching to E47 expression (alternative 

splicing switch of E2A) (47). Following the discovery of the E2A gene, an E2A-deficient 

mice were generated that failed to generate B-cells and lacked Ig DJ rearrangements, 

accompanied by severe impairments in Rag1, Mb1, CD19 and Pax5 expression (48, 49). 

Interestingly, B-cell development in E47-ablated mice was severely blocked at the very 

early stage of B-cell development (prepro-B-cell) as well as E2A-deficient mice (29), 



while E12-deficient mice did not show any defects in B-cell development and 

maintenance (29, 50). In contrast, E12 is needed to promote receptor editing of Igl gene 

rearrangement upon exposure to self-antigen, and E12 and E47 act to sequentially 

regulate Ig light chain gene rearrangement (50).  

 

E2A expression and function during B-cell development 

What is the expression profile of E2A during adaptive lymphocyte (B- and T-cell) and 

innate lymphoid cell (ILC) development? By analyzing the E2A-GFP fusion protein 

reporter mouse, it appeared that E2A protein levels were already high in HSCs and 

increased in LMPPs, CLPs, and BLPs and became highest in pro-B-cells, the committed 

stage of the B-cell lineage. After pro-B-cells, the E2A level gradually declines in 

immature B-cell populations (pre-B and IgM+ immature B-cells) and is very low in 

mature IgD+ B-cells in the BM (33, 51). Interestingly, during ILC development, the E2A 

level remains mid-to low in the ILC precursor population (a4b7hiCD25–), showing an 

inverse correlation between E2A and ID2 or IL7R expression (33). Similar to B-cell 

development, the E2A level is high in early T-progenitors (ETPs), highest in committed 

DN2 thymocytes, and remains high until the resting DP compartment (30). Consistent 

with these expression patterns of the E2A protein, E2A plays roles in early hematopoiesis. 



E2A/E47 is needed for the maintenance of the HSC pool and the transition from HSC to 

LMPPs and CLPs (52-55). CLPs are a heterogeneous population, and Ly6D-expressing 

BLPs are primarily B lineage restricted (21). Although E2A-deficient mice showed fewer 

CLPs (approximately half), BLPs are severely impaired in E2A null mice (21). Consistent 

with these findings, the deletion of E2A and HEB after competitive BM transplantation 

resulted in a complete loss of B-cell development in the BM accompanied by severe 

defects in BLPs, while impairment in LMPPs and CLPs was mild-to-moderate in 

E2A/HEB double-deficient cells, indicating cell intrinsic roles of E-proteins in B lineage 

commitment (33). How about other TFs essential for the B-cell development? The 

deletion of the Foxo1 gene in HSPCs (VavCre) resulted in the accumulation of Ly6D+ 

BLPs and defects in CD19+ B cells in the BM, whereas Foxo1 deletion in BLPs/pro-B-

cells (Mb1Cre) resulted in the accumulation of pro-B-cells accompanied by lower 

expression of E2A and Ebf1 (56, 57). Similar to Foxo1-decifiency, Ebf1-deletion led to a 

developmental block at the transition from BLPs to pro-B-cells (56). Furthermore, E2A 

and EBF1 regulate FOXO1 expression, and these three TF regulatory networks regulate 

the enhancer landscape for B-cell lineage commitment (58). Curiously, not only BLPs 

and pro-B-cells but also DN2 and DN3 thymocytes were severely affected in the absence 

of E2A and HEB genes without affecting ETPs in the thymus, indicating that ETPs are 



able to migrate into the thymus in the absence of E2A and HEB and that E-proteins are 

essential for not only B-cell but also T-cell lineage commitment (33). This clearly 

demonstrates that E2A plays a central role in adaptive lymphocyte lineage commitment. 

Interestingly, HEB could functionally replace the E2A gene in supporting B-cell 

development when HEB was driven by the endogenous E2A promoter, indicating that 

divergence among E-proteins in cell type-specific function is partially defined by their 

gene expression (59). From these observations, it is suggested that gene duplication from 

ancestral genes may have occurred in part to permit genes to be placed under novel 

regulatory elements (46). Indeed, a reconstructed maximum likelihood phylogenetic tree 

of three E-protein homologs for E2A, E2-2, and HEB shows three clades for these in 

jawed vertebrates while lamprey E-protein homologs are distinct from those three in 

jawed vertebrates (60). From this observation, it was suggested that these paralogs were 

generated through the two widely recognized rounds of whole-genome duplication 

(WGD) in vertebrates (61). Hence, it is plausible that ancestral jawed vertebrates 

expressed four E-protein paralogs and that one paralog was lost early in evolution prior 

to the divergence of jawed vertebrates (60).  

 

The molecular function of E2A in B-cell development 



In addition to the bHLH domain, E-proteins contain three highly conserved activation 

domains (AD1-3) (62-64). AD1 is located at the N-terminus of E2A, AD3 and AD2 are 

in the middle of the E2A protein, and the bHLH DNA binding and dimerization domain 

is located at the C-terminus (Figure 1A) (64). AD1 of E2A was first identified to activate 

target gene transcription through the recruitment of histone acetyltransferases (HATs) 

EP300/KAT3B and CBP/KAT3A, and AD1 also contributes to binding to the 

transcriptional repressor ETO protein to suppress target gene expression (62, 65, 66). In 

addition, AD2 also interacts with P300/KAT3B and CBP/KAT3A or ETO2 cooperatively 

with AD1 to promote or repress the transcriptional activity of target genes (67-69). It was 

reported that E-proteins enhance the recruitment of TAF3/TFIID to the promoter through 

AD3 binding, thereby promoting target gene transcription (70).  

A genome-wide analysis of TF occupancies and histone modification has advanced our 

understanding of transcriptional regulation in B-cell lineage commitment (58). During 

the transition from prepro-B-cells (Ebf1-deficient cells) to pro-B-cells (Rag1-deficient 

cells), E2A occupancies are dynamically increased during developmental progression, 

and E2A occupancies in pro-B-cells are associated with monomethylation of histone 

H3K4 (H3K4me1) across putative enhancer regions. In addition, E2A binding is 

associated with RUNX1 and ETS motifs in prepro-B-cells, while E2A binding across the 



putative enhancers specific to pro-B-cells (cluster II and III) is associated with EBF1 

motifs. Interestingly, E2A and EBF1 bound to the putative enhancer regions of B-cell-

specific genes, such as Cd19, Cd79a (Mb1), Cd79b, Pax5, Vpreb1/2/3, and Cxcr4, and 

they also bound to the Foxo1 locus to induce its expression. From these genome-wide 

analyses of TFs it was demonstrated a global network of TFs, BCR signaling and survival 

factors that orchestrates B-cell specificity (58). Subsequently, they further analyzed the 

whole-genome chromatin structure upon B-cell lineage commitment by using Hi-C 

methods (71). By analyzing Hi-C data, it was shown that genomes are organized into two 

compartments: transcriptionally repressive and permissive chromatin compartments 

defined by the principal component 1 (PC1) value (72). Notably, the Ebf1 gene locus 

repositioned from the lamina to the nuclear interior during the transition from prepro-B-

cells to pro-B-cells (71). In this study, E2A bound at the chromatin loop-attachment 

regions, together with EP300/KAT3B and PU.1, associated with intra- and interdomain 

interactions that are developmentally regulated. After B lineage commitment, EBF1, E2A, 

and other TFs switched compartments to establish new chromatin interactions linked to a 

B-cell signature gene. Another prominent chromatin switched region involved the 

Igk locus. Specifically, in pro-B-cells the Igk locus showed an intricate and elaborate 

pattern of interactions of chromatin loops. Interestingly, these long-range chromatin loops 



were closely associated with E2A occupancy, suggesting that E2A is involved in tethering 

Vk segments across vast genomic distance (24, 71). These results strongly support the 

previous model that E2A directly recruits EP300/KAT3B and CBP/KAT3A HATs to 

enhancer regions to activate target gene expression. Furthermore, by analyzing whole-

genome DNA methylation status, B lineage commitment was accompanied by large-scale 

changes in not only chromatin structures but also DNA cytosine modification at CpG 

islands associated with enhancer, promoter, and anchor regions (73). Hypomethylated 

DNA regions were found exclusively in the permissive chromatin compartment and were 

associated with active enhancer or anchor regions folding the genome (73). How were the 

CpG islands in the regulatory regions hypomethylated during B-cell development? Is E2A 

involved in the process of demethylation? Ten-eleven translocation (TET) enzymes 

facilitate DNA demethylation, and deletions of TET2 and TET3 in mice at the early B-

cell stage using Mb1Cre blocked B-cell development at the pro-B stage, accompanied by 

decreased Irf4 expression and impaired Igk recombination (74). TET2/3 double knockout 

(dKO) pro-B-cells showed increased CpG methylation at the Igk enhancers (iEk, 3’Ek, 

and dEk) where E2A and PU.1 bind, as well as decreased chromatin accessibility at 

enhancer regions. Surprisingly, E2A and PU.1 directly interact with TET2, as shown by 

an immunoprecipitation assay, indicating that lineage-specific TFs such as E2A directly 



recruit TET proteins to remove DNA methylation (74). Consistent with this, CpG islands 

at the Rag gene enhancer were hypermethylated when E2A binding was specifically 

blocked by generating E-box mutations in this enhancer region, indicating that E2A 

recruits TET protein to the lymphocyte-specific enhancer to eliminate CpG DNA 

methylation (75). These data suggest that E2A instructs the adaptive lymphoid lineage, 

especially from multipotent progenitors to the B-cell lineage in the BM. Indeed, it was 

demonstrated that E2A-deficient BM progenitor cells showed self-renewal activity 

without losing multipotent differentiation potential in vitro (76), and in addition, blocking 

E2A activity by expressing the E-protein antagonist ID2 in hematopoietic progenitor cells 

(HPCs) was able to expand these progenitor cells with multipotency and readily 

differentiate upon withdrawal of ID2 expression into the B-cell lineage (77). Interestingly, 

a subset of lymphoid and myeloid enhancers was already poised or active enhancer status, 

indicating multilineage priming of enhancers preceding commitment to the lymphoid ore 

myeloid lineage cells (77). Consistent with this important finding, it was shown that the 

status of enhancers for lymphoid, myeloid and erythroid lineages were already poised or 

active in HSCs and MPPs and hematopoiesis progresses through gain and loss of these 

lineage-specific enhancers, associated with lineage-specific TF regulation (78). Therefore, 

E2A primarily instructs and specifies the adaptive lymphoid lineage by activating these 



poised enhancers for the B-cell lineage and by suppressing myeloid or erythroid 

enhancers. Indeed, B-cell differentiation in E47-deficient fetal liver progenitor cells can 

be rescued by forced EBF1 expression but not PAX5 in vitro, suggesting that E2A acts 

upstream of EBF1 (79). How does E2A activate enhancer regions and evolve the enhancer 

landscape for the adaptive lymphoid lineage? The AD1 helix domain contains a novel 

four-amino-acid-sequence LDFS motif that is present in class I HLH TF including E2A, 

HEB and E2-2, and the LDFS motif stimulates transcription by recruiting the SAGA 

histone acetyltransferase complex (80). Another group called these conserved motifs 

PCET (EP300/KAT3B, CBP/KAT3A and ETO target) motifs, which are important for 

interacting with EP300 /KAT3B and ETO (64, 66). As mentioned above, the AD1 domain 

also recruits acetyltransferases EP300 /KAT3B and CBP/KAT3A (64-66). Histone 

H3K27 acetylation (H3K27ac) is recognized by bromodomain and extraterminal (BET) 

histone reader protein, and the bromodomain protein BRG1 complex binds to the E2A-

occupied enhancer region to evict nucleosomes to provide chromatin accessibility to other 

B-cell-specific TFs (81). Recently, a prion-like domain in the C-terminal domain (CTD) 

of EBF1 has been shown to have liquid-liquid phase separation formation ability, which 

enables the recruitment of the RNA-binding protein FUS and BRG1 (82). In addition to 

EBF1, intrinsically disordered protein regions (IDRs) are highly frequently found to be 



enriched in E2A, which also contribute to the formation of phase separation. Collectively, 

E2A and EBF1 cooperatively facilitate chromatin opening through the recruitment of 

BRG1 and act as pioneer factors to initiate phase-separated SE formation to promote B-

cell signature gene expression. To instruct SE formation for B-cell lineage commitment, 

large-scale chromatin conformation changes are needed. Since blocking E2A binding to 

the Rag enhancer led to a failure of SE formation accompanied by a loss of cohesion 

complex recruitment across the Rag gene locus (75), E2A seems to directly orchestrate 

chromatin conformation changes (Figure 2). According to the integrative analysis of 

genome-wide Hi-C and ChIP-Seq data in pro-B-cells, E2A occupancy is closely 

associated with EP300/KAT3B, PU.1, EBF1, CTCF and cohesin complex component 

(RAD21) at chromatin loop attachment regions (anchor region) (71). In particular, 

switching nuclear compartments between multipotent progenitors and pro-B-cells, which 

include the Ebf1 gene locus, establishes new intra- and interdomain interactions for the 

B-cell signature gene expression program (46, 71). Notably, while prepro-B-cells mainly 

exhibited adjacent chromatin looping across the Igk gene locus, pro-B-cells showed an 

intricate and elaborating chromatin interactions, and many interactions between Igk 

intronic enhancers and genomic elements were closely associated with E2A occupancy, 

consistent with the initial discovery of E2A occupancy at the Igk enhancer binding (71).   



 

The regulation of Rag1/2 expression and E2A function.  

B- and T-cell-specific Rag gene enhancers. 

As mentioned in the introduction, RAG-mediated V(D)J recombination of Ig and TCR 

genes is a characteristic feature of adaptive lymphocytes, and the regulation of Rag1/2 

genes is a hallmark of adaptive lymphoid lineage commitment (7). Rag gene expression 

is restricted to developing B- and T-cells, and there are two waves of Rag expression (6, 

83). The first wave of Rag1/2 expression initiates D-J and V-DJ recombination of the Igh 

gene in pro-B-cells. Rag1/2 gene expression is transiently downregulated after successful 

Igh gene rearrangement during the developmental transition from pro-B- to pre-B-cells. 

In pre-B-cells, Rag1/2 genes are re-expressed, leading to immunoglobulin light chain 

(IgL) recombination. Following successful recombination of IgL and assembly of Ig, 

Rag1/2 expression is repressed. Since persistent Rag1/2 expression results in aberrant 

thymic development and profound immunodeficiency (84), Rag1/2 gene expression is 

stringently controlled in B- and T-cell development (6). Whereas both developing B- and 

T-cells express Rag1/2 genes, they use distinct cell type-specific enhancers for their 

expression. It was reported that the B-cell-specific enhancer (enhancer of Rag; Erag) is 

23 kb upstream of the Rag2 gene promoter and that the deletion of Erag resulted in a 



reduction in Rag1/2 gene expression and a moderate developmental block at pro-B stages 

without affecting T-cell development (85). It was shown that E2A bound to the Erag 

enhancer in pro-B-cells and was involved in Erag enhancer activity in nonlymphoid cells 

(85). Following the identification of Erag, it has been reported that FOXO1 positively 

regulates the Erag enhancer and that GFI1B and c-MYB negatively regulate the Erag 

region in cell lines (57, 86-88). Regarding the T-cell-specific enhancer, an anti-silencer 

element (ASE), which is located 73 kb upstream of the Rag2 promoter and 8 kb in length, 

was identified (89). The deletion of ASE in mice showed a reduction in Rag1/2 expression 

in DN3 and DP thymocytes but not in developing B-cells in the BM (89). ASE-deficient 

mice showed a defect in the positive selection of DP cells but not in the b-selection of 

DN3 cells (89). Since Erag deletion resulted in moderate impairment of B-cell 

development, additional enhancer or other regulatory mechanisms need to be determined 

(6). In addition, it remains unclear how these enhancers regulate Rag1 and Rag2 gene loci 

in coordination and how their expression is restrained in innate immune cells. Exploring 

these molecular mechanisms surely shed light on the question of how lymphoid 

progenitors commit to the adaptive lymphocyte lineage. 

By analyzing the E2A occupancies and ATAC-Seq data of DN3 and pro-B-cells in the 

Rag1/2 gene loci, two B-cell-specific Rag gene enhancers (Rag B-cell enhancer 1/2: R1B 



and R2B) and one T-cell-specific Rag gene enhancer [Rag-T-cell enhancer (R-TEn)] were 

identified. Furthermore, one common E2A binding region adjacent to the Rag1 gene 

promoter was also identified (Rag1 promoter: R1pro) (75). Indeed, R-TEn is included in 

the 8 kb ASE, R1B is located 5 kb upstream of the Rag1 promoter, and R2B partially 

overlaps with the Erag enhancer (Figure 3A). R1B/R2B and R-TEn directly loop uniquely 

to the Rag1/2 gene promoter regions and form distinct genome structures between B- and 

T-cells. B- or T-cell-specific TFs [PAX5, ETS1, IKAROS, and IRF4 (B-cell TFs), and 

BCL11B, TCF1, RUNX1, IKAROS, and GATA3 (T-cell TFs)] bind to these enhancer 

regions in a cell type-specific manner. The R-TEn, R2B and R1pro regions are SEs 

accompanied by elaborate chromatin interactions. While the deletion of either R1B or 

R2B in mice showed mild to moderate impairments in B-cell development, R1B/R2B 

double deletion in mice led to a severe developmental block at the pro-B-cell stage, 

indicating redundancy among these two B-cell enhancers (12, 75). As well as ASE-

deficient mice, deletion of R-TEn in mice resulted in defects in the positive selection of 

DP cells and the b-selection of DN3 cells. The developmental blocks in R1B/R2B or R-

TEn deletion mice were caused by a failure of Rag1/2 expression and impaired TCR and 

IgH gene recombination (75).  

 



E2A/E-proteins regulate Rag gene enhancer and Rag1 promoter activities 

What TF regulates the Rag enhancer? While Rag1/2 gene expression and chromatin 

accessibility of R-TEn were not affected in Tcf1- or Bcl11b-deficient thymocytes, the 

deletion of E2A and HEB in DP cells led to a significant downregulation of Rag1/2 

expression, accompanied by a loss of chromatin accessibility in the R-TEn and Rag1 

promoter regions, indicating that E2A regulates and maintains Rag gene enhancer activity. 

In addition, it was reported that the chromatin organizer SATB1 bound to the ASE and 

Rag1 promoter to facilitate inclusion of the Rag1 and Rag2 gene loci in the active 

chromatin hub (90). They also reported GATA3 and E2A as critical regulators of ASE 

(91). Finally, blocking the E2A/E-protein binding to this enhancer by generating mice 

with E-box mutations in the R-TEn region (R-TEn-p1-E-boxmut/mut) resulted in impaired 

Rag1/2 expression and developmental block at the positive selection of DP thymocytes, 

as seen in the entire enhancer deletion mice (R-TEndel/del), indicating that the E2A/E-

protein regulates this cell type-specific Rag1/2 enhancer (75). Furthermore, blocking E2A 

binding to this enhancer led to the complete loss of chromatin accessibility and chromatin 

interactions across the entire Rag1/2 gene locus accompanied by a loss of cohesin 

complex recruitment. This suggests that the E2A orchestrates cohesin-mediated looping 

and SE formation, collaborating with SATB1 (chromatin hub) to activate Rag gene 



expression (12, 90). In addition to the Rag enhancer, E2A commonly binds to the R1pro 

region, which is located in close proximity from the Rag1 promoter. In early studies it 

was demonstrated that RUNX1 and E2A regulate Rag1-promoter activity by using a DP 

cell line (91). E-box mutation in R1pro (R1pro-E-boxmut/mut) resulted in a severe 

developmental block at both b-selection of thymocytes and pre-BCR selection of pro-B-

cells, caused by defects in V(D)J recombination of TCRb and IgH genes, similar to Rag1- 

or Rag2-deficient mice. Surprisingly, Rag2 expression in DN3 and pro-B-cells from 

R1pro-E-boxmut/mut mice is normal, and the chromatin accessibilities of the R1B/R2B and 

R-TEn regions are not affected by a loss of Rag1 promoter activity, indicating that cell 

type-specific enhancers and Rag2 expression are independently regulated by Rag1 

promoter activity (75). This outcome clearly demonstrates that E-proteins regulate Rag1 

promoter activity in the adaptive lymphoid lineage. However, Rag2 promoter activity 

seems to be more complicatedly regulated.  

The Rag2 promoter has two CREs (D3 and Ep) to which C/EBP and NFkB bind to 

activate the Rag2 promoter (92, 93). In addition, GATA3, PAX5, c-MYB, and LEF1 bind 

to the Rag2 promoter region (94, 95). However, the regulation of Rag2 promoter activity 

and responsible TFs in vivo remains to be determined. Finally, how is Rag1/2 expression 

suppressed at positive selection? It was reported that signal-dependent suppression of 



Rag1/2 gene expression and the disassembly of Rag1 enhancer-promoter interactions 

depend on IKAROS. Blocking IKAROS binding to the Rag1 promoter by mutation 

(Rag1p mIkaros) or Ikaros deletion (Ikzf1 KO) in VL3-3M2 DP cell lines caused 

upregulation of Rag1 gene expression, and the suppression of Rag1/2 expression 

mediated by strong signals (PMA and ionomycin) was substantially impaired in Rag1p 

mIkaros and Ikzf1 KO cells, accompanied by a loss of disassembly of enhancer-promoter 

interactions (91). However, the suppression of Rag1/2 gene expression upon mature BCR 

signaling remains undetermined.  

Taken together, upon lineage commitment to the adaptive lymphoid lineage from 

multipotent progenitors, E2A binds to cell type-specific Rag gene enhancers (R1B/R2B 

and R-TEn) and the R1pro region independently and then recruits CBP/KAT3A and 

EP300/KAT3B, which induces a high level of histone H3K27ac across enhancer regions. 

The chromatin remodeling complex BAF, including BRG1 and BRM, recognizes 

acetylated histones through the bromodomain (BRD) and evicts nucleosomes across these 

enhancer regions (96). E2A directly recruits TET proteins to remove CpG DNA 

methylation across the enhancer regions (74). In fact, hypomethylation of CpG islands 

across the R1B, R2B, and R-TEn enhancers was observed in pro-B/pre-B and DN3/DP 

cells, respectively, and blocking E2A binding to R-TEn resulted in a failure to remove 



CpG island methylation across the R-TEn region, indicating that E2A is needed for the 

recruitment of TET proteins to the cell type-specific enhancer regions (75). Since 

blocking E2A binding to R-TEn led to a loss of chromatin interactions across the entire 

Rag gene locus accompanied by a failure of cohesin complex recruitment, E2A instructs 

SE formation by recruiting the cohesin complex (12, 75). In contrast, in innate immune 

cells such as macrophages, there is no topologically-associated domain (TAD) formation 

across the Rag gene locus, and R1B seems to function as an insulator to sequester the 

Rag1/2 gene away from the active neighboring Traf6 gene to prevent aberrant Rag1/2 

gene expression (Figure 3B) (7, 12).  

In summary, E2A instructs adaptive immunity through orchestrating B- or T-cell-specific 

enhancer landscapes cooperatively with other E-proteins, B- or T-cell-specific TFs, 

transcription mediators, chromatin remodeling factors, and TET proteins, by which E-

protein/E2A simultaneously suppresses the innate immune cell lineage. 
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Figure legends 

Figure 1. (A) Mammalian E-protein family and ID-proteins.  

(B) The role of E-proteins and ID-proteins in hematopoiesis.  

 

Figure 2. E2A organizes the chromatin conformation and super-enhancer (SE) formation 

to induce the B-cell signature gene expression.  

 

Figure 3. The Rag gene locus and its cis-regulatory elements. (A) A schematic diagram 

of the Rag1 and Rag2 gene locus and B-cell-specific (R1B and R2B) and T-cell-specific 

(R-TEn) enhancer regions. (B) Regulation of B- and T-cell-specific Rag gene enhancers 

and Rag gene locus mediated by E2A/E-protein. 
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