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Abstract 

 

 The transcription factor c-Myb is critical for normal adult hematopoiesis. However, 

analysis of c-Myb function is difficult due to the embryonic lethality of Myb null mutations. We 

previously utilized conditional inactivation at the Myb locus to demonstrate that c-Myb is 

absolutely required for the differentiation and survival of pro-B cells and that c-Myb coordinates 

the survival of pro-B cells with the expression of genes required for transition across the pre-BCR 

checkpoint to the large pre-B cell stage of differentiation. However, it is unclear what additional 

functions c-Myb and mediators of c-Myb activity have within the pro-B cell compartment and 

whether c-Myb is important for the proliferative expansion of large pre-B cells or subsequent 

differentiation into small pre-B cells.  We demonstrate that c-Myb expression is critical to maintain 

glucose metabolism and fuel proliferation across the pre-BCR checkpoint at the pro-B and large 

pre-B cells stages of development. c-Myb-deficient pro-B and large pre-B cells exhibit decreased 

glucose uptake and Glut1 mRNA expression, decreased hexokinase activity and Hk1 mRNA 

expression, and are ultimately hypoproliferative and apoptotic. In pro-B cells, IL-7 signaling 

through the Plcg/Pkcb/mTORC1 signaling pathway promotes pro-B cell glucose metabolism and 

proliferation. Microarray differential gene expression analysis revealed that c-Myb regulates 

multiple components of the Plcg/Pkcb/mTORC1 signaling pathway as well as additional pathways 

dependent on glucose uptake and utilization, which are critical to maintain homeostatic 

metabolism in the pro-B cell compartment. In large pre-B cells, exit from the cell cycle and 

decreased metabolic activity accompany differentiation. We demonstrate that in addition to defects 

in proliferation and glucose utilization, c-Myb-deficient large pre-B cells exhibit premature 

expression of Ikaros and Aiolos, which act downstream of pre-BCR signaling and put into place a 
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gene expression program essential to drive the large to small pre-B cell transition. To assess c-

Myb-dependent changes in gene expression in large pre-B cells, we performed RNA-seq and found 

a large proportion of c-Myb-dependent gene expression changes are Ikaros targets. However, c-

Myb regulates glucose metabolism in an Ikaros-independent manner and due to loss of glucose-

dependent survival and proliferation, c-Myb-deficient large pre-B cells fail to differentiate and 

undergo apoptotic cell death. Overall, this thesis demonstrates that c-Myb regulates glucose uptake 

and utilization in pro-B and large pre-B cells, which is critical to maintain proliferation and 

survival across the pre-BCR checkpoint. 
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Chapter I. Introduction 

1.1) The Immune System 

The purpose of the immune system is to identify foreign pathogens and eliminate them 

through two main mechanisms: the innate immune system and the adaptive immune system. The 

innate immune system is shared by all organisms and is a generalized, non-specific response to 

conserved molecular patterns present on most pathogens (Brubaker et al., 2015). Thus, the innate 

immune response is activated early during infection and acts as a first line of defense to rapidly 

sense and eliminate pathogens. The adaptive immune system arose with the evolution of 

vertebrates and provides a targeted response to foreign antigens following recognition by antigen-

specific receptors (Boehm and Swann, 2014). Thus, if the innate immune response fails to clear 

the infection, the adaptive immune system is activated, triggering the specific expansion of cells 

that recognize and respond to epitopes expressed by the invading pathogen. In addition, after the 

initial response, adaptive immunity creates immunological memory, which induces an enhanced 

response if that pathogen is encountered again and provides long-lasting protection against the 

pathogen, often for the lifetime of the host.   

1.1.1) Antigen Receptors and V(D)J Recombination 

Adaptive immunity is further divided into cellular immunity mediated by T lymphocytes 

and humoral or antibody-mediated immunity through B lymphocytes (Francisco A Bonilla MD 

and Hans C Oettgen MD, 2010). T and B lymphocytes are characterized by surface expression of 

antigen-specific receptors produced by somatic recombination of gene segments to generate a 

diverse repertoire of receptor specificities on mature, peripheral lymphocytes.  T cells mediate 

cellular immunity through activation of their T cell receptors (TCRs) by antigenic peptides in 

complex with major histocompatibility complex (MHC) molecules displayed by antigen 
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presenting cells (APCs). B cell activation occurs upon interaction of B cell receptors (BCRs) or 

immunoglobulin (Ig) with antigen in a T cell dependent or independent manner. Then, activated 

clones proliferate and differentiate into effector cells, which secrete immunoglobulin as antibodies 

to mediate humoral immunity.  

 The B cell receptor is composed of two immunoglobulin heavy chains and two light chains 

formed by somatic recombination and fusion of variable (V), diversity (D), and joining (J) gene 

segments (Alt et al., 1984). Recombination first occurs at the Igh locus, which contains multiple 

V, D, and J segments, followed by recombination at the Igl loci, which contains multiple V and J 

segments. The process of V(D)J recombination is mediated by the V(D)J recombinase, a protein 

complex which includes the recombinase activating genes Rag1 and Rag2 (McBlane et al., 1995; 

Schatz et al., 1989). The V(D)J recombinase recognizes conserved DNA elements termed 

recombination signal sequences (RSSs) adjacent to each V, D, and J segment and cleaves the DNA 

to produce double-stranded breaks, which are then rejoined by the nonhomologous end-joining 

DNA repair pathway (Helmink and Sleckman, 2012). Antigen receptor diversity is generated by 

multiple mechanisms including the combinatorial diversity of different V, D, and J segments and 

junctional diversity generated at segment joining (Nishana and Raghavan, 2012). Expression of 

TdT further increases diversification by the addition of N-nucleotides to the segment junctions 

(Desiderio et al., 1984). Thus, the generation and maintenance of a diverse repertoire of antigen 

receptors is essential for generating a targeted immune response against any foreign antigen a host 

may encounter. Due to the relatively short life span of naïve peripheral B cells, this antigen receptor 

repertoire is maintained by constant renewal of B cells from the bone marrow, which occurs 

throughout the life of adult mammals. 
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1.2) B Lymphopoiesis 

B lymphopoiesis is the process that gives rise to each type of B cell and is characterized by 

the sequential expression of cell surface markers and the ordered rearrangement of IgH and IgL 

chain gene segments. This process initiates in the fetal liver during embryonic development and 

shifts to the bone marrow, which remains the major source of B cells throughout adult life (Hardy 

et al., 1991). Early B cells are divided into stages denoted as progenitor (pro), precursor (pre), and 

immature based on surface marker expression, B-lineage-specific gene expression, and the status 

of antigen receptor formation. These early B cell developmental stages culminate in the production 

of immature B cells expressing antigen receptors or immunoglobulin (Ig) that can recognize 

foreign antigens. 

 Mature, peripheral B cells, have been classified into three major subsets: B-1, marginal 

zone (MZ), and follicular (FO) B cells (Allman and Pillai, 2008). B-1 B cells are innate-like cells 

generated by the fetal liver and to a lesser extent from the bone marrow, which mainly reside in 

the pleural and peritoneal cavities (Baumgarth, 2011). B-1 B cells have a less diverse antibody 

repertoire and largely recognize self-antigens and repetitive pathogen-expressed epitopes. B-2 or 

conventional B cells are the major subset of B cells, which arise from bone marrow progenitors, 

migrate to the spleen, and mature through transitional B cell stages (T1 to T3). Then the majority 

of transitional B cells will become follicular B cells with a minority developing into marginal zone 

B cells. Marginal zone B cells localize to the marginal sinus of the spleen and like B-1 B cells, are 

innate-like in their ability to respond rapidly to blood-borne antigens and have a limited antibody 

repertoire (Cerutti et al., 2013).  Follicular B cells are found circulating in the periphery or residing 

in the follicles of secondary lymphoid organs where they are activated in a T cell-dependent 

manner and eventually give rise to memory B cells and long-lived plasma cells (McHeyzer-
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Williams and McHeyzer-Williams, 2005; Pillai and Cariappa, 2009). As the main agents of the 

humoral immune response, follicular B cells exhibit an expansive antibody repertoire and are 

critical for the development of high-affinity B cell memory. In addition to the major mature B cell 

subsets, under inflammatory conditions, B cells can acquire an immunosuppressive function and 

develop into regulatory B cells (Bregs), which utilize multiple mechanisms including the 

production of the regulatory cytokines IL-10 and TGF-b and direct interaction with pathogenic T 

cells to dampen the immune response (Mizoguchi and Bhan, 2006; Rosser and Mauri, 2015). Thus, 

mature B cells are capable of multiple immune functions in addition to antibody production, all of 

which stem from the initial stages of B lymphopoiesis in the bone marrow.  

1.2.1) B-lineage specification and commitment 

The process of B cell development in the bone marrow initiates from multipotent, self-

renewing hematopoietic stem cells (HSCs), which are defined as lineage negative and lack the 

markers of mature hematopoietic cell lineages while retaining the potential for differentiation into 

both myeloid and lymphoid cell types. HSCs undergo a series of well-characterized developmental 

stages, driven by a network of transcription factors and cytokines, during which they gain B-

lineage specific genes (B-lineage specification) while conversely losing their ability to 

differentiate into other myeloid or lymphoid lineages (B-lineage commitment) (Figure 1.1) (Hardy 

et al., 2007). First, HSCs differentiate into multipotent progenitors (MPPs) and lose their self-

renewal capacity while maintaining the ability to differentiate into all hematopoietic cell lineages 

(Adolfsson et al., 2001). MPPs then differentiate to the lymphoid-primed multipotent progenitor 

(LMPP) stage, which is characterized by the gradual increase in expression of the tyrosine kinase 

receptor Flt3. LMPPs retain the potential to differentiate into myeloid or lymphoid lineages but 

have lost the potential for differentiation into erythrocytes and megakaryocytes (Adolfsson et al., 
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2005). The progression from LMPPs to the common lymphoid progenitor (CLP) stage further 

restricts cells to the lymphoid lineage (B, T, and NK cells) and is characterized by surface 

expression of the IL-7Ra (Kondo et al., 1997). The CLP stage is further subdivided by expression 

of Ly6D into the Ly6D- all-lymphoid progenitors (ALP), which retain the potential for 

development into all lymphoid lineages in vivo, and the Ly6D+ B-cell-biased lymphoid progenitors 

(BLP), which act as a B-cell progenitor and have lost most of their potential for differentiation into 

T cells and NK cells (Inlay et al., 2009). BLPs differentiate into pre-pro B cells, or Fraction A in 

the Hardy classification of bone marrow B cell subsets, and express B220 (CD45R) (Hardy et al., 

1991). Pre-pro B cells are considered the first B-lineage specified progenitor as they express a 

number of B-lineage associated genes, but still retain a residual capacity for differentiation into T 

cells and NK cells (Rumfelt et al., 2006). Subsequently, pre-pro B cells differentiate to the pro-B 

cell stage, characterized by CD19 surface expression, in which cells have lost the potential to 

differentiate into all other hematopoietic cell lineages (Li et al., 1996). Thus, the pro-B cell stage 

represents the first committed stage of B lineage progenitors. 

 The gene expression changes required for the development of CD19+ pro-B cells are 

mediated by a network of key transcription factors and cytokines critical for B-lineage 

specification and commitment (Medina et al., 2004; Nutt and Kee, 2007). This network begins to 

take shape with early lineage fate decisions mediated by Ikaros and PU.1. Ikaros expression is 

required for lymphoid lineage specification and the development of all lymphocytes 

(Georgopoulos et al., 1994).  In Ikaros-deficient mice, MPPs fail to upregulate the cytokine 

receptor Flt3 and lose lymphoid potential while retaining the ability to differentiate down the 

myeloid lineage (Yoshida et al., 2006). PU.1 also regulates Flt3 expression at the MPP stage and 

PU.1-deficient embryos fail to develop myeloid or lymphoid cells.
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Figure 1.1: Developmental stages encompassing B lineage specification and commitment. 

Diagram depicting the stages of B cell development encompassing B lineage specification from 

HSCs through B lineage commitment in pro-B cells. Each stage is defined by surface marker 

expression. The relative expression of each marker in each cell population is delineated by line 

thickness. HSC=hematopoietic stem cell, MPP=multipotent progenitor, LMPP=lymphoid-primed 

multipotent progenitor, CLP=common lymphoid progenitor, ALP=all-lymphoid progenitor, 

BLP=B cell-biased lymphoid progenitor. 
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Furthermore, in the transition from LMPPs to CLPs, graded expression of PU.1 determines the 

myeloid versus lymphoid fate through regulation of the IL-7Ra (DeKoter et al., 2002). Thus, 

Ikaros and PU.1 guide hematopoietic cell development toward the lymphoid lineage by putting 

into place expression of key signaling receptors needed for lymphocyte and B-lineage 

development.   

 From the BLP to pro-B cell stages of development, the transcription factor network that 

drives B-lineage specification and commitment is established to induce the expression of B-lineage 

specific genes and repress alternative lineage genes through activity of the transcription factors 

E2A (Tcf3), Ebf1, and Pax5. The E2A gene produces two alternatively spliced proteins, E12 and 

E47, which are required for the development of CLPs and promote the expression of B-lineage 

genes including Cd79a and Igll1 (Bain et al., 1997; Borghesi et al., 2005). In addition to E2A, 

PU.1 and signaling through the IL-7R promote the expression of Ebf1 (Kikuchi et al., 2008; 

Roessler et al., 2007; Seet et al., 2004). Ebf1 is required for differentiation into pro-B cells and 

complementation studies have demonstrated that exogenous Ebf1 expression is able to rescue B 

cell development following loss of Ikaros, PU.1, E2A, or IL-7Ra (Kikuchi et al., 2005; Lin and 

Grosschedl, 1995; Medina et al., 2004; Reynaud et al., 2008; Seet et al., 2004). Ebf1 also regulates 

expression of a number of B-lineage genes including Cd79a, Cd79b, Igll1, and VpreB1 (Lin and 

Grosschedl, 1995; Zandi et al., 2008). E2A and Ebf1 coordinate to upregulate expression of Pax5 

at the pro-B cell stage (O'Riordan and Grosschedl, 1999). The upregulation of Pax5 and the 

consequent display of CD19 marks commitment to the B cell lineage (Nutt et al., 1999).  B cell 

development in Pax5-deficient mice is blocked at the early pro-B cell stage and are not committed 

to the B-lineage, retaining the capacity to differentiate into each hematopoietic lineage (Mikkola 

et al., 2002; Nutt et al., 1999). Ebf1 has also been demonstrated to restrict alternative lineage 
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potential independently of Pax5, indicating that Ebf1 and Pax5 are both essential factors for B-

lineage commitment (Pongubala et al., 2008). Overall, the path leading to the development of 

CD19+ pro-B cells that are committed to B cell development follows a series of developmental 

stages driven by cytokine signaling as well as the sequential expression and activation of a network 

of transcription factors, each with an essential role in B-lineage specification and commitment.  

1.2.2) Differentiation of committed B cell progenitors and checkpoints 

The developmental stages marking the differentiation of pro-B to immature B cells have 

been classified based on the expression of surface markers by two major strategies (Figure 1.2). 

The first, proposed by Hardy and colleagues, characterizes these B cell developmental stages based 

on the surface expression of B220, IgM, CD43, CD24, and BP-1 (Hardy et al., 1991). The second, 

proposed by Rolink and colleagues, defines these B cell developmental stages by surface 

expression of B220, IgM, CD25 (IL-2Ra), and CD117 (c-Kit) (Rolink et al., 1994). In this 

progression from pro-B to immature B cells, committed B lineage progenitors must pass two 

developmental checkpoints, which select B cells for continued developed based on successful 

recombination events at the Igh and Igl loci. The first checkpoint, the pre-BCR checkpoint, selects 

pro-B cells for production of a µHC that can bind to the surrogate light chain (SLC) and form a 

pre-BCR on the surface of large pre-B cells. The second checkpoint selects small pre-B cells for 

production of a BCR on immature B cells. Recombination at the immunoglobulin heavy chain 

locus is initiated with D-JH rearrangements at the pre-pro B cell stage and is completed with VH-

DJH rearrangements at the pro-B cell stage resulting in the production of a µ heavy chain (µHC) 

(Chowdhury and Sen, 2001). However, as this is a random process, nearly 2/3 of these 

recombination events are non-productive, resulting in out-of-frame rearrangements and leading to 

cell death by neglect (Decker et al., 1991). Pro-B cells that undergo successful rearrangement at 



 

 

10 

Figure 1.2: Developmental stages of committed B lineage progenitors in the bone marrow. 

Diagram depicting the stages of B cell development from B-lineage committed pro-B cells through 

mature B cells. Each stage is defined by surface marker expression and status of immunoglobulin 

rearrangements. The relative expression of each marker in each cell population is delineated by 

line thickness. Imm. B=Immature B 
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the Igh locus produce a µH which pairs with the SLC, composed of λ5 and VpreB, and the 

signaling components Igα and Igβ to form the pre-BCR complex (Hombach et al., 1990; 

Papavasiliou, 1996). Signaling through the pre-BCR promotes pro-B cell survival and 

proliferation, facilitates differentiation into the large pre-B cell compartment, and represents the 

first checkpoint during B cell development, the pre-BCR checkpoint (Geier and Schlissel, 2006). 

Large pre-B cells undergo a proliferative burst, but after 2-5 rounds of cell division they exit the 

cell cycle and differentiate into small pre-B cells (Hess et al., 2001; Rolink et al., 2000).   

 At the small pre-B cell stage, a second B cell developmental checkpoint selects cells for 

successful rearrangements at the Igl loci and expression of a BCR. In small pre-B cells, VJ 

recombination at the two immunoglobulin light chain loci occurs, first at the at the kappa locus 

(Igk) and then at the lambda locus (Igl) (Engel et al., 1999). However, recombination at the Igk 

locus in small pre-B cells is often unsuccessful due to aberrant recombination and the process can 

repeat, cycling through all available Vk and Jk segments before progressing to the Igl locus 

(Yamagami et al., 1999).  Small pre-B cells that fail to produce a functional BCR undergo 

apoptotic cell death. Thus, while the selective pressure driving the pre-BCR checkpoint ultimately 

focuses on successful expression and signal transduction through the pre-BCR, the second 

checkpoint in B cell development focuses on the successful expression of a non-autoreactive BCR 

(Tussiwand et al., 2009). Cells that pass this checkpoint and produce a BCR in the form of 

membrane-bound IgM (mIgM) are called immature B cells. 

 Despite production and expression of mIgM on immature B cells, the process of VJ 

recombination has the potential to produce B cells with autoreactive BCRs (Nemazee, 2006). 

Immature B cells that recognize autoantigen undergo selection in the bone marrow or after 

migration to the spleen after which they are called transitional B cells. These cells face three 
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potential fates: apoptotic elimination, a non-reactive anergic state, or receptor-editing to generate 

a new immunoglobulin light chain (Chen et al., 1995; Goodnow et al., 1988; Hartley et al., 1993; 

Tiegs et al., 1993). Moderate to strong crosslinking of the BCR on immature B cells typically 

occurs in the bone marrow and leads to receptor editing and possibly apoptotic cell death 

{Hartley:1993tp}. Weak crosslinking of the BCR on immature B cells typically occurs in the 

spleen and can induce anergy (Goodnow et al., 1988). However, receptor editing represents the 

dominant fate of B cells with self-reactive antigen receptors (Retter and Nemazee, 1998).  This 

process involves re-initiation of VJ recombination at the Igl loci, which continues until either a 

non-self-reactive antigen receptor is produced or no possible rearrangements remain and cells 

undergo apoptosis (Tiegs et al., 1993). Immature B cells able to successfully overcome this 

developmental checkpoint and produce a non-self-reactive BCR exit the bone marrow and undergo 

further maturation in the spleen.  

1.3) Signaling Across the pre-BCR Checkpoint 

In the developmental stages spanning the pre-BCR checkpoint, pro-B and pre-B cells, key 

signaling pathways are focused on enforcing the separation of proliferation and immunoglobulin 

gene rearrangements to distinct sub-populations of B cell progenitors (Hendriks and Middendorp, 

2004). Failure to properly segregate these processes can result in leukemic transformation, which 

is most prevalent at the highly proliferative large pre-B cell stage (Eswaran et al., 2015; Vogler et 

al., 1978). Two major receptors, the IL-7R and pre-BCR, drive development across the pre-BCR 

checkpoint through regulation of survival, proliferation, metabolism, and differentiation of pro-B 

and pre-B cells (Clark et al., 2014; Reth and Nielsen, 2014). 

 The IL-7 signaling pathway mediates survival, proliferation, and metabolism in pro-B cells 

(Figure 1.3). The IL-7R is composed of the IL-7Ra, which confers specificity for IL-7, and the
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Figure 1.3: IL-7R signaling in pro-B cell development. Pro-B cells rely on signaling through 

the IL-7R to promote survival, proliferation, and metabolism. Jak1/3 signaling through Stat5 

mediates pro-B cell survival through regulating the balance between pro-apoptotic (Mcl1) and 

anti-apoptotic (Bim and Bmf) family members. Stat5 also promotes pro-B cell proliferation 

through inducing expression of Ccnd3. IL-7 signaling through Plcγ1/2 signals through the second 

messenger diacylglycerol (DAG) to activate Pkc and mTORC1 to promote pro-B cell proliferation 

and metabolism
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common-g chain (gc) (Corfe and Paige, 2012). Signaling through the IL-7R activates the Jak/Stat, 

PI3K/Akt, MAPK/Erk, and Plcg/Pkc/mTORC1 signaling pathways. However, only the Jak/Stat 

pathway through Stat5 and the Plcg/Pkc/mTORC1 pathway appear to be critical for development 

and maintenance of the pro-B cell compartment. Stat5 signaling mediates pro-B cell survival 

through regulation of Bcl-2 family members and also contributes to proliferation through induction 

of cyclin D3 expression (Malin et al., 2010; Ochiai et al., 2012). IL-7-mediated activation of 

mTORC1 is crucial for maintaining pro-B cell metabolism and is the major contributor to 

homeostatic proliferation in pro-B cells (Zeng et al., 2018). Pro-B cells must regulate cell division 

and V(D)J recombination at the Igh locus in order to maintain genomic stability and minimize the 

risk of developing harmful mutations. Thus, pro-B cells modulate IL-7R surface expression to 

segregate populations undergoing IL-7-mediated proliferation from those undergoing DNA 

rearrangements (Johnson et al., 2012).  Upon productive rearrangement at the Igh locus, the mu 

heavy chain (µHC) rapidly associates with the surrogate light chain, Iga and Igβ to form the pre-

BCR. Further rearrangements are prevented in a process called allelic exclusion to ensure that only 

one µHC is produced so that each B cell has a unique specificity for antigen (Geier and Schlissel, 

2006). While the mechanism or signaling pathways required for allelic exclusion has not been 

determined, it occurs after pre-BCR surface expression and involves chromatin remodeling, which 

renders the Igh locus inaccessible to the Rag recombinase. In addition, signaling downstream of 

the pre-BCR leads to downregulation of Rag gene expression as B cells enter the proliferative 

large pre-B cell stage (Kuo and Schlissel, 2009). 

 Expression of a pre-BCR on the surface lowers the threshold of large pre-B cells for IL-7 

and the pre-BCR and IL-7R synergize to induce a burst of proliferation and expand the pool of B 

cells with productive IgH rearrangements (Figure 1.4) (Hess et al., 2001; Marshall et al., 1998).
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Figure 1.4: IL-7R and pre-BCR signaling at the large pre-B cell stage: Upon expression of the 

pre-BCR on the surface of large pre-B cells, IL-7R and pre-BCR signaling synergize to promote 

enhanced proliferation and metabolic activity. IL-7R signaling through Stat5 promotes 

proliferation through induction of Ccnd3 expression. Both the IL-7R and pre-BCR signal through 

PI3K to activate Mapk/Erk which induces expression of c-Myc. c-Myc promotes proliferation 

through induction of Ccnd3 and inhibition of the cell cycle inhibitor p27. Signaling through the 

pre-BCR maintains stability of Ccnd3 protein through a PI3K-dependent mechanism. PI3K 

signaling also activates Akt, which phosphorylates Foxo1, leading to its degradation. This prevents 

Foxo1-mediated cell cycle inhibition through p27 and prevents differentiation through Foxo1-

mediated induction of Rag expression. Akt also promotes enhanced metabolic activity in large pre-

B cells through activation of mTORC1. 
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 Both the IL-7R and pre-BCR signal through PI3K/Akt and MAPK/Erk signaling pathways to 

enhance proliferative expansion as well as the metabolic pathways (see below) needed to fuel this 

increased cell division in large pre-B cells (Reth and Nielsen, 2014). In addition, downstream of 

the IL-7R, Stat5 recruits the histone methyltransferase Ezh2 to the Igk locus to prevent premature 

VJ recombination in cycling cells (Mandal et al., 2011).  

 Transition from the large pre-B cell compartment into small pre-B cells involves 

attenuation of IL-7R signaling and a shift in pre-BCR signaling from proliferation to 

differentiation. However, there are two conflicting viewpoints regarding the relative contribution 

of the IL-7R and pre-BCR to the large to small pre-B cell transition. One camp emphasizes the 

importance of IL-7 signaling for large pre-B cell proliferation and the necessity to attenuate IL-7-

mediated proliferation to allow differentiation into quiescent, small pre-B cells (Clark et al., 2014). 

The second camp proposes that the IL-7R plays a more passive role and emphasizes the importance 

of the pre-BCR, initially to enhance proliferative expansion mediated by the IL-7R and then to 

coordinate attenuation of IL-7R signaling with the expression of genes needed for the large to 

small pre-B cell transition (Herzog et al., 2009). This second group also argues that many of the 

studies indicating the importance of the IL-7R for pre-B cell development utilize cells derived 

from Irf4/Irf8-/- mice which accumulate cycling large pre-B cells that are unable to differentiate. 

However, these cells are heavily reliant on a high concentration of IL-7 to remain viable, and many 

argue that this skews signaling pathways to be more dependent on signaling through the IL-7R 

(Abdelrasoul et al., 2018). The differences in these two viewpoints as to the relative importance of 

the IL-7R or pre-BCR for mediating development past the pre-BCR checkpoint underscores how 

much work remains to be done to fully understand regulation of the large and small pre-B cell 

stages of B cell development. What is clear is that IL-7R signaling is attenuated in the transition 
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from large to small pre-B cells to ensure segregation of proliferating large pre-B cells and small 

pre-B cells undergoing VJ recombination. This may occur through multiple mechanisms including 

asymmetric division away from environmental sources of IL-7 and upregulation of members of 

the suppressor of cytokine signaling (SOCS) family which inhibit proximal signaling through the 

IL-7R (Corfe et al., 2011; Johnson et al., 2008).  

 At the large to small pre-B cell transition signaling through the pre-BCR shifts from 

promoting proliferation to promoting differentiation (Figure 1.5). A critical mediator of this shift 

is the adaptor protein SLP65 or Blnk. Two mechanisms have been proposed for induction of Blnk 

expression including loss of Akt activation after attenuation of IL-7R signaling, which relieves 

repression of Foxo1 that induces Blnk expression (Ochiai et al., 2012). Alternatively, PI3K 

signaling downstream of the pre-BCR leads to transcription of Pax5, which subsequently induces 

expression of Blnk (Abdelrasoul et al., 2018). Blnk inhibits PI3K to attenuate pre-BCR mediated 

proliferative signaling and blocks Jak3 activity and inhibits Jak/Stat5 signaling downstream of the 

IL-7R (Herzog et al., 2008; Nakayama et al., 2009).  In addition, Blnk induces expression of the 

transcription factors Irf4 and Irf8, which are required for the large to small pre-B cell transition 

and the recombination at light chain locus (Lu et al., 2003). Furthermore, the Ras/Mek/Erk 

pathway downstream of the pre-BCR leads to expression of E2A which, upon attenuation of IL-7 

signaling through Stat5 that inhibits binding of E2A to the intronic Igk enhancer (Eki), is able to 

induce Igk transcription and initiate VJ recombination (Mandal et al., 2009). Irf4/8 induce 

upregulation of CXCR4, which promotes increased mobility and decreased adhesion of 

differentiating pre-B cells so that they are not in prolonged contact with IL-7 from the bone marrow 

microenvironment (Fistonich et al., 2018; Johnson et al., 2008). 
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Figure 1.5: IL-7R and pre-BCR signaling at the large to small pre-B cell transition: At the 

large to small pre-B cell transition, signaling from the pre-BCR shifts from promoting proliferation 

to promoting differentiation. Pre-BCR signaling mediates cell cycle exit through inhibition of pro-

proliferative signaling pathways downstream of the IL-7R and pre-BCR by Blnk, which inhibits 

both Jak1/3 and PI3K. Blnk also upregulates Irf4 and Irf8 that induce expression of Ikaros and 

Aiolos, which inhibit c-Myc expression as well as the surrogate light chain components of the pre-

BCR. Irf4/8 also induce expression of CXCR4, which promotes migration and decreased 

association with IL-7 producing stromal cells. Loss of IL-7 signaling through Blnk and CXCR4 

leads to loss of Stat5-mediated repression of the Igk enhancer and allows pre-BCR signaling 

through Erk to activate E2A, which induces transcription of germ line Igk transcripts. In addition, 

loss of PI3K/Akt activation frees Foxo1 to induce Rag expression and initiate VJ recombination 

at the light chain locus. 
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Irf4/8 also upregulate expression of the transcription factors Ikaros and Aiolos (Ma et al., 

2008).Ikaros, in conjunction with its family member Aiolos, regulates a majority of the gene 

expression changes needed for the large to small pre-B cell transition and, in turn, mediate the 

phenotypic changes that accompany differentiation (Ferreirós-Vidal et al., 2013; Heizmann et al., 

2013; Schwickert et al., 2014). They repress c-Myc to promote cell cycle exit and reduce metabolic 

activity by repressing Glut1 expression and inducing expression of the Glut1 inhibitor, Txnip 

which promotes Glut1 internalization and proteasomal degradation (Ferreirós-Vidal et al., 2019; 

Ma et al., 2010). Ikaros and Aiolos also mediate gene expression changes needed for differentiation 

including upregulation of key tyrosine kinases downstream of the pre-BCR (Syk, Lyn, Fyn, Blk) 

and increasing activation of Blnk that promote expression of Foxo1, which induces expression of 

Rag1 to enable VJ recombination (Ferreirós-Vidal et al., 2013; Joshi et al., 2014; Schwickert et 

al., 2014). Finally, Ikaros and Aiolos downregulate the pre-BCR through repression of the 

surrogate light chain components, which promotes differentiation to small pre-B cells (Ma et al., 

2008; Wang et al., 2002). In addition, transgenic expression of the SLC components l5 and Vpreb1 

results in constitutive BCR internalization, continued light chain rearrangements, and a 

developmental block at the immature B cell stage demonstrating that downregulation of the SLC 

is important for development beyond the pre-B cell stage (van Loo et al., 2007).  Overall, 

coordinated repression of IL-7R mediated signals and shifting of pre-BCR signals to an anti-

proliferation and pro-differentiation function mediates the successful transition from large to small 

pre-B cells and completion of the pre-BCR checkpoint. 

1.3.1) Survival across the pre-BCR checkpoint 

Apoptosis is the evolutionarily conserved process of programmed cell death that is 

necessary for the proper development of metazoans and serves to eliminate unwanted or potentially 
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dangerous cells (Hengartner, 2000). Apoptotic cells undergo morphological changes including cell 

shrinkage, membrane blebbing, DNA fragmentation and degradation of cellular structures while 

maintaining membrane integrity. These apoptotic bodies express surface molecules, which 

mediate their clearance by phagocytes in a non-inflammatory manner (Grimsley, 2003). Apoptosis 

can be induced by two pathways referred to as the intrinsic and extrinsic survival pathways. The 

intrinsic survival pathway is initiated by signals from within the cell such as nutrient starvation, 

DNA damage, cell cycle defects, loss of pro-survival factors, hypoxia and general cell stress, which 

converge on the mitochondria and thus is also referred to as the mitochondrial pathway (Chipuk 

et al., 2010). The intrinsic survival pathway is the critical survival pathway during B lymphopoiesis 

(Opferman, 2008). The extrinsic survival pathway is initiated by signals from outside the cell that 

signal through cell surface death receptors and thus is also referred to as the death-receptor 

pathway (Ashkenazi and Dixit, 1998). This pathway is critical for the maintenance of peripheral 

B cells but is dispensable for B lymphopoiesis (Imtiyaz et al., 2006). Both the intrinsic and 

extrinsic survival pathways utilize caspases, aspartate-specific cysteine proteases that mediate 

breakdown of the cell during apoptosis (Hengartner, 2000). Caspases normally exist within the 

cell in an inactive form and are referred to as pro-caspases. They are activated by proteolytic 

cleavage at internal cleavage sites and initiate a catalytic cascade that is amplified through cleavage 

events activating other caspases and enzymes resulting in irreversible cell death. This cascade 

begins with initiator caspases, caspase-8 and caspase-9 and proceeds through effector caspases, 

caspase-3, -6, and -7 that are ultimately responsible for cellular degradation 

The intrinsic cell survival pathway 

The intrinsic cell survival pathway is controlled by the balance of pro- and anti-apoptotic 

Bcl-2 family members  (Figure 1.6) (Youle and Strasser, 2008). While all family members share 
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a homologous a-helical Bcl-2 homology (BH) domain, they can be divided into 3 subgroups based 

on structure and function. The anti-apoptotic members contain 4 BH domains (BH1-4) and include 

Bcl-2, Bcl-xL, Mcl-1, A1, and Bcl-2. Gain and loss of function approaches have been used to 

identify roles for all of these proteins but Bcl-w during B cell development (Opferman, 2008). The 

pro-apoptotic family members are split between proteins with multiple domains and proteins that 

only contain a single BH3 domain. The multi-domain pro-apoptotic family members contain 3 BH 

domains and include Bak, Bax, and Bok. Of these, Bak and Bax are the primary members of this 

subgroup required for B cell development (Takeuchi et al., 2005). The BH3-only pro-apoptotic 

proteins consist of Bad, Bik, Hrk, Bid, Bim, Bmf, Puma, and Noxa while only Bad, Bik, Bid, Bim, 

Bmf, and Puma are expressed during B cell development (Strasser, 2005). These proteins have 

redundant and compensatory functions such that only Bim and Bmf knockout mice have 

phenotypes during B cell development (Erlacher et al., 2006; Fahl et al., 2009; Labi et al., 2008).  

 In healthy cells Bak is constitutively associated with the mitochondrial membrane while 

Bax is sequestered in the cytosol by anti-apoptotic Bcl2 family members (Figure 1.6). This 

association inhibits oligomerization of Bax and Bak at the mitochondrial membrane which initiates 

apoptosis (Chipuk et al., 2010). BH3-only family members are activated in response to cell stress 

and bind to anti-apoptotic family members to prevent their inhibition of Bax and Bak and different 

BH3-only proteins have varying affinities for different anti-apoptotic proteins (Chen et al., 2005). 

Bim and Bid have also been found to activate Bax and Bak directly (Gavathiotis et al., 2008; Lovell 

et al., 2008). Activation of Bax and Bak induces conformational changes that result in their homo-

oligomerization and formation of supramolecular pores on the outer mitochondrial membrane. 

Pore formation then leads to the release of cytochrome c from the mitochondria as well as a loss 

of mitochondrial membrane potential. Cytochrome-c associates with Apaf-1 and pro-caspase 9 to
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Figure 1.6: Model for the intrinsic survival pathway. The intrinsic survival pathway is 

controlled by the balance of pro-apoptotic and anti-apoptotic Bcl-2 family members. The key 

mediators of apoptotic cell death in the intrinsic survival pathway are the pro-apoptotic Bak and 

Bax, which under normal conditions, are inhibited by anti-apoptotic Bcl-2 family members. In 

response to cellular stress, the BH3-only pro-apoptotic family members are activated. The BH3-

only family members can either directly activate Bak and Bax or inhibit interaction of the anti-

apoptotic Bcl-2 family members with Bak and Bax. Bak and Bax localize to the mitochondrial 

membrane, and upon activation, induce permeabilization of the mitochondrial outer membrane 

and the release of cytochrome c. Cytochrome c, Apaf-1, and pro-caspase 9 form the apoptosome 

complex, which induces cleavage and activation of caspase 9. Upon activation, caspase 9 catalyzes 

the cleavage of effector caspases (3, 6, and 7), which leads to apoptosis.
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assemble the ‘apoptosome’ complex leading to cleavage and activation of caspase-9 and 

subsequent activation of downstream effector caspases and apoptosis (Opferman, 2008). 

Signaling pathways that control pro-B and pre-B cell survival 

Survival at the early stages of B-lymphopoiesis is reliant on cytokines and signaling 

through cytokine receptors, whereas upon rearrangement of the immunoglobulin antigen receptor 

genes, survival signals are also provided by the pre-BCR and eventually the BCR (Baird et al., 

1999). The cytokine receptor Flt3 promotes survival from the earliest lymphoid progenitors while 

the IL-7R promotes survival moving forward in development upon its expression at the CLP stage. 

In pro-B cells, survival is mediated by IL-7 and IL-7R signaling which regulate the balance in pro- 

and anti-apoptotic Bcl-2 family members (Corfe and Paige, 2012). The IL-7R subunits do not have 

intrinsic kinase activity and the gc and IL-7Ra are constitutively associated with Janus kinase 3 

(Jak3) and Jak1 respectively. Binding of IL-7 induces phosphorylation of Jak1/Jak3 which are then 

able to recruit SH2-domain containing proteins such as Stat5a/b (O'Shea and Plenge, 2012). IL-

7R signaling through Jak/Stat5 promotes survival during the differentiation from CLPs to CD19+ 

pro-B cells differentiation as well as within the pro-B cell compartment through regulation of Mcl-

1 expression (Malin et al., 2010). Mcl1 is required for the development and maintenance of B cell 

progenitors and, in particular, for the development of pro-B cells downstream of IL-7 signaling 

through Stat5 (Malin et al., 2010; Opferman et al., 2003). Signaling through Stat5 also induces 

expression of Bcl-2 to promote pro-B cell survival and constitutive expression of Bcl-2 in Stat5-/- 

mice partially rescues B cell development (Clark et al., 2014; Malin et al., 2010). Bcl-2 is highly 

expressed in pro-B cells and correlates with their ability to resist dexamethasone-mediated cell 

death (Merino et al., 1994). However, expression of a transgenic Bcl-2 is unable to rescue B 
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lymphopoiesis in IL-7R-/- mice, indicating that Mcl-1 is the major anti-apoptotic protein mediating 

pro-B cell survival downstream of IL-7 signaling (Maraskovsky et al., 1998). 

 Signaling through the IL-7R has also been implicated in regulation of pro-apoptotic Bcl-2 

family members. IL-7-deficient mice exhibit enhanced pro-B and pre-B cell death as well as an 

imbalance in expression of Bcl2 and Bax, suggesting that IL-7 signaling regulates expression of 

Bcl-2 and Bax to favor increased Bcl-2, decreased Bax, and thus to promote survival (Lu et al., 

1999). IL-7 signaling is also associated with negative regulation of pro-apoptotic Bim in that loss 

of Bim promotes survival but not differentiation  of pro-B and pre-B cells in response to IL-7 

withdrawal in vitro (Oliver et al., 2004). Furthermore, Bim-/- is able to partially rescue B cell 

development in the absence of IL-7 in vivo (Huntington et al., 2009). We have demonstrated that 

the transcription factor c-Myb regulates intrinsic pro-B cell survival in the absence of IL-7 through 

repressing mRNA expression of pro-apoptotic Bim and Bmf (Fahl et al., 2018). Moreover, IL-7R 

signaling through Stat5 further represses Bim and Bmf expression and thus acts on the base levels 

set by c-Myb to favor pro-B cell survival. Control of survival at the pro-B cell stage is critical to 

allow sufficient time for cells to complete V(D)J recombination at the Igh locus, but not too much 

time as to risk the development of transforming mutations or chromosomal translocations. Thus 

IL-7R signaling in pro-B cells ultimately controls the length of this limited time period in which 

pro-B cells can attempt V(D)J recombination before ultimately undergoing apoptosis or 

differentiating into large pre-B cells. 

 Transition to the large pre-B cell stage is marked by expression of the pre-BCR, which in 

addition to IL-7 and Stat5-mediated survival cues, provides its own pro-survival signals within the 

pre-B cell compartment. However, the pro-survival signals downstream of the pre-BCR have not 

been well-defined. The level of pre-BCR surface expression and signaling as well as its ability to 
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promote pre-B cell survival, proliferation, and differentiation is primarily determined by the 

quality of the µHC and its ability to pair with the SLC (Kawano et al., 2006). In particular, the 

quality of the pre-BCR dictates the ability of downstream signaling pathways to induce expression 

of pro-survival genes such as Bcl-2 and Bcl-xL in pre-B cells (Wang and Clarke, 2007). Coordinate 

IL-7R and pre-BCR signaling through MAPK/Erk and PI3K/Akt provides additional survival cues 

in pre-B cells through inhibition of pro-apoptotic Bcl-2 family members. Signaling through Erk 

leads to phosphorylation and inhibition of Bim (O'Reilly et al., 2009). In addition, signaling 

through PI3K/Akt has been demonstrated to promote survival of progenitor and mature 

lymphocytes (Okkenhaug and Vanhaesebroeck, 2003; Srinivasan et al., 2009). In particular, Akt 

phosphorylates and sequesters pro-apoptotic Bad to increase B cell survival (Datta et al., 1997). 

Small pre-B cells are unresponsive to IL-7 signals and downregulate the SLC components of the 

pre-BCR (l5 and VpreB) as they initiate DNA rearrangements at the Igl loci. Thus, survival of 

small pre-B cells is primarily mediated by a pathway activated by double-stranded DNA breaks 

during VJ recombination (Bednarski et al., 2012). The checkpoint kinase ATM is activated as part 

of the DNA damage response in response to Rag-mediated double-stranded breaks and activates 

Pim2, which phosphorylates Bad and prevents the initiation of apoptosis. Thus, as in pro-B cells, 

this pathway provides a window in which small pre-B cells can continue VJ recombination as they 

attempt to produce productive rearrangements at the immunoglobulin light chain loci. 

1.3.2) Proliferation across the pre-BCR checkpoint 

Cell division is required for the survival and maintenance of all organisms and is 

characterized by DNA replication and segregation of replicated chromosomes into separate 

daughter cells (Civelekoglu-Scholey and Cimini, 2014; Vermeulen et al., 2003). This process was 

originally divided into two stages which together constitute the cell cycle: mitosis (M) or the 
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process of nuclear division and interphase or the period between two M phases (Figure 1.7). The 

cell cycle begins in interphase and completes following equal division of the nuclear material in 

mitosis. Interphase is further divided into the following phases: G1, S, and G2. DNA replication 

occurs in S-phase and prepares cells for mitotic cell division. Preceding S-phase is a gap referred 

to as G1 in which the cell is preparing for DNA synthesis and following S phase is a second gap 

referred to as G2 when the cell is preparing for mitosis. Cells in G1 can also enter a resting state, 

G0, before committing to DNA replication and most non-growing/non-proliferating cells are in 

this state.  

Cell cycle regulation 

The orderly transition between each cell cycle phase is regulated by key proteins expressed 

at specified points in the cycle (Figure 1.7). The main drivers of cell cycle transitions are cyclin-

dependent kinases (CDKs) (Malumbres, 2014). Nine CDKs have been identified but just five are 

active during the cell cycle in the following phases G1 (CDK4, CDK6, and CDK2), S (CDK2), 

G2 and M (CDK1). CDK protein levels remain stable while protein levels of their cyclin targets 

rise and fall throughout the cell cycle and thus control activation of CDKs at critical cell cycle 

transitions (Morgan, 1995). Different cyclins are required at different points in the cell cycle. The 

D-type cyclins (cyclin D1, cyclin D2, cyclin D3) bind CDK4 and CDK6 and mediate entry into 

G1 (Sherr, 1994). Cyclin E associates with CDK2 and mediates the G1 to S phase transition 

(Ohtsubo et al., 1995). Cyclin A complexes with CDK2 during S phase and with CDK1 in late G2 

to promote entry into mitosis (Girard et al., 1991). Finally, mitosis is regulated by cyclin B 

complexed with CDK1 (Arellano and Moreno, 1997). Cyclins A, B, D, and E contain protein 

sequences required for ubiquitin-mediated degradation, which occurs at the end of each cell cycle 

phase and ensures the ordered progression of cell cycle stages (Glotzer et al., 1991). 
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Figure 1.7: Model for cell cycle progression and regulation. The cell cycle can be divided into 

interphase (composed of G1, S, and G2) in which DNA is replicated and mitosis (M), in which the 

nuclear material is divided between daughter cells. Progression through the cell cycle is regulated 

by cyclin dependent kinase (CDK)/cyclin interactions, which promote cell cycle progression as 

well as CDK inhibitors (CKI), which inhibit cell cycle progression. The transition into G1 is 

mediated by cyclin D in association with CDK4/6, which phosphorylate retinoblastoma (Rb) 

protein, preventing its interaction with E2F, which is free to transcribe genes required for entry 

into S-phase. Then cyclin E and Cdk2 mediate the G1 to S phase transition, cyclin A complexes 

with Cdk2 during S phase and Cdk1 in late G2 to mediate the G2 to M transition, and cyclin B1 

with Cdk1 regulate mitosis. The CKIs p15, p16, p18, and p19 inhibit cell cycle progress by binding 

to Cdks before association with cyclins and most frequently act on Cdk4/6. The CKIs p21 and p27 

inactivate cyclin/Cdk complexes throughout the cell cycle. Cell cycle progression is also regulated 

by periodic checkpoints (red bars in cycle) in which cells assess internal and external cues to 

determine if conditions are favorable for cell division or if they will undergo cell cycle arrest.



 

 

33 

 

 

 

 

 



 

 

34 

CDK activity is counteracted by cell cycle inhibitory proteins, CDK inhibitors (CKI), which can 

bind to CDKs or CDK-cyclin complexes.  CKIs consist of two main families: the INK4 family and 

the Cip/Kip family. The INK4 family consists of p15 or INK4b, p16 or INK4a, p18 or INK4c, and 

p19 or INK4d, which inactivate the G1 CDKs (CDK4 and CDK6) prior to cyclin binding (Cánepa 

et al., 2007). The Cip/Kip family includes p21 or Cip1, p27 or Kip1, and p57 or Kip2, which 

inactivate CDK-cyclin complexes and, like the INK4 family, also typically act on the G1 CDK4/6-

cyclin D complexes (Cerqueira et al., 2014).  

 Progression through the cell cycle is regulated by a series of checkpoints, in which cells 

assess internal cues (i.e. nutrient availability and DNA integrity) and external cues (i.e. signals 

from growth factors) to determine whether conditions are favorable for cell division or if they will 

undergo cell cycle arrest (Barnum and O’Connell, 2014). The first of these checkpoints referred 

to as the restriction point (R) is the “point of no return” in G1 phase, after which cells are committed 

to enter the cell cycle and undergo DNA replication in S phase. Then, at various points throughout 

the cell cycle, DNA damage checkpoints arrest cells in order to enable repairs to occur, or to initiate 

apoptosis if DNA repair is not possible. These status checkpoints occur before cells enter S phase 

(the G1-S checkpoint), after DNA replication (the G2-M checkpoint), or within S and M phases. 

These cell cycle checkpoints are particularly important to prevent the deregulation of the cell cycle 

and uncontrolled proliferation associated with cancer (Vermeulen et al., 2003; Williams and 

Stoeber, 2011).   

Balancing proliferation and differentiation at the pre-BCR checkpoint 

In developing lymphocytes, it is critical to separate cell proliferation from DNA 

rearrangements at the immunoglobulin loci to maintain genomic integrity. Across the pre-BCR 

checkpoint, IL-7R and pre-BCR signaling pathways orchestrates cell proliferation, V(D)J 
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recombination, and differentiation that occur in the transitions that occur from pro-B to small pre-

B cells (Clark et al., 2014; Reth and Nielsen, 2014). In pro-B cells, prior to expression of the pre-

BCR, homeostatic proliferation is mediated by signaling through the IL-7R (Corfe and Paige, 

2012). IL-7RKO mice exhibit severely impaired B cell lymphopoiesis including decreased 

proliferative expansion of pro-B cells (Peschon et al., 1994). Pro-B cells undergoing rearrangement 

at the Igh locus, must separate IL-7-mediated homeostatic proliferation from V(D)J recombination. 

As one method of achieving this, the cyclin A/CDK2 complex phosphorylates Rag2 and targets it 

for ubiquitination by S phase kinase-associated protein 2 (SKP2) and proteasomal degradation 

(Jiang et al., 2005). In addition, pro-B cells are heterogeneous for IL-7R surface expression such 

that it is negatively correlated with the level of Rag expression. Cells with high IL-7R expression 

undergo IL-7 dependent proliferation while cells with low IL-7R expression able to express Rag 

and undergo V(D)J recombination (Johnson et al., 2012). Thus, pro-B cells are able to maintain 

homeostatic proliferation as well as safely initiate rearrangements at the Igh locus to facilitate 

differentiation across the pre-BCR checkpoint. 

 In pro-B cells, IL-7R signaling through Stat5 promotes proliferation through inducing 

transcription of cyclin D3, which together with CDK4/6 mediates the G1/S phase transition of the 

cell cycle (Mandal et al., 2009). However, cyclin D3 seems to be most critical for the proliferative 

expansion of large pre-B cells, as Ccnd3-/- mice have normal total numbers of pro-B cells and 

exhibit a moderate reduction in >2n DNA content (Cooper et al., 2006). Subsequent studies 

demonstrated that cyclin D3 has a proliferation-independent function in pro-B cells mediated by 

association of cyclin D3 with distinct sub-compartments within the nucleus, each associated with 

different function (Powers et al., 2012). Cyclin D3 is found in two soluble fractions, one associated 

with CDK4 that promotes cell cycle progression, and another minor fraction that is sensitive to 
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inhibition of PI3K but is not important for proliferation. However, the majority of cyclin D3 

protein in pro-B cells binds the nuclear matrix and is involved in regulating gene expression 

including repression of immunoglobulin variable gene segment expression, thus limiting 

availability for VDJ rearrangement, and induction of cell cycle genes. This discovery represents 

another mechanism of segregating recombination from proliferation in pro-B cells.  

 It was previously thought that PI3K/Akt signaling is activated downstream of IL-7R in pro-

B cells to promote cell survival and proliferation. However, deletion of the PI3K catalytic subunits 

p110a and p110d, treatment with PI3K inhibitors, or deficiency in the regulatory subunit p85a 

does not significantly affect pro-B cells (Fruman et al., 1999; Powers et al., 2012; Ramadani et al., 

2010). Furthermore, a recent report demonstrated that this pathway is not important in pro-B cells 

and, in fact, that PTEN-mediated repression of PI3K is critical for proper pro-B cell development 

and to prevent apoptosis (Zeng et al., 2018). However, IL-7R signaling through mTORC1 is 

critical for pro-B cell proliferation and a second recent report demonstrated that IL-7R signaling 

activates mTORC1 via Plcg/Pkc signaling to promote proliferation in a Stat5 independent but c-

Myc-dependent manner (Zeng et al., 2018). However, this pathway is not important for pro-B cell 

survival, suggesting bifurcated roles for Stat5 and mTORC1 in mediating IL-7R-mediated pro-B 

cell survival and proliferation. 

 Upon its expression in large pre-B cells, signals from the pre-BCR synergize with IL-7R 

signaling to induce a limited burst of proliferation. Expression of the pre-BCR lowers the threshold 

for IL-7 such that large pre-B cells are able to undergo enhanced proliferation even under limited 

concentrations of IL-7 (Marshall et al., 1998). IL-7R and pre-BCR signaling coordinately activate 

the PI3K and Mapk/Erk signaling pathways and inhibition of either PI3K or Mek1 inhibits 

proliferation of pre-BCR+ B cell progenitors (Fleming and Paige, 2001). Downstream of the pre-
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BCR, PI3K is activated by spleen tyrosine kinase (Syk), which is important for promoting B-cell 

proliferation in that Syk-deficient B cells display a developmental block at the pre-B cell stage and 

fail to undergo proliferative expansion (Cheng et al., 1995).  PI3K then signals through Akt to 

promote activation of the cell growth and bioenergetic machinery needed to support the rapid 

proliferation of large pre-B cells through aerobic glycolysis (Doughty et al., 2006). One major 

downstream target of Akt activation in large pre-B cells is mTORC1, which is generally associated 

with cell growth and increased protein synthesis. Raptorff Mb1-cre mice in which B-cell specific 

deletion of the mTORC1-specific adapter protein, regulatory-associated protein of mTOR 

(Raptor), occurs at the pre-pro-B cell stage exhibited a block in early pre-B cells as well as 

decreased survival and proliferation (Iwata et al., 2016). PI3K/Akt signaling also inhibits Foxo1 

and so prevents premature induction of Rag expression and VJ recombination at the 

immunoglobulin light chain locus. Foxo1 also induces expression of the CKI p27/Kip1 to block 

the G1 to S phase transition and Akt is able to counteract p27 expression (Dijkers et al., 2000). 

 Signaling through both the IL-7R and pre-BCR also activate the Mapk/Erk pathway (Reth 

and Nielsen, 2014). Inducible Erk1/Erk2-/- mice exhibit a block in development at the pro-B to pre-

B cell transition (Yasuda and Kurosaki, 2008). Deletion of Erk1/Erk2 within the pre-B cell 

compartment reveals that these cells have normal IL-7R and pre-BCR expression, but are unable 

to proliferate. However, expression of the downstream target, c-Myc, can bypass loss of Erk and 

restore proliferation in vitro demonstrating the importance of c-Myc expression for large pre-B 

cell proliferation. Although the mechanism by which IL-7R and pre-BCR signaling activate the 

MAPK/Erk pathway is not understood, there is crosstalk between PI3K and Mapk/Erk signaling 

pathways and it has been proposed that PI3K activation by the IL-7R and pre-BCR lies upstream 

of Mapk/Erk activation (Reth and Nielsen, 2014). 
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 Expression of the transcription factor c-Myc is induced by both PI3K and MAPK/Erk 

signaling and is crucial for large pre-B cell proliferation (Reth and Nielsen, 2014). c-Myc-deficient 

mice exhibit defective B cell proliferation while c-Myc transgenic mice develop pre-B cell tumors 

(Habib et al., 2007; van Lohuizen et al., 1991). In addition, utilizing a c-Myc knock-in GFP 

reporter gene mouse, it has been demonstrated that the large pre-B cell compartment can be divided 

into two populations based on c-Myc expression (Sandoval et al., 2013). Early, proliferating large 

pre-B cells express c-Myc and c-Myc expression is downregulated in a second large pre-B cell 

subset that appear to be transitioning to the small pre-B cell stage, thus solidifying the link between 

c-Myc and pre-B cell proliferation. c-Myc also regulates the mRNA expression of other cell cycle 

proteins through induction of cyclin D3 and repression of the cell cycle inhibitor p27/Kip1 (Ma et 

al., 2010). Cyclin D3 is another critical cell cycle regulator, which is required for large pre-B cell 

proliferation in that Ccnd3-/- mice exhibit significant decreases in pre-B cell numbers as well as 

>2n DNA content (Cooper et al., 2006). In particular, signaling downstream of the IL-7R through 

Stat5 and co-regulation of c-Myc with the pre-BCR activates cyclin D3 transcription while the 

pre-BCR regulates the stability of cyclin D3 protein. The pre-BCR stabilizes cyclin D3 protein by 

preventing its proteasomal degradation in a manner dependent on proximal kinase activation 

(either Src or Syk) and downstream PI3K activity.  

 After a limited number of divisions, attenuation of IL-7R-mediated proliferation and a shift 

in pre-BCR signaling from promoting proliferation to promoting differentiation, facilitate the 

transition from cycling large pre-B cells to quiescent small pre-B cells (Hamel et al., 2014). 

However, the mechanism of how IL-7R signaling is inhibited and the contribution of the pre-BCR 

to this process is poorly understood. Attenuation of IL-7 signaling may occur through multiple 

mechanisms including through asymmetric division away from sources of IL-7 in the bone marrow 
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microenvironment, which is reinforced by the upregulation of CXCR4 downstream of the pre-

BCR that increases cell motility and limits engagement with IL-7 in the microenvironment 

(Fistonich et al., 2018; Johnson et al., 2008). In addition, signaling downstream of the IL-7R is 

inhibited by upregulation of SOCS1 and SOCS3 or the adaptor protein Lnk or Sh2b3, which 

interfere with proximal signaling through direct interaction with the Jak proteins (Cheng et al., 

2016; Corfe et al., 2011).  

 The role of pre-BCR signaling in cell cycle exit at the large to small pre-B cell transition 

is unclear. Pre-B cells with a pre-BCR lacking tyrosines in the cytoplasmic tail of Iga can still 

proliferate, but are unable to differentiate, indicating that there are differing requirements for pre-

BCR signaling in these processes (Storch et al., 2007). In addition, it has been demonstrated that 

while the pre-BCR is critical for the initiation of enhanced proliferation in large pre-B cells, 

downregulation of pre-BCR expression is not required for the cessation of large pre-B cell 

proliferation. However, downregulation of the pre-BCR expression is required for differentiation, 

which involves cell cycle exit, thus suggesting that the pre-BCR does play a role in regulating 

large pre-B cell proliferation (van Loo et al., 2007). In fact, downstream of the pre-BCR, Blnk, has 

been implicated in mediating repression of IL-7 signaling and differentiation into small pre-B cells. 

Mice deficient in Blnk expression exhibit aberrant pre-B cell proliferation and development pre-B 

cell leukemias. Blnk represses pro-proliferative signaling through inhibition of PI3K, induction of 

Irf4/8 and Ikaros/Aiolos expression which lead to inhibition of c-Myc, and interference with 

proximal IL-7R signaling through Jak3 (Herzog et al., 2008; Lu et al., 2003; Nakayama et al., 

2009). Overall, IL-7R and pre-BCR signaling pathways coordinate the enhanced proliferative 

expansion of large pre-B cells with exit from the cell cycle in preparation for differentiation into 

small pre-B cells. 
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1.3.3) Glucose metabolism across the pre-BCR checkpoint 

Cellular metabolism consists of a number of well-conserved pathways which mediate the 

biochemical reactions required to maintain cellular homeostasis. Both cell extrinsic and intrinsic 

signals regulate metabolic activity to couple cellular requirements for growth, division, and 

survival to the metabolic pathways that regulate the production of key macromolecules necessary 

to fulfill these needs (O'Neill et al., 2016). Metabolic pathways are linked by shared nutrient inputs 

and the flow of products from one pathway which then serve as precursors of another pathway. 

Even resting cells have basal energy requirements which are required to maintain their osmotic 

balance and facilitate replacement biosynthesis of necessary macromolecules (Mason and 

Rathmell, 2011). Cell populations undergoing increased proliferation (i.e. growth factor-

stimulated or cancerous cells) have enhanced nutrient requirements to meet the metabolic demands 

of increased cell growth and division. In these cells, signaling pathways convey information 

regarding the nutrient status of the cell so that they can respond appropriately to nutrient sufficient 

conditions by permitting increased growth and proliferation and nutrient deficient conditions by 

promoting autophagy or possibly cell death. Signals indicating that there are insufficient nutrients 

available to promote cell division activate metabolic checkpoints which lead to cell cycle arrest 

and activation of the intrinsic apoptotic cell death pathway (DeBerardinis et al., 2008).  

 The major nutrient source fueling cellular metabolism is glucose (Mason and Rathmell, 

2011). Cytokine or growth factor signals increase rates of glucose uptake and glycolysis and 

upregulate downstream metabolic pathways important for cell division in order to satisfy the cell’s 

energetic and biosynthetic requirements. However, under conditions of limiting growth factor or 

nutrient availability, glycolysis and overall cell metabolism decreases and if these deficiencies 

persist, cells will eventually succumb to apoptosis. Glucose metabolism is a crucial determinant 



 

 

41 

of apoptotic initiation and maintaining glucose uptake after growth factor or serum withdrawal can 

suppress cell death (Rathmell et al., 2003; Zhao et al., 2007, 2008). Furthermore, cancer cells 

override metabolic checkpoints through oncogenic kinases, which mimic growth signals and 

facilitate enhanced rates of glucose metabolism needed to support proliferation (DeBerardinis et 

al., 2008). Thus, proper regulation of glucose uptake and utilization is critical to fulfill the 

metabolic demands of both normal and transformed cells. 

Regulation of glucose uptake and utilization 

Glucose uptake is in part controlled by cell-surface expression of glucose transporters 

which, in mammalian cells, include two protein families, the sodium-driven sugar cotransporters 

(SGLTs) and glucose transporters (GLUTs) (Augustin, 2010). The GLUT protein family consists 

of 14 isoforms which can be divided into 3 classes. Among these classes, the class I classical 

transporters are the best characterized and are comprised of GLUT1-4 and GLUT14. Of the class 

I transporters, GLUT4 is the most-well known due to its up-regulation by insulin receptor 

activation. However, GLUT4 is only expressed in muscle, liver, and adipose tissue, and not in 

hematopoietic lineages. In contrast, GLUT1 is ubiquitously expressed and is the primary source 

of glucose uptake in lymphocytes (Maciver et al., 2008). In addition, GLUT1 is often 

overexpressed in cancer to facilitate enhanced glucose uptake in tumor cells (Macheda et al., 

2004).  

 GLUT1 expression is regulated at multiple levels including transcription, transport activity, 

and cell surface localization (Asano et al., 1991; Bentley et al., 2003; Lachaal et al., 2001; Wieman 

et al., 2007). Multiple factors have been demonstrated to regulate transcription of Glut1 mRNA 

including Akt, thioredoxin interacting protein (Txnip), and serum/glucocorticoid regulated kinase 

1 (Sgk1) (Barthel et al., 1999; Palmada et al., 2006; Wu et al., 2013). In addition, Txnip inhibits 
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activity of Glut1 protein by promoting its internalization from the plasma membrane and 

proteasomal degradation (Sullivan et al., 2018; Waldhart et al., 2017). A series of papers utilized 

IL-3 dependent hematopoietic cell lines to demonstrate regulation of Glut1 trafficking, including 

the lymphoid cell line, FL5.12 (Bentley et al., 2003; Kan et al., 1994; Wieman et al., 2007). In 

these cells, growth factor signaling following IL-3 stimulation, maintained surface GLUT1 levels, 

promoted recycling of intracellular GLUT1 to the cell surface, and antagonized GLUT1 

internalization. The major downstream pathway facilitating glucose transport is through PI3K/Akt 

(Maciver et al., 2008). Pharmacologic inhibition of PI3K decreases the ability of growth factor and 

cytokine signaling to increase surface Glut1 levels and a constitutively active form of Akt is able 

to maintain surface Glut1 in the absence of growth factor (Wieman et al., 2007). Downstream of 

Akt, mTOR is not important for maintaining surface Glut1 levels, but decreased glucose uptake 

upon rapamycin-mediated mTOR inhibition suggests that mTOR is important for Glut1 activity. 

In addition, IL-7 signaling through Stat5 and Akt have been implicated in Glut1 surface 

localization in T lymphocytes (Wofford et al., 2008). 

 Upon glucose uptake, the initial step of glucose utilization in the cell is its phosphorylation 

by the glycolytic enzyme hexokinase and conversion into glucose-6-phosphate (G6P). The 

hexokinase family consists of four isozymes Type I-IV or Hk1-4 and Type IV is commonly 

referred to as glucokinase (Wilson, 2003). While there is high sequence similarity between 

isozymes, they differ in their expression patterns, affinity for glucose, and sensitivity to inhibition 

by G6P. The isozymes Hk1 and Hk2, also known as mitochondrial hexokinases (mtHks), are able 

to associate with the outer mitochondrial membrane (Robey and Hay, 2005, 2006). Of the mtHks, 

Hk1 is ubiquitously expressed, particularly in tissues reliant on glycolysis while Hk2 expression 

is largely limited to insulin-sensitive tissues such as skeletal muscle and adipose tissue (Wilson, 



 

 

43 

2003).  In addition, Hk1 has a higher affinity for glucose than Hk2 and is more resistant to G6P-

mediated inhibition such that Hk1 activity is enhanced during periods of increased metabolic 

activity. The mtHks largely utilize intramitochondrial sources of ATP to catalyze glucose 

phosphorylation and thus couple glycolysis and mitochondrial oxidative phosphorylation. 

Therefore, hexokinase acts as a critical bridge between glucose uptake and its utilization through 

these two major processes that drive cellular metabolism. 

Glycolytic and oxidative metabolism 

The key molecule produced from cellular metabolism is adenosine triphosphate (ATP) that 

provides energy to fuel cellular processes (Donnelly and Finlay, 2015). Two major pathways 

convert glucose into ATP: glycolysis and oxidative phosphorylation (OxPhos) (Figure 1.8) 

(Donnelly and Finlay, 2015; Lunt and Vander Heiden, 2011). Following glucose uptake, it is 

processed through glycolysis, which is inefficient at ATP production, but yields a number of 

intermediate products that can be utilized in additional biosynthetic growth pathways as well as 

NADH, a cofactor used by a number of metabolic enzymes. The first committed step of glycolysis 

is glucose phosphorylation by hexokinase to produce glucose-6-phosphate (G6P). G6P may pass 

into the pentose phosphate pathway (PPP) for the synthesis of ribose for nucleotides or continue 

to be processed through the glycolytic pathway, ultimately resulting in the production of pyruvate. 

Pyruvate may then be reduced to lactate through lactic acid fermentation in order to recycle 

NADH, maintain NAD+ levels, and maintain flux through the glycolytic pathway. This process is 

favored by proliferating cell populations in that it perpetuates glycolytic metabolism and increases 

the accumulation of biosynthetic intermediates. Pyruvate can also be shuttled into the mitochondria 

as a substrate for the TCA cycle, which produces the reducing agents NADH and FADH2 that fuel 

oxidative phosphorylation and the mitochondrial electron transport chain. In contrast to glycolysis,



 

 

44 

Figure 1.8: Model for glycolytic and oxidative glucose metabolism. Glucose metabolism is 

initiated following glucose uptake through glucose transporters, mainly Glut1-Glut4. After uptake, 

glucose is phosphorylated by hexokinase enzymes to produce glucose-6-phosphate, which can be 

shuttled into the pentose phosphate pathway for nucleotide biosynthesis or continue to be 

processed through glycolysis. Glycolytic intermediates downstream of glucose-6-phosphate can 

act as intermediates for the production of lipids and amino acids. The ultimate product of glycolysis 

is pyruvate, which may be converted into lactate by lactate dehydrogenase to produce NAD+ ions. 

The lactate is secreted from the cell, and the NAD+ ions can feed back into glycolysis. Pyruvate 

can also be shuttled into the mitochondrial to be utilized in the TCA cycle. The TCA cycle 

produces the cofactors NADH and FADH2 which fuel oxidative phosphorylation and ATP 

production.
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this process of oxidative metabolism is focused on ATP generation and thus is favored for 

maintaining homeostatic metabolism in relatively inert or quiescent cells. 

 Cancer cells and rapidly proliferating cells exhibit a hybrid metabolism termed aerobic 

glycolysis, characterized by rapid glycolysis even in the presence of oxygen and mitochondrial 

oxidative phosphorylation, which, promotes enhanced and sustained growth, proliferation, and 

survival (Vander Heiden et al., 2009; Lunt and Vander Heiden, 2011). In these cells the majority 

of pyruvate produced through glycolysis is converted to lactate, which is then secreted from the 

cell. This process of lactic acid fermentation ultimately recycles pyruvate back into the glycolytic 

pathway. Signaling through the PI3K/Akt/mTOR pathway and c-Myc link cell proliferation and 

metabolism and promote aerobic glycolysis (Fan et al., 2010). As a transcription factor, c-Myc 

induces mRNA expression of glucose transporters and other glycolytic genes (Lewis et al., 2000; 

Osthus et al., 2000). Activation of Akt typically acts post-transcriptionally to promote glucose 

transporter surface expression, and enhance activity of glycolytic enzymes including hexokinase 

and phosphofructokinase (Deprez et al., 1997; Gottlob et al., 2001; Majewski et al., 2003, 2004; 

Robey and Hay, 2005; Wieman et al., 2007). While aerobic glycolysis is meant to be transiently 

employed in normal proliferative tissues, it may also be co-opted by cancer cells. The role of c-

Myc and PI3K signaling in promoting aerobic glycolysis also means they are vulnerable to 

mutations that perpetually maintain aerobic glycolysis and fuel the uncontrolled proliferation 

characteristic of cancer (Elstrom et al., 2004; Goetzman and Prochownik, 2018). 

Glucose metabolism and cell survival 

In order to balance growth and proliferation with cell death, metabolic pathways receive 

signals conveying the energy status of the cell and either promote survival under nutrient sufficient 

conditions, or induce apoptosis in nutrient deficient conditions (Mason and Rathmell, 2011). 
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Glucose acts as one of the key nutrient signals determining whether cells grow and proliferate or 

succumb to cell death (Mason and Rathmell, 2011). In particular, if proliferating cells undergoing 

aerobic glycolysis fail to take up sufficient glucose to meet metabolic and biosynthetic demands, 

they undergo cell cycle arrest and if nutrients remain limiting, they undergo apoptosis (Altman and 

Rathmell, 2012). A major energy status sensor that mediates multiple metabolic checkpoints to 

ensure cells only proliferate when sufficient nutrients are available is AMP activated protein kinase 

(AMPK) (Hardie et al., 2012). AMPK is a heterotrimeric protein complex which consists of a 

catalytic a subunit and regulatory b- and g- subunits and is activated by falling energy status as 

indicated by an increased ratio of ADP/AMP to ATP. Under limiting glucose conditions, AMPK 

activates p53 to induce cell cycle arrest and upon complete withdrawal of glucose, apoptosis (Jones 

et al., 2005; Okoshi et al., 2008).  

 Under nutrient-deficient conditions cells undergo apoptosis through the Bcl-2 family-

mediated intrinsic survival pathway through upregulation of pro-apoptotic Bcl-2 family members 

(McClintock et al., 2002). In particular, glucose deficiency has been associated with activation of 

Bax at the mitochondrial membrane while expression of anti-apoptotic Bcl-2 or Bcl-xL, as well as 

loss of pro-apoptotic Bim or Puma can protect cells from apoptosis upon glucose withdrawal (Chi 

et al., 2000; Lee et al., 2001; Ouyang and Giffard, 2016; Zhao et al., 2008). Proper glucose 

metabolism counteracts apoptosis mediated by the intrinsic survival pathway, in part, through 

maintenance of mitochondrial integrity mediated by the glycolytic enzyme, hexokinase. Growth 

factor signaling through Akt has been demonstrated to promote survival of the FL5.12 lymphoid 

cell line and Rat1a fibroblasts through a mechanism dependent on glucose uptake and hexokinase 

activity (Majewski et al., 2003; Rathmell et al., 2003). In addition, Akt signaling inhibits 

dissociation of mtHk from the mitochondrial membrane, which is correlated with an impaired 
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ability of growth factors and Akt to maintain mitochondrial integrity and inhibit apoptosis (Gottlob 

et al., 2001; Majewski et al., 2004). Thus, deficiencies in glucose uptake and metabolism are 

directly linked to cell survival. 

Regulation of metabolism across the pre-BCR checkpoint 

Metabolic regulation during early B cell development across the pre-BCR checkpoint has 

critical implications for proliferation of normal or leukemic pro-B or pre-B cells (Urbanczyk et al., 

2018). However, few studies have been done characterizing metabolism of B cell progenitors 

across the pre-BCR checkpoint and thus the drivers of pro-B and pre-B cell glucose metabolism 

are poorly understood. Early studies utilizing 2-deoxyglucose (2-DG), a non-hydrolyzable glucose 

analog that blocks glycolysis, revealed that pro-B cells and large pre-B cells utilize glucose through 

the glycolytic pathway while small pre-B cells do not (Kojima et al., 2010). Later work provided 

a more comprehensive characterization of metabolic readouts from pro-B, large pre-B, and small 

pre-B cells (Stein et al., 2017). Pro-B cells maintain homeostatic growth mainly through oxidative 

metabolism over glycolytic metabolism and maintain moderate levels of glucose uptake as 

compared to large and small pre-B cells (Stein et al., 2017). The shift from pro-B to large pre-B 

cells is characterized by: reduced mitochondrial mass relative to cell size, which indicates a shift 

from oxidative to glycolytic metabolism, increased reactive oxygen species (ROS) production that 

is a normal byproduct of enhanced metabolic activity, and increased glucose uptake to fuel 

enhanced metabolic activity and cell division (Stein et al., 2017). Then, the shift from large to 

small pre-B cells returns cells to a more oxidative-reliant metabolism as in pro-B cells, but small 

pre-B cells exhibit even lower glucose uptake. As compared to pro-B cells, small pre-B cells 

exhibit a decreased oxygen consumption rate (OCR) and decreased extracellular acidification rate 

(ECAR), which are measurements performed by the Seahorse extracellular flux analyzer that 
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assess the status of oxidative phosphorylation and glycolysis respectively (Stein et al., 2017). 

Furthermore, small pre-B cells have a higher OCR/ECAR ratio indicating an even greater reliance 

on oxidative versus glycolytic metabolism than in pro-B cells. Furthermore, the decreased 

mitochondrial membrane potential of small pre-B cells suggests that they have decreased overall 

metabolic activity through mitochondria, and is in line with their status as a quiescent population. 

 Pro-B cell metabolism is maintained by IL-7-mediated activation of mTORC1, which 

coordinates environmental signals from nutrients and growth factors with cell growth and 

metabolism (Yu et al., 2017; Zeng et al., 2018). Inhibition of mTORC1 results in decreased pro-B 

cell proliferation and metabolism as measured by extracellular flux analysis of OCR and ECAR, 

but has no effect on pro-B cell survival. mTORC1 is canonically activated by signaling through 

PI3K/Akt, which phosphorylates and inhibits TSC1/2, and relieves inhibition of the Ras homolog 

and GTPase Rheb, which activates mTORC1 (Fruman and Limon, 2012). However, it has been 

demonstrated that in pro-B cells, IL-7 signaling activates mTORC1 in a PI3K/Akt independent 

manner and, in fact, that PTEN-mediated inhibition of PI3K is important to allow proper pro-B 

cell development including expression of the IL-7R, Igh rearrangement, and cell survival (Zeng et 

al., 2018). IL-7 led to mTORC1 activation through Plcg1/2 and specifically through the second 

messenger DAG and activation of protein kinase C (Pkc). In line with this finding, Plcg1/2-/- mice 

exhibit defects in IL-7 mediated proliferation, metabolism, and decreased mTORC1 activation (Yu 

et al., 2017).  

 While the exact mechanism by which mTORC1 mediates pro-B cell metabolism is unclear, 

this complex has well-documented roles in metabolic processes in numerous cell types, which 

would be crucial for both pro-B and pre-B cell metabolic pathways. mTORC1 plays an important 

role in regulating the production of proteins, lipids, and nucleotides required for cell growth and 
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division as well as in the suppression of autophagy (Saxton and Sabatini, 2017). The major 

downstream effectors of mTORC1, ribosomal S6K and the eIF4E binding protein (4EBP), mediate 

a number of mTORC1-dependent functions including protein synthesis. mTORC1 also contributes 

to lipid synthesis through S6K1-mediated activation of sterol responsive element binding protein 

(SREBP) transcription factors which control expression of genes important for fatty acid and 

cholesterol biosynthesis (Düvel et al., 2010). In addition, mTORC1 promotes nucleotide synthesis 

through S6K1-mediated activation of carbamoyl phosphate synthetase (CAD) involved in 

pyrimidine synthesis and ATF4-dependent expression of MTHFD2 that is involved in purine 

synthesis (Ben-Sahra et al., 2013, 2016). Finally, mTORC1 facilitates the shift from oxidative to 

glycolytic metabolism through increasing translation of the transcription factor HIF1a, which 

induces expression of a number of glycolytic enzymes (Düvel et al., 2010). These mTORC1 

functions are particularly critical for large pre-B cells, in which this glycolytic shift and 

macromolecule production are required to fuel enhanced proliferative expansion. 

 At the pro-B to pre-B cell transition, the pre-BCR promotes the shift to a primarily 

glycolytic metabolism in part through downregulation of the EF-hand domain family member 

Efhd1 (Stein et al., 2017). Efhd1 is a Ca2+ binding protein that localizes to the inner mitochondrial 

membrane and is expressed in pro-B cells but is downregulated by pre-BCR expression at the pro-

B to large pre-B cell transition. Knockdown or knockout of Efhd1 in pro-B cells increases 

glycolysis and glycolytic capacity and thus decreases the OCR/ECAR ratio, suggesting that Efhd1 

functions in limiting glycolytic metabolism at the pro-B cell stage. Expression of Efhd1 beyond 

the pro-B cell stage in Efhd1 transgenic mice prevents the shift to glycolytic metabolism at the 

pro-B to pre-B cell transition and leads to decreases in mRNA expression of components of the 

Akt and Erk pathways as well as Glut1, which are critical mediators of large pre-B cell metabolic 
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activity. Thus, proper regulation of Efhd1 expression by the pre-BCR is important to facilitate the 

shift in metabolic pathways at the pro-B to large pre-B cell transition. 

 Within the pre-B cell compartment, a metabolic checkpoint regulates the shift back to a 

primarily oxidative metabolism and overall decrease in metabolic activity important for the large 

to small pre-B cell transition. This pre-B cell metabolic checkpoint is controlled by folliculin 

interacting protein 1 (Fnip1). Fnip1 forms a complex with AMPK which in turn regulates 

mTORC1 in response to the energy status of the cell (Iwata et al., 2017). Fnip1-/- mice exhibit a 

block at the large pre-B cell stage due to an imbalance in metabolism through dysregulation of 

AMPK and mTOR (Park et al., 2012). Large pre-B cells from Fnip1-/- mice are able to respond to 

proliferative signals from the IL-7R and pre-BCR, but are unable to differentiate into small pre-B 

cells. This leads to excessive cell growth, enhanced sensitivity to apoptosis upon metabolic stress 

such as nutrient deficiency or oncogene activation, and an overall phenotype of energy exhaustion. 

In addition, while AMPK is activated in Fnip1-/- large pre-B cells, it is unable to inhibit mTOR-

mediated cell growth. Thus, Fnip1 functions to maintain metabolic homeostasis within the pre-B 

cell compartment through interactions with the energy sensor AMPK and modulation of mTORC1 

activity during the rapidly proliferating large pre-B cell stage. This discovery emphasizes the 

importance of mTORC1 for large pre-B cell growth and proliferation as well as the need for proper 

regulation of mTORC1 to mediate the transition to small pre-B cells. 

 Control of pre-B cell metabolism has also recently been appreciated as a mechanism of 

tumor control by B-lineage transcription factors, which act as tumor suppressors counter-acting 

the development of B cell leukemias (Chan et al., 2017). In particular, Pax5 and Ikaros, which are 

critical for the commitment and differentiation of B cell progenitors, have been referred to as 

“metabolic gatekeepers” of B cell development (Muschen, 2019). Pax5 and Ikzf1 are mutated in 
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over 80% of cases of pre-B cell acute lymphoblastic leukemia (B-ALL) (Chan et al., 2017). Both 

transcription factors have been demonstrated to enforce a state of glucose and energy deprivation 

at the pre-B cell stage to rein in metabolic activity at the large to small pre-B cell transition. Thus, 

regulation of glucose metabolism across the pre-BCR checkpoint is critical to separate cell growth 

from differentiation and immunoglobulin gene rearrangements to facilitate proper B cell 

development across this checkpoint as well as to prevent leukemia development. 

1.4) c-Myb 

The Myb locus encodes the transcription factor and proto-oncogene c-Myb, a DNA binding 

phosphoprotein that acts as an activator and repressor of gene transcription (Zhou and Ness, 2011). 

c-Myb was originally discovered as the cellular homologue of the v-Myb oncogene found in two 

avian retroviruses, avian myeloblastosis virus (AMV) and E26 virus, which cause erythroid and 

myeloid leukemias in chickens (Klempnauer and Bishop, 1984; Leprince et al., 1983). c-Myb 

differs from virus-encoded v-Myb proteins by the presence of truncations that cause them to 

become oncogenic and drive leukemia development (Lipsick and Wang, 1999). The discovery of 

v-Myb in avian leukemia led to the primary association of c-Myb with hematopoietic lineages 

(Zhou and Ness, 2011). Early studies suggested roles for c-Myb in survival, proliferation, and 

differentiation of hematopoietic cells (Oh and Reddy, 1999). Experiments utilizing in vitro culture 

systems linked c-Myb expression with inhibiting differentiation and maintaining proliferation of 

leukemia cell lines. c-Myb expression was downregulated by chemically induced differentiation 

of myeloid and erythroid leukemia cell lines (Pedrazzoli et al., 1989; Ramsay et al., 1986). In 

contrast, forced expression of c-Myb inhibited differentiation of erythroid progenitor leukemia cell 

lines (Chen et al., 2002; Clarke et al., 1988; McClinton et al., 1990). In addition, shRNA-mediated 

knockdown of c-Myb induced differentiation in a subset of T-ALL (Clappier et al., 2007). Thus, 
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these preliminary studies suggested that c-Myb plays an important role in the maintenance of 

leukemia cells, but whether c-Myb is also important in normal hematopoiesis was unknown. 

 A critical role for c-Myb in normal hematopoiesis was demonstrated by the generation of 

a Myb null allele, which failed to produce homozygous null mice demonstrating that loss of c-Myb 

was embryonic lethal (Mucenski et al., 1991). The Myb-/- embryos developed normally until 

embryonic day 13, but by day 15, the embryos were anemic and died in utero. Furthermore, Myb-

/- embryos had defects in myeloid development in the fetal liver and failed to switch from fetal to 

adult-type erythropoiesis. However, while the embryonic lethality of Myb null mutations first 

demonstrated a crucial role for c-Myb during normal adult hematopoiesis, it also impeded study 

of c-Myb function in the development of each hematopoietic lineage. Therefore, subsequent 

studies have utilized alternative approaches including hypomorphic mutations, c-Myb knockdown, 

and conditional deletion models that circumvent the embryonic lethality of Myb null mutations 

and enable continued interrogation of c-Myb function. 

In addition to normal hematopoiesis, c-Myb has been implicated as a proto-oncogene 

acting in the development of both leukemias and solid tumors (Ramsay and Gonda, 2008). 

Increased c-Myb expression has been detected in murine leukemia models of erythroid, myeloid, 

and lymphoid cells (Belli et al., 1995; Clarke et al., 1988; Shen-Ong et al., 1989). In these 

hematopoietic tumors, increased c-Myb expression often retains leukemic cells in an immature, 

proliferating state and prevents differentiation. In addition, c-Myb has been implicated in murine 

and human B and T-ALL. Targeting c-Myb via allelic deletion in mouse and human models of 

BCR/Abl-transformed leukemia and via shRNA mediated knockdown in a human B-ALL cell line 

results in decreased survival, proliferation, and an overall reduced leukemic aggressiveness 

(Sarvaiya et al., 2012; Waldron et al., 2012). c-Myb has also been implicated in human T-ALL 
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and AML through chromosomal translocations and duplications at the Myb locus (Clappier et al., 

2007; Lahortiga et al., 2007). While the initial characterization of c-Myb focused on hematopoietic 

cell lineages and leukemias, c-Myb has also been implicated in solid tumors including colon 

tumors, breast cancers, and head and neck tumors (Miao et al., 2011; Persson et al., 2009; Ramsay 

et al., 1992).  Thus, understanding c-Myb function and identifying c-Myb target genes in normal 

cell development will inform therapeutic strategies for treating tumors with aberrant c-Myb 

expression. 

1.4.1) Structure and function 

The main form of c-Myb expressed in hematopoietic cells is a 75-kDa protein although 

alternatively spliced variants have been detected in human, mouse, and chicken derived 

hematopoietic cells (O'Rourke and Ness, 2008; Shen-Ong et al., 1990). Human c-Myb, in 

particular, undergoes significant alternative splicing and over 60 splice variants have been 

identified in pre-B-ALL samples (Zhou et al., 2011). However, little is known about the functional 

importance of these splice variants. The best characterized alternatively spliced Myb transcript is 

an 89-kDa isoform produced by insertion of exon 9A between exons 9 and 10. The 89-kDa isoform 

constitutes 10-15% of total c-Myb protein in hematopoietic cells and was found to have increased 

transcriptional activity as compared to the 75-kDa isoform in in vitro transactivation potential 

studies using luciferase reporter plasmids (Klempnauer et al., 1983; Kumar et al., 2003). In 

addition, expression of the 89-kDa isoform was reported to be important for survival and 

proliferation of p210-BCR/ABL-transformed cells suggesting that increased transactivation 

potential of this isoform could also convey greater oncogenic potential (Manzotti et al., 2012). 

However, deletion of exon 9A in mice did not have any apparent effects on development or 

hematopoiesis (Baker et al., 2010). Thus, characterization of the 89-kDa isoform of c-Myb reveals 
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the potential for structurally similar alternative gene products of the Myb locus to have differential 

effects on normal and transformed cells. 

c-Myb protein has three major functional domains: an amino-terminal DNA-binding 

domain (DBD), a central transactivation domain (TAD), and a C-terminal negative regulatory 

domain (NRD) (Figure 1.9) (Sakura et al., 1989). The DBD is highly conserved throughout all 

eukaryotic organisms (Biedenkapp et al., 1988). It consists of three imperfect tandem repeats (R1, 

R2, and R3) that form a helix-turn-helix motif. Three tryptophan residues spaced 18 or 19 amino 

acids apart maintain the hydrophobic core of the loop and are important for DNA binding 

(Tanikawa et al., 1993). Of the three tandem repeats, R2 and R3 bind the Myb response element 

(MRE) PyAACG/TG while R1 binds non-specifically to the DNA to stabilize the complex. In the 

presence of c-Myb, the MRE PyAACG/TG motif can activate transcription of reporter genes 

(Weston and Bishop, 1989). However, it has also been demonstrated that c-Myb has varying 

affinity for a number of consensus and non-consensus sites suggesting that c-Myb-DNA 

interactions are regulated at multiple levels including through interactions with other proteins 

(Nakagoshi et al., 1992). The DBD interacts with a number of proteins including transcriptional 

co-activators, co-repressors, and cell cycle proteins. The DBD interacts with Mi-2a/CHD3, which 

is typically known as a component of the NURD co-repressor complex, as well as FLICE-

associated huge protein (FLASH) which act as co-activators of c-Myb transcriptional activity 

(Alm-Kristiansen et al., 2011; Sæther et al., 2007). In addition, the DBD interacts with the 

transcriptional co-repressors Ski, nuclear receptor co-repressor 1 (N-CoR), and mSin3A which 

recruit a histone deacetylase complex that represses c-Myb transcription (Nomura et al., 2004). 

Furthermore, cyclin D1 and cyclin D3 have been demonstrated to associate with the Myb DBD  
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Figure 1.9: Structure of v-Myb and c-Myb proteins. Depiction of the functional domains of c-

Myb and their alterations in the alternatively spliced transcript c-MybEX9A and the viral Myb (v-

Myb) variants v-MybAMV and v-MybE26. These domains include the DNA binding domain (DBD) 

at the amino-terminus, the central transcriptional activation domain (TAD), and the negative 

regulatory domain at the carboxyl-terminus (NRD). The DBD contains three tandem repeats R1, 

R2, and R3. The NRD contains leucine zipper (LZ) and EVES motifs. c-MybEX9A is an 89-kDa 

alternatively spliced isoform that includes exon 9A within the leucine zipper motif. The virus-

encoded forms of Myb v-MybAMV and v-MybE26 contain both N- and C-terminal truncations. v-

MybAMV also includes the viral gag protein at the amino-terminus and env protein at the carboxyl-

terminus (purple). v-MybE26 also includes the viral gag protein at the amino-terminus and a 

truncated Ets-1 at the carboxyl-terminus. 
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and to specifically inhibit transcription through the v-Myb but not c-Myb DBD (Ganter et al., 

1998). 

 The 80 amino acid TAD has not been well characterized but is essential for c-Myb-

mediated transcriptional activation (Frampton et al., 1993). The most well-characterized 

interaction of the TAD is with the histone acetyl transferase p300 (Dai et al., 1996). The 

importance of this interaction is illustrated by mice with a point mutation at the Myb locus 

(MybM303V/M303V) that interferes with its interaction with p300 and leads to thrombocytosis, 

megakaryocytosis, anemia and lymphopenia (Sandberg et al., 2005). The TAD also interacts with 

the co-repressors TIP60 and Menin which recruit HDAC1/2 and the MLL histone methyl 

transferase complex and alter c-Myb-dependent gene expression (Jin et al., 2010; Zhao et al., 

2012). Several studies have also demonstrated that the TAD is important for oncogenic 

transformation (Cuddihy et al., 1993; Pattabiraman et al., 2014).  

 The NRD is located at the carboxyl-terminus of c-Myb and plays an important role in the 

control of c-Myb function. The viral form of c-Myb, v-Myb, lacks a portion of the NRD, which 

contributes to its role in leukemia development (Klempnauer et al., 1982). This observation first 

suggested that the NRD is important for regulating c-Myb function. The NRD has been implicated 

in co-repressor recruitment as deletions at the carboxyl-terminus result in increased DNA binding, 

transcriptional activation, and cellular transformation (Gonda et al., 1989; Nomura et al., 1993). 

In addition, transcriptional co-repressors bind to the NRD to inhibit c-Myb transcriptional activity 

including transcriptional intermediary factor 1 b (TIF1b) and Myb-binding protein 1A (Mybbp1a) 

(Nomura et al., 2004; Tavner et al., 1998). The NRD consists of a heptad leucine repeat (HLR) 

sequence at the carboxy-terminus of the c-Myb protein (Kanei-Ishii et al., 1992). Mice expressing 

a hypomorphic allele of c-Myb (MybPlt4) with a point mutation in the HLR exhibit reduced 
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transactivation capacity (Carpinelli et al., 2004; Greig et al., 2010). The NRD also contains a 

glutamic acid-valine-glutamic acid-serine (EVES) motif found near the carboxyl-terminus of the 

protein has been implicated in auto-inhibition of c-Myb through interactions with the DBD (Dash 

et al., 1996). Furthermore, post-translational modifications of the NRD including phosphorylation, 

acetylation, ubiquitylation, and sumoylation regulate c-Myb protein stability and transactivation 

activity (see below). Thus, the c-Myb NRD has a critical role in regulation of c-Myb function and 

to reduce the potential for oncogenic transformation due to enhanced c-Myb activation.   

1.4.2) Regulation of c-Myb expression 

c-Myb mRNA is expressed in progenitors of each hematopoietic lineage and is greatest in 

immature progenitor cells, decreasing as cells progress toward terminal differentiation (Bender 

and Kuehl, 1987; Duprey and Boettiger, 1985; Ess et al., 1999; Greig et al., 2008; Westin et al., 

1982). For example, in B cell development when c-Myb expression was initially characterized in 

pro-B and pre-B cell leukemia cell lines, they were found to contain more Myb mRNA than cell 

lines representing more mature stages of B cell development (immature, mature, and plasma cells) 

(Bender and Kuehl, 1987). In addition, our lab demonstrated that normal mouse pro-B and pre-B 

cells expressed more Myb than immature and mature B cell subsets (Thomas et al., 2005). 

Developing hematopoietic cells are also sensitive to levels of c-Myb expression such that 

overexpression in c-Myb-deficient embryonic stem cells blocks erythrocyte and megakaryocyte 

differentiation and abolishes B lymphopoiesis in vitro (Sakamoto et al., 2006). In addition, Myb+/- 

mice exhibit partial blocks in B and T cell lineage development and express about 75% of normal 

c-Myb protein (Xiao et al., 2007).Thus, proper levels of c-Myb expression are critical for decisions 

regarding hematopoietic lineage development and differentiation. c-Myb is also expressed in other 
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cell types including: neural retina, tooth buds, hair follicles, neuronal cells, and various epithelial 

cell types including in the colon, breast and airway (Ess et al., 1999; Malaterre et al., 2007, 2008). 

c-Myb expression and function are regulated at multiple levels including transcription, 

RNA regulation by miRNA, and a variety of post-translational modifications. Levels of c-Myb 

mRNA are primarily determined by a conditional block to transcriptional elongation within the 

first intron (Bender and Kuehl, 1987; Hugo et al., 2006). The Myb locus is also regulated by distant 

enhancer or repressor regions. Retroviral insertion of the common murine leukemia virus (MuLV) 

downstream of the Myb locus at the Ahi-1 locus promotes c-Myb activation in T-cell lymphoma 

cell lines (Hanlon et al., 2003; Poirier et al., 1988). Distal regulatory regions have also been 

identified in the Myb-Hbs1l intergenic region upstream of the Myb locus in erythroid lineage 

progenitors such that insertion of an erythropoietin receptor transgene reduces c-Myb expression 

and interaction of the LDB1 complex (Gat1/Tal1/Ldb1) in association with the cofactors 

Eto2/Mtgr1) with intergenic regions activates c-Myb expression in mouse erythroleukemia (MEL) 

cells (Mukai et al., 2006; Stadhouders et al., 2011). A number of proteins have been identified as 

regulators that influence Myb expression including Nfkb, E2f, and Ets1, which were implicated in 

activation of Myb and WT-1, which was implicated in repression of Myb (McCann et al., 1995; 

Sala et al., 1994; Sullivan et al., 1997; Toth et al., 1995). More recently, direct regulators that 

bound to the Myb locus were identified including HoxA9, Meis1, Pbx1, and Pbx2 (Dassé et al., 

2012). However, the specific role of these proteins in c-Myb function is poorly understood. 

Myb is also regulated by a number of microRNAs (miRNA) including miR-15a, miR-34a, 

miR-150, and miR-200, which appear to regulate translation of c-Myb mRNA (Basso et al., 2012; 

Cesi et al., 2014; Lu et al., 2008; Navarro et al., 2009; Zhao et al., 2009). Among these, miR-150 

has been the most studied. miR-150 binds the 3’ untranslated region (UTR) of Myb mRNA and 
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represses c-Myb expression in peripheral B and T cells (Xiao et al., 2007).  Expression of miR-

150 was also found to be downregulated in granulocytes that over-expressed c-Myb from patients 

with primary myelofibrosis (PMF), suggesting that miR-150 is critical to regulate c-Myb 

expression in megakaryocytes and that failure to do so promotes disease (Guglielmelli et al., 2007). 

In addition, miR-15a binds the c-Myb UTR resulting in decreased c-Myb expression and a cell 

cycle block in K562 myeloid leukemia cells (Zhao et al., 2009). Thus, post-transcriptional 

regulation of c-Myb by miRNAs is important for modulating c-Myb expression in multiple 

hematopoietic cell types and to prevent aberrant c-Myb expression in disease.  

Post-translational modifications that affect c-Myb function include acetylation, 

phosphorylation, ubiquitination, and sumoylation. Acetylation of c-Myb increases its 

transactivation capacity by increased binding to BCP and p300 (Sano and Ishii, 2001). 

Phosphorylation by Wnt-1 at multiple sites targets c-Myb for ubiquitination and degradation 

(Kanei-Ishii et al., 2004). Phosphorylation on serine-528 has differential effects on c-Myb 

transactivation activity in that it increases the ability of c-Myb to activate the CD34 promoter, but 

not the c-Myb or Mim1 promoters (Aziz et al., 1995; Miglarese et al., 1996). In addition, 

phosphorylation at serines 11 and 12 regulates c-Myb DNA binding (Oelgeschläger et al., 1995). 

Ubiquitination on its carboxyl terminus and sumoylation of the carboxyl terminus by SUMO1 

regulate the stability of c-Myb protein (Bies et al., 2002). However, despite identification of these 

post-translational modifications affecting c-Myb, much of these discoveries have come from in 

vitro experimental models using cells lines or cell-free systems. Thus, due to the lack of data 

derived from whole animal models, the relevance of these post-translational modifications to c-

Myb transcriptional activity is still unclear. 
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1.4.3) c-Myb in B cell development 

Due to the embryonic lethality of germline Myb null mutations, it has been difficult to 

analyze c-Myb function in lineage specified B cell progenitors. In order to bypass the embryonic 

lethality of c-Myb knockout, early experiments utilized the Rag-deficient blastocyst 

complementation system in which Myb-/- embryonic stem (ES) cells were injected into Rag1-/- 

blastocysts which were then implanted into mouse hosts (Allen III et al., 1999). Rag1-/- cells cannot 

produce mature lymphocytes, therefore, host mice are chimeric for all tissues except antigen 

receptor rearranged B and T lymphocytes which could only be generated from Myb-/- cells. Myb-/- 

ES cells could not generate mature B and T lymphocytes or macrophages, and even pro-B cells 

were all Rag1-/-, indicating that c-Myb expression is required for the development of B-lineage 

cells from HSCs. This experimental system revealed a critical role for c-Myb in B and T 

lymphocyte development. However, due to the inability to differentiate issues in MPPs from more 

mature progenitors, these experiments could not identify specific roles for c-Myb in lymphocytes 

or macrophages and thus, could not be used to study c-Myb function in specified or committed 

lymphocyte lineage progenitors. The next generation of c-Myb studies utilized hypomorphic Myb 

alleles to circumvent c-Myb-dependent embryonic lethality. In the initial hypomorph, insertion of 

a neomycin resistance cassette into intron 6 of the murine Myb locus resulted in a significant 

reduction in numbers of B220+ B cell progenitors in the bone marrow and suggested that c-Myb is 

important for B lymphopoiesis (Emambokus et al., 2003). In later studies, additional c-Myb 

hypomorphs were identified in ENU mutagenesis screens and were characterized by point 

mutations targeting the DBD, TAD, and NRD domains, which also lead to defects in early B cell 

development (Carpinelli et al., 2004; Sandberg et al., 2005). However, these early studies could 

not separate c-Myb-dependent functions in HSCs or early hematopoietic progenitor cells from B-

lineage specific functions. 
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 To account for the embryonic lethality of Myb null mutations and facilitate stage-specific 

analysis of c-Myb function, our lab engineered conditional Myb knockout mouse models utilizing 

the Cre/loxP system. Mice were generated in which loxP sites flank exon 2 of the Myb locus so 

that excision by Cre-recombinase prevents the expression of all known Myb isoforms and splice 

variants (Bender et al., 2004). To initially analyze c-Myb function in B cell development, floxed-

Myb (Mybff) mice were crossed with CD19-cre mice in which deletion is initiated during the pro-

B cell stage (Thomas et al., 2005). In Mybff CD19-cre mice, we found no difference in absolute 

number of pro-B cells where deletion was ongoing, but significant decreases in pre-B and 

immature B cells. Interestingly, when CD19+ pro-B and pre-B cells were sorted and assessed for 

deletion efficiency of the floxed Myb allele, we noted that the Myb allele was efficiently deleted 

in pro-B cells but not pre-B cells. This result suggested that there is selection against c-Myb 

deletion in pre-B cells and thus that c-Myb is important for the transition to or maintenance of the 

pre-B cell compartment. In addition, Mybff CD19-cre mice contained 50% fewer follicular B cells 

and 85% fewer B-1 B cells, but normal absolute numbers of marginal zone B cells. This reduction 

was surprising as the block in the pro-B to pre-B cell transition was incomplete and numbers of 

peripheral B cells would likely be restored by homeostatic proliferation. Therefore, the decreased 

numbers of mature B cell subsets observed in Mybff CD19-cre mice suggested that c-Myb is 

important for the maintenance of peripheral B cells. In line with this, we found that c-Myb-

deficient splenic B cells were hyporesponsive to the pro-survival factor BAFF due to reduced 

expression of the BAFF receptor and therefore, exhibited reduced viability. 

 To further characterize the role of c-Myb in the earliest B lineage progenitors, Mybf/f Mb1-

cre mice were generated in which inactivation at the Myb locus is initiated in pre-pro-B cells and 

completed in the pro-B cell stage of development. Loss of c-Myb expression in Mybf/f Mb1-cre 
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mice caused a complete block in differentiation from pre-pro-B cells to CD19+ pro-B cells and c-

Myb expression was absolutely required for the development and maintenance of CD19+ pro-B 

cells (Fahl et al., 2009; Greig et al., 2010). Deletion of c-Myb in Mybf/f CD19-cre Rag2-/- mice, 

which enriches for pro-B cells in which c-Myb ablation is initiated, revealed that c-Myb was also 

critical for survival within the pro-B cell compartment (Fahl et al., 2009). To identify a potential 

mechanism for how c-Myb mediates pro-B cell survival, expression of key genes involved in pro-

B cell development were assessed and it was demonstrated that c-Myb regulates mRNA and 

protein expression of the IL-7Ra and mRNA expression of the key B lineage transcription factor 

Ebf1 (Fahl et al., 2009). However, exogenous expression of IL-7Ra could not rescue survival of 

c-Myb-deficient pro-B cells suggesting that c-Myb regulates pro-B cell survival independent of 

IL-7R expression. Expression of exogenous Ebf1 could partially rescue development of CD19+ 

pro-B cells during in vitro stromal cell culture of c-Myb-deficient progenitors indicating that c-

Myb is critical for the differentiation to and survival of CD19+ pro-B cells. 

 Characterization of the mechanism of c-Myb-dependent pro-B cell survival revealed that 

c-Myb regulates both intrinsic and IL-7-dependent survival (Figure 1.10) (Fahl et al., 2018). c-

Myb regulated the intrinsic survival of pro-B cells (survival in the absence of IL-7) through 

repression of the pro-apoptotic Bcl-2 family members Bim and Bmf, which were further repressed 

by IL-7R signaling. IL-7R signaling through Stat5 repressed both Bim and Bmf and induced 

expression of the anti-apoptotic Mcl-1. However, expression of exogenous IL-7Ra could not 

repress Bim and Bmf expression suggesting that c-Myb regulates other components of IL-7R 

signaling. c-Myb also repressed expression of SOCS3, a negative regulator of IL-7 signaling which 

binds to the IL-7Ra, Jak1, and Jak3 proteins to prevent their interaction and also targets Jak1 and 

Jak3 for proteasomal degradation (Croker et al., 2008). Bypassing loss of IL-7R expression and 
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Figure 1.10: Control of pro-B cell survival by c-Myb. In the absence of IL-7, c-Myb controls 

the intrinsic survival of pro-B cells by repressing the expression of Bmf and Bim (shaded gray). 

However, c-Myb also positively regulates the expression of IL-7Rα. Signaling through the IL-7 

receptor by binding of IL-7 activates STAT5 and Akt. Activated STAT5 further represses 

expression of Bmf and Bim as well as increases expression of Mcl- 1. Activated Akt can only 

repress Bmf and does not induce expression of Mcl-1. Thus, c- Myb serves to set a baseline 

expression of Bmf and Bim expression in pro-B cells, independent of IL-7 signaling, as well as 

induce expression of the IL-7 receptor, providing a mechanism to further repress expression of 

Bim and Bmf, providing a mechanism to regulate the lifespan of pro-B cells. In addition, c-Myb 

represses expression of SOCS3, which is a negative regulator of IL-7 signaling by inhibiting the 

activation STAT5 by JAK kinases. Green lines represent positive regulation and red lines represent 

negative regulation. 
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signaling by SOCS3 inhibition through expression of a constitutively active Stat5 (CA-Stat5) was 

unable to rescue recovery of c-Myb-deficient pro-B cells suggesting that c-Myb has additional 

roles apart from survival that would account for the incomplete rescue. In line with this notion, c-

Myb expression was also critical for pro-B cell proliferation. 

 c-Myb-dependent defects in pro-B cell survival and proliferation as well as previous work 

indicating that c-Myb is important for the transition to or maintenance of the pre-B cell 

compartment suggested that c-Myb regulates the expression of genes involved in the pre-BCR 

checkpoint and large pre-B cell proliferation. In fact, c-Myb coordinated pro-B cell survival with 

the expression of critical genes important for the pre-BCR checkpoint including the pre-BCR 

component l5 (Igll1), the cell cycle regulator cyclin D3 (Ccnd3), and the chemokine receptor 

CXCR4 (Fahl et al., 2018).  Furthermore, l5 was demonstrated to be a direct c-Myb target. 

Decreased expression of these critical checkpoint genes suggested that c-Myb is important across 

the pre-BCR checkpoint for the pro-B to large pre-B cell transition. This notion was supported by 

experiments utilizing a Bcl2Tg to rescue pro-B cell survival which rescued numbers of pro-B cells 

but not large or small pre-B cells. In addition, c-Myb-deficient large pre-B cells exhibited defects 

in proliferation, suggesting that c-Myb may have a distinct role in the pre-B cell compartment. 

Overall, utilizing conditional inactivation at the Myb locus at different stages of B cell 

development with Mb1-cre and CD19-cre revealed that c-Myb is critical for the development of 

the earliest stage of committed B cell progenitors and furthermore, that c-Myb is important for the 

survival, proliferation, and differentiation of multiple stages of B cell development. However, the 

question remained of whether c-Myb might have specific roles in later stages of B cell 

differentiation including large and small pre-B cells, as well as immature B cells. 
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1.5) Thesis Rationale 

At the time this project was initiated, it had been established that the transcription factor c-

Myb plays critical roles during the development of the earliest B-lineage progenitors. Utilizing 

conditional deletion at the Myb locus in different stages of B cell development, previous work 

from our lab and others demonstrated that c-Myb expression is absolutely required for the 

development of pro-B cells as well as for survival within the pro-B cell compartment (Fahl et al., 

2009; Greig et al., 2010). Subsequently, our lab identified downstream effectors of c-Myb activity 

important for mediating pro-B cell survival including pro-apoptotic Bcl-2 family members and 

multiple components of the major survival pathway in pro-B cells through the IL-7R (Fahl et al., 

2018). However, activating pro-survival signaling downstream of the IL-7R through Stat5 failed 

to fully rescue numbers of c-Myb-deficient pro-B cells. This result suggested that c-Myb has 

additional, survival-independent functions in pro-B cells and that these functions may be mediated 

by IL-7 signaling through an alternative pathway. In addition, previous work in the lab 

demonstrated that c-Myb coordinates regulation of pro-B cell survival with expression of genes 

critical for proliferation and differentiation across the pre-BCR checkpoint (Fahl et al., 2018).  

Furthermore, rescuing pro-B cell development and survival revealed additional defects in the 

numbers of large and small pre-B cells. However, it was still unclear if c-Myb has a distinct role 

in the pre-B cell compartment or if decreased numbers of large and small pre-B cells were the 

result of defects in c-Myb-deficient pro-B cells which would impact their ability to cross the pre-

BCR checkpoint. In lieu of these observations, the purposes of this project were to identify 

additional roles for c-Myb in the pro-B cell compartment, to determine if c-Myb is important in 

the pre-B cell compartment after selection across the pre-BCR checkpoint, and to identify 

mediators of c-Myb activity that regulate these functions. As a result, this work is the first to 
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characterize the role of c-Myb in large pre-B cells and has identified a previously unappreciated 

role for c-Myb in the earliest stages of glucose metabolism in both pro-B and large pre-B cells.  
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Chapter II. Materials and Methods 

2.1) Mice 

 

Mice. Mybff mice have been previously described (Bender et al., 2004). Briefly, exon 2 of the Myb 

locus was flanked by loxP sites to generate a floxed Myb allele. Recognition of the loxP sites by 

Cre recombinase leads to excision of exon 2, resulting in an out of frame exon1/exon3 splice during 

transcription of the Myb locus, which prevents expression of all known murine c-Myb isoforms. 

Rag2-/- mice (Taconic Farms) were crossed with Mybff mice to generate Mybff Rag2-/- mice. Rag2-

/- mice were generated by replacing a 0.85 kb segment of the Rag2 open reading frame with 

PMC1neo (Shinkai et al., 1992). UBC-Cre-ERT2 mice (Jackson Laboratories) were crossed with 

Mybff Rag2-/- mice to generate Mybff Rag2-/- Cre-ERT2 mice. UBC-Cre-ERT2 mice were generated 

by lentitransgenesis using a lentiviral vector expressing human ubiquitin C (UBC) upstream of a 

Cre-ERT2 fusion gene (Ruzankina et al., 2007). Bcl2Tg mice were crossed with Mybff Rag2-/- mice 

to generate Mybff Rag2-/- Bcl2Tg mice. Bcl2Tg mice express human Bcl-2 cDNA driven by the Eµ 

immunoglobulin heavy chain enhancer and the SV40 promoter so that Bcl-2 expression is directed 

to both T cell and B cell lineages (Strasser et al., 1991). 

 

Genotyping. Tail biopsies were collected for genotyping, digested in 700 µl tail DNA lysis buffer 

(100 mM Tris-HCl pH 8.5, 5 mM EDTA pH 8, 200 mM NaCl, 0.2% SDS, 200 µg/ml proteinase 

K), and left overnight at 55°C. Tail debris was cleared by centrifugation at 14,800 rpm for 5 

minutes at room temperature. DNA was precipitated with 700 µl isopropanol, washed with 700 µl 

70% ethanol, and re-suspended in 400 µl H2O. Polymerase chain reaction (PCR) reactions were 

performed using APEX Taq DNA polymerase (Genessee Scientific) for all reactions except for 
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YFP PCR, which was performed using HotStart Taq DNA Polymerase (Genessee Scientific). Each 

reaction used 2 µl of tail DNA in a total volume of 25 µl and was run on a DNA Engine Peltier 

Thermal Cycler (Bio-Rad). PCR products were run on 1% General Purpose agarose gels except 

Mybf reactions, which were run on 3% Nusieve Agarose gels, and were visualized by ethidium 

bromide staining. See Table 2.1 for genotyping PCR primers and product sizes. PCR conditions 

for each reaction were:  

 

 Mybf : 94°C 4 minutes, (94°C 1 minute, 58°C 1 minute, 72°C 1 minute) x 30, 72°C 6  

 minutes, 4°C soak 

 CD19-cre : 96°C 1 minute, (94°C 30 seconds, 59.5°C 1 minute, 72°C 90 seconds) x 32, 

 4°C soak 

 Cre-ERT2 :  94°C 4 minutes, (94°C 1 minute, 58°C 1 minute, 72°C 1 minute) x 30, 72°C 6 

 minutes, 4°C soak 

 Rag2-/- : 94°C 5 minutes, (94°C 1 minute, 67°C 1 minute, 72°C 1 minute) x 40, 72°C 10 

 minutes, 4°C soak 

 Bcl2Tg : 94°C 3 minutes, (94°C 30 seconds, 58°C 30 seconds, 72°C 45 seconds) x 36, 

 72°C 2 minutes, 4°C soak 

 YFP : 94°C 15 minutes, (94°C 30 seconds, 52°C 1 minute, 72°C 1 minute) x 31, 72°C 7 

 minutes, 4°C soak 
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Table 2.1. Genotyping PCR Primers 

 

Reaction Primer Sequence Product Size 
c-Mybf N2 GCATGCCTCTGGAAAGTACCTTAAAC WT=161bp 
  N4 GTCTAGGAGCAAAGTTCTAACAGC Floxed=194bp 
  N6 CAGACAGACAGAACGTGCATTC Deleted=267bp 
CD19cre cre7 TCAGCTACACCAGAGACGG WT=450bp 
  CD19c AACCAGTCAACACCCTTCC Cre=750bp 
  CD19d CCAGACTAGATACAGACCAG   
Cre-ERT2 Cre 531 CGATGCAACGAGTGATGAGG Cre=250bp 
  Cre 819 GCATTGCTGTCACTTGGTCCT   
Rag2 RagA GGGAGGACACTCACTTGCCAGTA WT=~300 bp 
  RagB AGTCAGGAGTCTCCATCTCACTGA KO=~400 bp 
  NeoA CGGCCGGAGAACCTGCGTGCAA   
Bcl2Tg imr0550 TGGATCCAGGATAACGGAGG Control=324 bp 
  imr0551 TGTTGACTTCACTTGTGGCC Bcl2=170 bp 
  imr0042 CTAGGCCACAGAATTGAAAGATCT   
  imr0043 GTAGGTGGAAATTCTAGCATCATCC   
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2.2) Cell Lines and Tissue Culture 

 

Incubator Conditions. All cells were cultured in a humidified incubator at 37°C and with an 

atmosphere of 5% CO2. 

 

Cell lines and culture conditions. The HEK 293T cell line was grown in Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Life Technologies), 

100 U/ml penicillin-streptomycin, and 2 mM L-glutamine. The NIH 3T3 cell line was grown in 

Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% FBS, 100 U/ml 

penicillin-streptomycin, and 2 mM L-glutamine. The OP9 stromal cell line (D. Allman, University 

of Pennsylvania) was grown in DMEM supplemented with 10% FBS, 100 U/ml penicillin-

streptomycin, 2 mM L-glutamine, 1% Sodium pyruvate, 1% 100X HEPES, 0.1% gentamycin, and 

50 µM b-mercaptoethanol (2-ME). The Irf4/8-/- large pre-B cell line (M. Mandal, University of 

Chicago) was cultured on an OP9 stromal cell layer in Opti-Minimal Essential Medium (Opti-

MEM) supplemented with 10% FBS, 100 U/ml penicillin-streptomycin, 50 µM 2-ME, and 

10ng/ml IL-7 (PeproTech). Cells were re-supplemented with 10ng/ml IL-7 every 24 hours in 

culture. 

 

Pro-B cell culture for metabolism assays. CD19+ pro-B cells from Mybff Rag2-/-Bcl2Tg (+/-) 

mice were positively selected by MACS purification as described in section 2.4. Pro-B cells were 

re-suspended in Opti-MEM supplemented with 15% FBS, 100 U/ml penicillin-streptomycin, 2 

mM L-glutamine, 50 µM 2-ME, and 5 ng/ml IL-7 at 1x106 cells per ml and plated at 1 ml per well 

of a 24-well plate for retroviral transduction. Following transduction with the indicated 
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retroviruses, 1x106 cells in 1 ml total volume were re-plated per well of a 24-well plate and 

incubated for the indicated time points before analysis for glucose uptake and hexokinase activity.  

 

Retroviral supernatant production. Retroviral supernatants were produced by CaPO4 

transduction of HEK293T cells with the desired expression vector and the RetroMax packaging 

vector pCl-Eco (Pear, 2001). HEK293T cells were seeded at 2x106 cells and 4 ml total volume per 

60 mm plate and incubated for 24 hours. A retrovirus transfection cocktail was prepared by 

combining 10 µg of the desired expression vector, 10 µg of pCl-Eco, 50 µl 2.5M CaCl2 solution 

pH 7.2 (2.5 M CaCl2, 10 mM HEPES) and TE pH 7.3 (10 mM Tris-HCl, 1 mM EDTA) to a final 

volume of 500 µl per 60 mm transfection plate. The transfection cocktail solution was added to 

500 µl of 2X HBS pH 7.2 (50 mM HEPES, 10 mM KCl, 0.28 M NaCl, 1.2 mM Dextrose, 1.5 mM 

Na2PO4×7H2O), dropwise while bubbling air into the combined solution through a Pasteur pipette. 

This solution was added to the HEK293T cell 60 mm plates, dropwise at 1 ml per plate (total 

volume 5 ml per plate) and incubated for 24 hours. The transfection cocktail was aspirated from 

the plates and replaced with 3 ml Opti-MEM supplemented with 15% FBS, 100 U/ml penicillin-

streptomycin, 2 mM L-glutamine, and 50 µM 2-ME. At 24 and 48 hours later, viral supernatant 

was harvested, filtered through a 0.45 µm Whatman syringe filter (GE Healthcare), and stored at 

-80°C. 

 

Retroviral titer. Retroviral titer was determined by transduction of NIH3T3 cells. NIH3T3 cells 

were seeded at 2x105 cells and 2 ml total volume per well of a 6-well plate and cultured for 24 

hours. Each well was then supplemented with 2ml medium plus 4 µg/ml polybrene and for each 

retrovirus preparation 1 µl, 10 µl and 100 µl of retroviral supernatant was added to 3 wells of 
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NIH3T3 cells. The cells were then centrifuged at 2,000 rpm for 90 minutes at room temperature 

and then incubated for 24 hours. Cells were harvested by trypsinization and for NGFR and NGFR-

Cre retroviruses, were stained for expression of NGFR, after which flow cytometry was performed 

to determine the proportion of GFP+ or NGFR+ cells. The approximate concentration of viral 

particles was calculated using the volumes of viral supernatant that produced a linear proportion 

of GFP+ or NGFR+ cells using the following formula: 

(% GFP+/100) x 8x105 

Volume of viral supernatant added 

8x105 represents the approximate number of NIH3T3 cells present on the day of flow cytometry. 

The viral titer is calculated in units of number of infectious particles per ml. 

 

2.3) Retroviral Plasmids and Transduction 

Retroviral vectors. The retroviral vectors pMIG-R1, pMSCV-IRES-tNGFR, pMSCV-IRES-

tNGFR-Cre, pMIG-17.2.25, pSIREN-RetroQ-shLuc-IRES-eGFP, pSIREN-RetroQ-shMyb, 

pMIG-IkWT, pMIG-Ik159A, pMSCV-IRES-tNGFR-Glut1, and pMSCV-IRES-tNGFR-Hk1 have 

been previously described (Ferreirós-Vidal et al., 2013; Guloglu et al., 2005; Hess et al., 2006; 

Izon et al., 2001; Nitta et al., 2006; Pear et al., 1993; Wieman et al., 2007). pMIG-R1 and pMSCV-

IRES-NGFR were provided by Warren Pear, University of Pennsylvania. pMIG-17.2.25 was 

provided by Christopher Roman, SUNY Downstate Medical Center. pSIREN-RetroQ-shLuc-

IRES-GFP was provided by Takeshi Nitta, University of Tokushima. c-Myb-targeting shRNA 

(shMyb) was provided by Robert Slany, University Erlangen. pMIG-IkWT and pMIG-Ik159A 

were provided by Dr. Stephen Smale, University of California Los Angeles. pMSCV-IRES-

tNGFR-Glut1 and pMSCV-IRES-tNGFR-Hk1 were provided by Dr. J. Rathmell, Vanderbilt 
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University. Plasmids were transfected into OneShot Top10 competent cells (Invitrogen), grown in 

100 ml selection medium overnight at 37°C, and purified using the Qiagen Maxiprep Kit per 

manufacturer’s instructions. 

 pMSCV-IRES-tNGFR-Cre. Cre cDNA was excised from pSP72-Cre as an XhoI/EcoRI 

fragment and cloned into the pLITMUS28 XhoI/EcoRI site to generate pLITMUS28-Cre. Cre 

cDNA was then excised from pLITMUS28-Cre as a BglII/EcoRI fragment and cloned into the 

pMSCV-IRES-NGFR BglII/EcoRI site to generate pMSCV-Cre-IRES-NGFR. 

 pSIREN-RetroQ-shMyb. shMyb was excised from pSIREN-RetroQ as a BsteII fragment 

and cloned into the BsteII site of pSIREN-RetroQ-IRES-eGFP. 

 pSIREN-RetroQ-shMyb-IRES-tNGFR. IRES-tNGFR was excised from pMSCV-IRES-

tNGFR as a BglII/XhoI fragment and cloned into the BglII/XhoI site of pLITMUS28. IRES-tNGFR 

was excised from pLITMUS28 as a EcoRV fragment and cloned into the EcoRV site of pSIREN-

RetroQ-shMyb.  

 

CD19+ pro-B cell transduction. CD19+ pro-B cells from Mybff Rag2-/- or Mybff Rag2-/- Bcl2Tg 

mice were positively selected by MACS purification as described in section 2.4. Pro-B cells were 

re-suspended in Opti-MEM supplemented with 15% FBS, 100 U/ml penicillin-streptomycin, 2 

mM L-glutamine, 50 µM 2-ME, and 5 ng/ml IL-7 at 1x106 cells per ml and plated at 1 ml per well 

of a 24-well plate for retroviral transduction. Pro-B cells were transduced with the indicated 

retroviruses at a multiplicity of infection (MOI) of 10:1 and a total volume of 1 ml retroviral 

supernatant per well. If a volume less than 1 ml was necessary to reach the desired MOI, the 

volume was brought up to 1 ml using Opti-MEM supplemented with 15% FBS, 100 U/ml 

penicillin-streptomycin, 2 mM L-glutamine, and 50 µM 2-ME. Then recombinant IL-7 was added 
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at a concentration of 5 ng/ml and polybrene at a concentration of 8 µg/ml per well. Pro-B cells 

were centrifuged at 2,000 rpm for 90 minutes at room temperature and incubated for 2 hours. Pro-

B cells were harvested from the plate into 15 ml conical tubes, centrifuged at 1,800 rpm and 10°C, 

and seeded for glucose uptake and hexokinase activity assays as described above. 

 

De-novo generation of pre-B cells (µHC-transduced pro-B cells). CD19+ pro-B cells from Mybff 

Rag2-/- or Mybff Rag2-/- Bcl2Tg mice were positively selected by MACS purification as described 

in section 2.4. Pro-B cells were re-suspended in Opti-MEM supplemented with 15% FBS, 100 

U/ml penicillin-streptomycin, 2 mM L-glutamine, 50 µM 2-ME, and 5 ng/ml IL-7 at 1x106 cells 

per ml and plated at 1 ml per well of a 24-well plate for retroviral transduction. Cells were then 

transduced as described above, with pMIG-R1 or pMIG-17.2.25, returned to culture for 24 hours, 

transduced with pMSCV-IRES-tNGFR or pMSCV-IRES-tNGFR-Cre, and returned to culture for 

the indicated time points before analysis by flow cytometry. 

 

Irf4/8-/- large pre-B cell transductions. Irf4/8-/- large pre-B cells were maintained in culture on 

an OP9 stromal cell layer in Opti-MEM supplemented with 10% FBS, 100 U/ml penicillin-

streptomycin, 50 µM 2-ME, and 10 ng/ml IL-7. At 24 hours pre-transduction, OP9 cells were 

seeded in a 24-well plate at 25,000 cells and 1 ml per well for Irf4/8-/- cell transduction and in a 

24-well plate at 20,000 cells and 1ml per well or a 96-well plate at 2,500 cells and 100 µl per well 

for Irf4/8-/- cell post-transduction. For transduction, Irf4/8-/- large pre-B cells were seeded on the 

OP9 24-well transduction plate at 1x106 cells and 1 ml per well in Opti-MEM supplemented with 

10% FBS, 100 U/ml penicillin-streptomycin, 50 µM 2-ME, and 10 ng/ml IL-7. Irf4/8-/- large pre-

B cells were transduced with the indicated retroviruses at a multiplicity of infection (MOI) of 10:1 
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and a total volume of 1 ml retroviral supernatant per well. If a volume less than 1 ml was necessary 

to reach the desired MOI, the volume was brought up to 1 ml using Opti-MEM supplemented with 

10% FBS, 100 U/ml penicillin-streptomycin, 50 µM 2-ME, and 10 ng/ml IL-7. Then recombinant 

IL-7 was added at a concentration of 10 ng/ml and polybrene at a concentration of 8 µg/ml per 

well. Irf4/8-/- large pre-B cells were centrifuged at 2,000 rpm for 90 minutes at room temperature 

and incubated for 2 hours. Irf4/8-/- large pre-B cells were harvested from the plate into 15 ml 

conical tubes, centrifuged at 1,800 rpm and 10°C, and seeded on OP9 post-transduction 24-well 

or 96-well plates at 1x106 cells and 1 ml per well or at 1.5x105 cells and 150 µl per well respectively 

and incubated for the indicated time points. 

 

2.4) Flow Cytometry and Cell Sorting 

Isolation of single cell suspension from bone marrow. Single cell suspensions from bone 

marrow of Mybff Rag2-/- or Mybff Rag2-/- Bcl2Tg mice were prepared from 6-8 week old mice. 

Femurs and tibias were harvested, the ends were trimmed with a razor blade, and bone marrow 

was flushed out with DMEM supplemented with 5% FBS, 2 mM L-glutamine, and 100 U/ml 

penicillin-streptomycin (DMEM+). Single cell suspensions were centrifuged at 1800 rpm for 5 

minutes at 10°C (this program was used for all subsequent centrifugations). The supernatant was 

aspirated and erythrocytes were lysed by incubation in 5 ml Ammonium-Chloride-Potassium 

(AKC) lysis buffer (0.15 M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA (pH 7.2-7.4)) for 3 

minutes on ice. The lysis reaction was quenched with 5ml of DMEM+, cells were centrifuged, the 

supernatant was aspirated, cells were re-suspended in the desired medium or buffer, and filtered 

through a 100 µm nylon cell strainer. Cells were counted on a hemocytometer using trypan blue 

exclusion. 
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Magnet Activated Cell Sorting (MACS). To isolate CD19+ pro-B cells from Rag2-/- mice, bone 

marrow was isolated into a single cell suspension and counted as described above. Bone marrow 

cells were re-suspended in 1x107 cells per 90 µl PBS supplemented with 0.5% BSA and 2 mM 

EDTA (MACS buffer). Prior to use, MACS buffer was sterile filtered through a 0.2 µm filter and 

degassed. Then 10 µl CD19 magnetic beads (Miltenyi) were added and cells were incubated for 

15 minutes at 4°C. Cells were washed with 5ml MACS buffer and centrifuged at 1800 rpm for 5 

minutes at 10°C (this program was used for all subsequent centrifugations). Cells were then re-

suspended in 1 ml MACS buffer and positively selected over LS MACS columns per the 

manufacturer’s protocol. In brief, each column was equilibrated with 3 ml MACS buffer, the cell 

suspension was added, and each column was washed 2 times with 3 ml MACS buffer. Each column 

was then removed from the magnet and CD19+ cells were eluted by plunging the column with 5ml 

MACS buffer. Cells were counted on a hemocytometer using trypan blue exclusion and seeded for 

cell culture as described above. 

 

Flow cytometry and Fluorescence Activated Cell Sorting (FACS). 1-2x106 cells were stained 

in 50 µl phosphate buffered saline (PBS) containing 0.5% bovine serum albumin (BSA) and 0.01% 

NaN3 (PBA) with pre-titered fluorochrome- or biotin-conjugated antibodies (Table 2.2). For 

experiments conducted in 96-well plates with fewer cells, they were stained in a 25 µl volume. For 

experiments using a fixable cell viability dye, cells were stained in a low BSA PBS solution (PBS 

containing 0.01% BSA). Dead cells were identified using the DNA intercalating dye 4’,6-

diamidino-2-phenylindole (DAPI) (Sigma-Aldrich) or the amine-reactive Zombie Aqua Fixable 

Viability Dye. Cells were analyzed on a FACSCanto II (BD Biosciences, CytoFLEX (Beckman 
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Coulter), or the Attune NxT (Thermo Fisher Scientific). Data were analyzed using FlowJo software 

(Tree Star). For isolation of transduced or co-transduced GFP+, NGFR+, or GFP+/NGFR+ pro-B or 

Irf4/8-/- large pre-B cells for RNA, genomic DNA, cDNA, or protein lysate preparation, cells were 

stained as described above and cell sorting was performed using either a FACSVantage SE Turbo 

Sorter with DIVA Option (BD Biosciences) or BD Influx Cell Sorter (BD Immunocytometry 

Systems). 

 

Quantitation of cell counts for relative recovery by counting beads. To determine the total 

number of cells per sample, 50 µl of 5 µm AccuCount Blank Particles (Spherotech) of a known 

concentration were added to triplicate wells per sample condition. Cells were then harvested, 

stained as desired, and analyzed by flow cytometry. To determine the total number of cells per 

well using AccuCount Blank Particles, the following formula was used:  

# particles seeded x # cells collected 
# particles collected 

a-active Caspase 3 Staining. Prior to staining, cells set aside for a-active Caspase-3 

compensation were treated with Dexamethasone at 10 µM and incubated for 3 hours. Then cells 

were surface stained as described above and fixed using the BD Cytofix/Cytoperm Kit per the 

manufacturer’s protocol. Briefly, after the final wash in PBA, cells were re-suspended in 100 µl 

Cytofix/Cytoperm (BD Pharmingen) and incubated, covered and on ice for 20 minutes. Cells were 

washed with 200 µl 1X Perm/Wash Buffer (BD Pharmingen), re-suspended in 100 µl a-active 

Caspase-3 staining solution (5 µl a-active Caspase-3 and 95 µl Perm/Wash Buffer), and incubated 

30 minutes, covered and at room temperature. Cells were washed with 200 µl 1X Perm/Wash 

Buffer, re-suspended in 200 µl 1X Perm/Wash Buffer, and analyzed by flow cytometry.
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Table 2.2. Flow cytometry antibodies 

 

Marker Clone Fluorochromes Source 
a-Active Caspase-3 C92-605 AlexaFluor 647 BD Pharmingen 
CD2 RM2-5 PE eBioscience 
NGFR ME20.4-1.H4 Biotin Miltenyi 
NGFR ME20.4 APC BioLegend 
Streptavidin  PE BD Pharmingen 
Zombie Aqua   BioLegend 
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Click-iT EdU vs. 7AAD Staining. To assess cell proliferation, DNA synthesis and DNA content 

were analyzed by simultaneously measuring EdU uptake and 7AAD DNA staining. EdU uptake 

was analyzed using the Click-iT Plus EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Life 

Technologies) per the manufacturer’s protocol. Briefly, cells were incubated for 2 hours with 10 

µM EdU, then surface stained as described above. Cells were re-suspended in 50 µl Click-iT 

Fixative and incubated 15 minutes, covered and at room temperature. Then, cells were washed 

with 200 µl Click-iT Fix/Perm Buffer, re-suspended in 100 µl Click-iT Fix/Perm Buffer, and stored 

at 4°C. On the day of flow cytometry analysis, the Click-iT Plus reaction cocktail was prepared 

according to the manufacturer’s instructions, 500 µl of Click-iT Plus reaction cocktail was added 

to each sample, and cells were incubated for 30 minutes, covered and at room temperature. Cells 

were washed with 500 µl Click-iT Fix/Perm Buffer and re-suspended in 7AAD (eBioscience) 

diluted in Click-iT Fix/Perm Buffer at 8 µl 7AAD staining solution per 200 µl buffer before 

analysis by flow cytometry.  

 

2-NBDG Glucose Uptake Assay. Glucose uptake was analyzed using the 2-NBDG Glucose 

Uptake Assay Kit (BioVision) per the manufacturer’s protocol. Cells were harvested, counted, and 

aliquots of 2x105 cells were prepared in triplicate for each sample. Then, cells were surface stained 

as described above and re-suspended in 400 µl Opti-MEM supplemented with 0.5% FBS, re-plated 

on a 24-well plate, and incubated for 1 hour at 37°C and 5% CO2. As a control for glucose uptake, 

cells were re-suspended in 400 µl Opti-MEM supplemented with 0.5% FBS and the glucose uptake 

inhibitor Phloretin at a 1:100 dilution. For each well, 400 µl of glucose uptake mix was prepared 

per the manufacturer’s instructions and for the glucose uptake control, Phloretin was added as 

above. Cells were incubated for 30 minutes at 37°C and 5% CO2, harvested to Eppendorf tubes 
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and washed with 500 µl 1X Analysis Buffer (BioVision). Cells were re-suspended in 300 µl 1X 

Analysis Buffer (BioVision) and analyzed by flow cytometry. 

 

2.5) RNA/DNA Preparations and Quantitative Real-Time PCR (qRT-PCR) 

Deletion efficiency PCR. µHC-transduced pro-B cells were electronically sorted based on co-

expression of GFP/NGFR as well as CD2, and genomic DNA was isolated. Cells were lysed in 

500 µl TSE lysis buffer (10 mM Tris, 150 mM NaCl, 10 mM EDTA, 0.2% SDS, 600 µg/ml 

proteinase K) at 55°C overnight. Lysates were cleared by centrifugation at 14,800 rpm for 5 

minutes at room temperature. Genomic DNA was precipitated with 500 µl isopropanol, washed 

with 500 µl 70% ethanol, and re-suspended in 200 µl dH2O. The Myb genotyping reaction was 

performed as described above. 

 

RNA extraction and reverse transcription (RT). Total cellular RNA was isolated using the 

TRIZOL reagent (Invitrogen) according to the manufacturer’s protocol. Treatment with RNase-

free DNase I (Invitrogen) was used to remove contaminating DNA and the SuperScript III First-

Strand Synthesis System (Invitrogen) was used to prepare cDNA by the manufacturer’s protocol. 

For RNA-seq, total cellular RNA from electronically sorted, GFP+ Irf4/8-/- large pre-B cells was 

isolated using the TRIZOL reagent (Invitrogen) and purified using the Qiagen RNeasy Kit 

(Qiagen) by the manufacturer’s protocol.  
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Quantitative RT-PCR (qRT-PCR). qRT-PCR was performed on a MyiQ Single Color Real-

Time PCR Detection System (Bio-Rad) using Titanium Taq DNA polymerase (Clonetech) and 1X 

SYBR Green (Invitrogen) using the following conditions: 

 95°C for 3 minutes 

 40 cycles of 95°C for 40 seconds 

 66°C for 20 seconds 

 72°C for 30 seconds 

 Extension at 72°C for 1 minute 

Melt curve analysis was performed to ensure melting temperatures were appropriate and 

equivalent. Primer sequences are listed in Table 2.3. Each sample was normalized to expression 

of HPRT and relative expression was calculated using the 2-DDCT method as previously described 

(Pfaffl, 2001). 

 

2.6) Protein Preparation and Immunoblotting 

Western blotting. To determine c-Myb knockdown efficiency, transduced Irf4/8-/- large pre-B 

cells were electronically sorted based on GFP expression as described above and lysed in the 

following lysis buffer (20 mM Tris pH 7.2, 100 mM NaCl, 10 mM EDTA, 1 mM EGTA, 1% 

Triton X-100) (Emambokus et al., 2003) supplemented with an EDTA-free protease inhibitor 

cocktail (Roche) and 1mM PMSF (Sigma-Aldrich). Fifteen micrograms of protein were run on a 

15% SDS-polyacrylamide gel and transferred to a Protran nitrocellulose transfer membrane 

(Whatman). Membranes were then blocked for 1 hour in PBS supplemented with 0.05% Tween-

20 (PBS-T) containing 5% non-fat dry milk powder and incubated overnight with the c-Myb 

targeting primary antibody in PBS-T at 4°C. Membranes were washed 3 times with PBS-T and 
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Table 2.3. Quantitative Real Time PCR Primers 

 

Gene Sequence 
Ccnd3 ATGCTGGAGGTGTGTGAGGA 
  CCACAGCCTGGTCCGTATAG 
Foxo1 AAGGATAAGGGCGACAGCAA 
  TGGATTGAGCATCCACCAAG 
Hk1 GCCACGCCTCGGTGCCATCTT 
  GGTCTTGTGGAACCGCCGGG 
Hprt TGCCGAGGATTTGGAAAAAGTG 
  CACAGAGGGCCACAATGTGATG 
Ikzf1 GGAGGCACAAGTCTGTTGAT 
  CATTTCACAGGCACGCCCATTCT 
Ikzf3 GCCGAGATGGGAAGTGAGAG 
  CCGGGATTGTAGTTGGCATC 
IL7Rα AGGATGGGATCCTGTCTTGC 
  GGGGAGACTAGGCCATACGA 
mTOR CCATCCAATCTGATGCTGGA 
 GGTGTGGCATGTGGTTCTGT 
Myc CGAAACTCTGGTGCATAAACTG 
  GAACCGTTCTCCTTAGCTCTCA 
Plcg1 CTGTTCCACAGACGAATGCCCA 
 GAGTTAGGCTCATTGCGTTTCCG 
Rag1 GGGGAGTGGGGTTGAAAGTA 
  TCCTCCAATCCTGCCTCCTA 
Slc2a1 AGCCCTGCTACAGTGTAT 
  AGGTCTCGGGTCACATC 
Txnip CGAGTCAAAGCCGTCAGGAT 
  TTCATAGCGCAAGTAGTCCAAAGT 
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incubated with anti-Rabbit HRP secondary antibody in PBS-T containing 5% non-fat dry milk for 

2 hours at room temperature. Again, membranes were washed 3 times with PBS-T and proteins 

were detected using the Western Lightning Plus-ECL enhanced chemiluminescence substrate 

(Perkin Elmer) on HyBlot CL film (Denville Scientific). As a loading control, membranes were 

incubated with b-Actin-HRP antibody in PBS-T for 1 hour at room temperature and detected on 

film as above. Signals were quantified using ImageQuant TL 2005 software and normalized to the 

b-Actin signal. Antibodies used for western blotting are detailed in Table 2.4. 

 

Hexokinase activity assay. CD19+ pro-B cells were transduced with pMSCV-IRES-tNGFR or 

pMSCV-IRES-tNGFR-Cre and electronically sorted based on the expression of tNGFR at 48 hours 

post-transduction. Irf4/8-/- large pre-B cells were transduced with pSIREN-RetroQ-shLuc-IRES-

eGFP or pSIREN-RetroQ-shMyb-IRES-eGFP and electronically sorted based on the expression 

of GFP at 72 hours post-transduction. The enzymatic activity of hexokinase (HK) was measured 

using the Hexokinase enzyme assay kit (Biomedical Research Service and Clinical Application or 

BMR; E-111) per the manufacturer’s protocol. Briefly, cells were lysed in 50 µl 1X Cell Lysis 

Solution (BMR), incubated 5 minutes on ice, and centrifuged at 13,000 rpm for 3 minutes at 4°C. 

Protein concentrations between samples were normalized to 0.5 µg/µl and, if needed, were diluted 

with 1X Cell Lysis Solution (BMR). For each sample condition, 10 µl of lysate was added to a 96-

well plate in two sets of triplicate wells. Control and reaction solutions were prepared with 500 µl 

of HK Assay Solution with or without 10 µl of HK Substrate and 50 µl of each solution was added 

to triplicate wells for each sample condition. Cells were incubated for 1 hour at 37°C and 50 µl of 

3% Acetic Acid was added to stop the reaction. For each well, the OD492nm was measured and the 
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Table 2.4. Western blot antibodies 

 

Protein Clone Species Source 
c-Myb EP769Y Rabbit Epitomics 
β-actin-HRP AC-15 Mouse Sigma-Aldrich 
Rabbit HRP     GE Healthcare 
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measurements for control wells were subtracted from the measurements for sample wells. Then 

hexokinase enzyme activity was calculated using the following formula: 

1U/L = OD492nm x 16.98 

 

2.7) Microarray and RNA-seq 

Microarray. Pro-B cells from Mybff Rag2-/- and Mybff Rag2-/- Cre-ERT2 mice were cultured for 24 

hours, treated with 4-hydroxytamoxifen (4-OHT) at 0.6 µM and the pan-caspase inhibitor Q-VD-

OPH (SM Biochemicals) at 100 µM, and returned to culture for 48 hours. Total RNA was 

homogenized using QIAshredder spin columns (Qiagen) and prepared using the RNeasy Plus 

Micro Kit (Qiagen) according to the manufacturer’s protocol. Quantity of total RNA was measured 

using a NanoView (GE Health Systems) at UV 260 nm and quality was assessed on the Agilent 

Technologies 4200 TapeStation. Double stranded cDNA and biotin-labeled cRNA were 

synthesized according to Affymetrix recommendations. Biotin-labeled cRNA was hybridized to 

Mouse Genome 430 2.0 Gene ChIP (Affymetrix) for 16 hours and scanned with the Affymetrix 

Gene-Array Scanner as previously described (Gallagher et al., 2005). Synthesis of cRNA, ChIP 

hybridization, data collection, and production of CEL files were performed by the University of 

Virginia Genome Analysis and Technology Core. The CEL files were then imported into R version 

3.0.1 using the oligo package (Carvalho and Irizarry, 2010). Differential expression analysis was 

performed using the R/Bioconductor limma package (Ritchie et al., 2015). 

 

RNA-seq. Retrovirus-transduced Irf4/8-/- large pre-B cells were electronically sorted based on 

GFP expression and total cellular RNA was prepared as described above. 
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 Library preparation. Quantity of total RNA was measured using a NanoView (GE Health 

Systems) at UV 260 nm and quality was assessed on the Agilent Technologies 4200 TapeStation. 

Samples with RNA integrity numbers of 7.7 and above were selected to prepare libraries using the 

NEBNext Ultra II Directional RNA Library Prep Kit for Illumina (New England BioLab) 

following the manufacturer’s protocols. Briefly, 1 microgram of total RNA was used to isolate 

mRNA using NEBNext Poly(A) mRNA Magnetic Isolation Module, followed by fragmentation 

and poly-A priming. First & second-strand cDNA synthesis followed.The resulting cDNA was 

end-repaired dA tailed before ligated to the i5 and i7 sequencing adapters.  To allow multiplexing 

of the libraries, unique barcodes had been incorporated to the ligation products via PCR, and the 

final purified libraries were quantified by a Qubit 3 Fluorometer (Fisher Scientific)  and sized by 

Agilent TapeStation.   

 Next-Generation sequencing run and quality control. Individually barcoded libraries 

were adjusted to equal molar concentration and pooled to a 4 nM solution, which was then 

denatured in 0.1N sodium hydroxide, following the Illumina recommended procedure.  Before 

each run, the denatured pool was diluted to 1.2 pM before loading on the Illumina NextSeq 150 

High Output sequencing kit reagent cartridge.  Sequencing run was carried out on the Illumina 

NextSeq 500 for paired-end sequencing (R1=R2=75 cycles).  Demultiplexing of the barcoded 

sequences was performed on line in BaseSpace. Quality assessment of the sequencing reads was 

performed by running the FASTQC Andrews S. (2010). FastQC: a quality control tool for high 

throughput sequence data. Available online at: 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc 

 Differential Gene Expression Analysis. The fastq files were first quality filtered and then 

aligned to the mouse transcriptome mm10 using STAR following by gene counting with HTSeq 

(Anders et al., 2015; Dobin et al., 2013). The count data were then imported into R-Bioconductor 
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for differential expression analysis using DESeq2 (Love et al., 2014). RNA-seq library 

preparation, next generation sequencing, quality control, genome alignment, and gene counting 

were performed by the University of Virginia Genome Analysis and Technology Core. 

 

Gene set analysis. Gene set analysis was performed utilizing the investigate function of the 

Molecular Signatures Database (MSigDb) (Liberzon et al., 2011, 2015; Subramanian et al., 2005). 

Microarray results at a threshold of p<0.05 and RNA-seq results at a threshold of p<0.0001 were 

used to compute overlaps with curate gene set collections for KEGG pathways nad Gene Ontolog 

(GO) gene sets for Biological Processes at an FDR q-value below 0.05. 

 

2.8) Statistics.  

Differences between data sets were analyzed using the two-tailed Student t test at a confidence 

level of 95% for all experiments. Error bars represent standard error of the mean (SEM). Data sets 

were analyzed and figures were prepared with Prism v.7.0 and Prism v.8.0 (GraphPad Software). 
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Chapter III. c-Myb regulates IL-7R signaling to promote pro-B cell proliferation and 

glucose metabolism 

 

3.1) Introduction 

B cell development initiates in the bone marrow from hematopoietic stem cells (HSCs), 

which undergo a series of developmental stages to gain B-lineage specific genes while conversely 

losing the potential for differentiation into other myeloid or lymphoid cell lineages (Hardy et al., 

2007). The CD19+ pro-B cell stage marks the first stage of B-lineage committed progenitors. At 

the pro-B cell stage, V(D)J recombination occurs at the Igh locus, resulting in the production of a 

µHC, which combines with the surrogate light chain and signaling molecules Iga and Igb to form 

the pre-BCR. Regulation of survival during the pro-B cell stage is critical to ensure that cells have 

enough time to successfully complete V(D)J rearrangements at the Igh locus, while not too much 

time as to allow failed rearrangements to result in mutations or chromosomal translocations 

(Opferman, 2008). Pro-B cell survival is regulated by the intrinsic survival pathway and the 

balance in pro-apoptotic and anti-apoptotic members of the Bcl-2 protein family. Apoptosis 

through the intrinsic survival pathway occurs following oligomerization of the pro-apoptotic Bcl-

2 family members Bax and Bak at the mitochondrial membrane, which is inhibited by anti-

apoptotic Bcl-2 family members, including Bcl-2 and Mcl-1, which are in turn, inhibited by the 

pro-apoptotic BH3-only proteins, including Bim, Bmf, Bid, and Bad (Strasser, 2005). The relative 

expression of these pro-apoptotic and anti-apoptotic proteins is responsive to levels of cellular 

stress such as growth factor or nutrient deprivation and thus ensure that B cell progenitors that are 

unfit to continue in development are removed.  
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  The major nutrient source in pro-B cells is glucose, which is processed to fuel cellular 

metabolism through two major pathways: glycolysis and oxidative phosphorylation (Donnelly and 

Finlay, 2015). A more glycolytic metabolism is favored by activated or proliferating cells while a 

more oxidative metabolism is used to maintain homeostasis in less active or quiescent cells 

(Donnelly and Finlay, 2015; Lunt and Vander Heiden, 2011). Pro-B cells maintain moderate levels 

of proliferation while alternating between dividing populations engaged with IL-7-producing 

stromal cells and non-dividing populations undergoing DNA rearrangements at the Igh locus 

(Clark et al., 2014). To do this, pro-B cells primarily utilize oxidative metabolism and to a lesser 

extent glycolytic metabolism to generate sufficient energy and macromolecules to maintain 

homeostatic proliferation (Urbanczyk et al., 2018).  

 Signaling through the IL-7R is crucial for the survival, proliferation, and metabolism of 

pro-B cells. Signaling through the IL-7R in pro-B cells, activates the Jak/STAT and the 

Plcg/Pkc/mTORC1 signaling pathways (Malin et al., 2010; Mandal et al., 2009; Yu et al., 2017). 

Jak1/3 signaling through Stat5 mediates pro-B cell survival through regulating the balance 

between pro- and anti-apoptotic Bcl-2 family members. In addition, Stat5 contributes to pro-B cell 

proliferation through inducing expression of the cell cycle regulator Ccnd3 (Mandal et al., 2009). 

Plcg signals through the second messenger DAG to activate Pkc and ultimately mTORC1 and this 

pathway has been demonstrated to be critical for pro-B cell proliferation and metabolism (Yu et 

al., 2017; Zeng et al., 2018). Upon deletion of Plcg1/2 or rapamycin-mediated inhibition of 

mTORC1, pro-B cells are unable to respond to IL-7 signaling resulting in decreases in pro-B cell 

proliferation and metabolic readouts of oxidative phosphorylation and glycolysis. Activation of 

mTORC1 does not affect pro-B cell survival and acts independently of IL-7 signaling through 
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Stat5, indicating that these two pathways through mTORC1 and Stat5 mediate separate processes 

important for maintaining the pro-B cell compartment. 

 Previous work from our lab and others revealed critical roles for c-Myb in differentiation 

to pro-B cells as well as pro-B cell survival (Fahl et al., 2009; Greig et al., 2010). We subsequently 

investigated the mechanism of c-Myb-mediated pro-B cell survival and demonstrated that c-Myb 

regulates the intrinsic survival of pro-B cells, in the absence of IL-7, through repression of the pro-

apoptotic Bcl-2 family members Bim and Bmf (Fahl et al., 2018). In addition, signaling 

downstream of the IL-7R through Stat5 further repressed expression of Bim and Bmf and increased 

expression of the anti-apoptotic Mcl-1 to skew the balance of Bcl-2 family members in favor of 

survival. However, restoring this IL-7-mediated pro-B cell survival pathway through expression 

of a constitutively active Stat5 (CA-Stat5) led to a significant but incomplete rescue of c-Myb-

deficient pro-B cell numbers, suggesting that c-Myb has an additional function(s) in pro-B cells. 

In line with this, we demonstrated that c-Myb is important for mRNA expression of cyclin D3 and 

that c-Myb-deficient pro-B cells exhibited decreased >2n DNA content when cultured in the 

absence of IL-7 as compared to c-Myb-sufficient cells indicating a defect in proliferation. 

However, while expression of CA-Stat5 restored mRNA expression of cyclin D3, this was unable 

to rescue proliferation or recovery of c-Myb-deficient pro-B cell numbers. This result suggests that 

c-Myb regulates pro-B cell proliferation through a Stat5-independent mechanism and also raises 

the possibility that c-Myb has yet other function(s) within the pro-B cell compartment. 

 We have now demonstrated additional roles for c-Myb in the earliest stages of pro-B cell 

glucose metabolism at the level of glucose uptake and utilization. Gene set analysis of a microarray 

comparing c-Myb-sufficient and -deficient pro-B cells revealed that c-Myb-regulated genes were 

highly enriched in pathways and processes related to glucose. c-Myb-deficient pro-B cells 
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exhibited decreased glucose uptake accompanied by decreased mRNA expression of the glucose 

transporter Glut1 (Slc2a1) as well as decreased hexokinase activity accompanied by decreased 

mRNA expression of hexokinase 1 (Hk1). In addition, microarray analysis revealed that expression 

of a number of components of the Plcg/Pkc/mTORC1 signaling pathway important for IL-7 

mediated proliferation and metabolism in pro-B cells were significantly decreased upon loss of c-

Myb. Thus, this work demonstrates a previously unappreciated role for c-Myb in glucose uptake 

and utilization and suggests that loss of IL-7R signaling contributes to c-Myb-dependent regulation 

of glucose metabolism in pro-B cells. 

3.2) Results 

Genome-wide analysis reveals a role for c-Myb in pro-B cell glucose metabolism 

 We have previously reported that c-Myb expression is critical for pro-B cell survival and 

proliferation, in part, via regulation of signaling downstream of the IL-7R through Stat5 (Fahl et 

al., 2018). However, expression of CA-Stat5 was unable to completely rescue recovery of c-Myb-

deficient pro-B cell numbers suggesting that c-Myb has other function(s) in pro-B cells and/or that 

c-Myb may act through a Stat5-independent pathway. To identify additional roles for c-Myb in 

pro-B cells, we performed microarray analysis to compare gene expression of c-Myb-sufficient 

and -deficient pro-B cells. We utilized an inducible deletion system in Cre-ERT2 mice, which 

express a Cre recombinase and mutated estrogen receptor fusion protein with high affinity for the 

synthetic estrogen ligand 4-hydroxytamoxifen (4-OHT). Following treatment with 4-OHT, Cre 

translocates into the nucleus to induce recombination at loxP sites (Ruzankina et al., 2007). Pro-B 

cells from Mybff Rag2-/- Cre-ERT2+/- mice were treated with 4-OHT to ablate c-Myb expression 

and global gene expression changes were assessed 48 h after treatment (Figure 3.1A). In addition, 

cells were treated with the pan-caspase inhibitor Q-VD-OPH to rescue pro-B cell survival as we 
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have previously reported that the rapid cell death that occurs upon loss of c-Myb can limit the 

detection of some c-Myb-regulated genes (Fahl et al., 2018). Microarray differential expression 

analysis yielded 906 genes that were significantly changed with a false discovery rate (FDR) of 

p<0.05, 40 genes with a log2 fold change>1, and 38 genes that met both thresholds (Figure 3.1B). 

Thus, loss of c-Myb expression in pro-B cells appeared to have broad effects on a large number of 

genes, but few of these gene expression changes resulted in a substantial increase or decrease in 

fold change.  

 To identify additional pathways and processes associated with c-Myb-dependent gene 

expression changes in pro-B cells that would account for the incomplete rescue after restoring IL-

7 signaling through Stat5, we performed gene set analysis with gene sets from the molecular 

signatures database (MSigDb) (Figure 3.2). Notably, c-Myb-dependent differentially expressed 

genes (MDGs) were enriched in gene sets related to glucose metabolism including glycolysis, 

oxidative phosphorylation, and pathways involved in macromolecular biosynthesis. Among these 

were a number of downregulated MDGs including enzymes important for glucose utilization 

including Hk1, Pfkm, and Fbp1, nutrient transporters important for maintaining homeostasis of 

glucose and other metabolites including Slc26a2, Slc37a4, Slc27a4, and Slc37a1, as well as Efhd1 

which has been demonstrated to promote oxidative over glycolytic metabolism in pro-B cells. 

Therefore, this result suggested that a previously unappreciated role for c-Myb in glucose 

metabolism could account for persistent defects in recovery of c-Myb-deficient pro-B cells. 

 Recently published work identified a pathway downstream of the IL-7R through 

Plcg/Pkc/mTORC1, which is critical for mediating IL-7-dependent pro-B cell metabolism and 

proliferation (Yu et al., 2017; Zeng et al., 2018). We found that MDGs involved in both IL-7 

signaling including the IL-7Ra subunit (Il7r) and mTORC1 signaling including multiple
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Figure 3.1: Microarray profiling of c-Myb-dependent gene expression changes in pro-B cells. 

Experimental system used to analyze genome-wide c-Myb-dependent gene expression changes by 

microarray. CD19+ pro-B cells were positively selected on magnetic beads from Mybff Rag2-/- Cre-

ERT2 (+/-) and cultured for 24 h in the presence of IL-7. Cells were then treated with 200uM Q-

VD-OPH and 0.6uM 4-OHT. At 48 h after treatment, total cellular RNA was harvested from Cre-

ERT2(-) (control) and Cre-ERT2(+) (c-Myb-deficient) cells for microarray analysis. (B) Volcano plot 

of c-Myb-dependent differentially expressed genes (MDGs) displayed as fold change (log2FC; x-

axis) versus statistical significance (adjusted p-value (padj); y-axis). Each gene is represented as 

one dot and is colored based on a threshold padj < 0.05 (red), log2FC > 1 (blue), and the genes 

that satisfy both of these parameters (yellow). Select genes are labeled and denoted by black dots. 
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Figure 3.2: Gene set analysis of MDGs from pro-B cell microarray analysis. Gene set analysis 

of the pro-B cell microarray experiment described in Figure 3.1A utilizing the Hallmark, 

Reactome, and KEGG pathway gene sets from the molecular signatures database (MSigDb). 

Overlap between MDGs with a padj < 0.05 and selected gene sets was determined using the 

MSigDb investigate gene sets function with a false discovery rate (FDR) threshold for enrichment 

of 0.05.    
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components of this recently characterized pathway (Plcg1, Plcg2, Prkcb, and mTOR), were all 

downregulated upon loss of c-Myb (Figure 3.2). Consistent with previously published data, MDGs 

were also enriched in gene sets related to cell cycle progression including the cell cycle regulator 

Ccnd3 and one of its associated cyclin dependent kinases Cdk6 (Cogswell et al., 1993; Fahl et al., 

2018). Overall, these results suggest that c-Myb-mediated regulation of IL-7R signaling through 

mTORC1 is important for pro-B cell proliferation and glucose metabolism. 

 To validate our microarray data, we performed qRT-PCR on a panel of key genes involved 

in mTORC1 signaling and glucose metabolism (Figure 3.3). To do this, pro-B cells were 

transduced with retroviruses encoding a tNGFR reporter or tNGFR and a Myb mRNA targeting 

shRNA (tNGFR-shMyb) (Fahl et al., 2009; Hess et al., 2006). Knockdown of c-Myb mRNA with 

shMyb behaves similarly to c-Myb hypomorphic mutations that induce a similar but less drastic 

phenotype than Myb null mutations and thus acts similarly to Q-VD-OPH treatment and enables 

us to detect gene expression changes masked by cell death upon loss of c-Myb expression 

(Carpinelli et al., 2004; Sandberg et al., 2005). Interestingly, we found that in addition to 

downregulated mRNA expression of IL-7Ra, Plcg1, mTOR, and Hk1, expression of the major 

glucose transporter in B cell progenitors, Slc2a1 (Glut1), was also decreased upon loss of c-Myb. 

Failure to detect a statistically significant decrease in Glut1 mRNA expression in our pro-B cell 

microarray could be due to a number of factors including the efficiency of deletion at the Myb 

locus upon tamoxifen treatment and differences in the Cre-mediated knockout and shRNA-

mediated knockdown approaches (see Discussion). Regardless, this result demonstrates that c-

Myb regulates the expression of multiple components of this critical mTORC1 pathway mediating 

IL-7-dependent proliferation and metabolism in pro-B cells as well as multiple factors critical for 

the earliest processes involved in glucose utilization.
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Figure 3.3: c-Myb-dependent expression of genes important for pro-B cell glucose 

metabolism. CD19+ pro-B cells were positively selected on magnetic beads from Mybff Rag2-/- 

mice and cultured for 24 h in the presence of IL-7. Cells were subsequently transduced with tNGFR 

or tNGFR-shMyb and cultured for 48 h in the presence of IL-7. Total RNA was prepared and 

mRNA expression of selected genes related to pro-B cell glucose metabolism was analyzed by 

qRT-PCR. Gene expression was normalized to the expression of Hprt and genes were analyzed in 

triplicate per condition. *p < 0.05, **p < 0.005, ***p < 0.0005. 
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c-Myb is critical for pro-B cell glucose uptake and hexokinase activity 

 Upon glucose uptake by transporters at the plasma membrane, intracellular glucose is 

phosphorylated by hexokinase to produce glucose-6-phosphate (G6P), which is either shuttled into 

the pentose phosphate pathway for nucleotide synthesis or is converted into other downstream 

glycolytic intermediates (Donnelly and Finlay, 2015). Our microarray gene set analysis indicated 

that loss of c-Myb expression would lead to defects in pro-B cell glucose metabolism. 

Furthermore, our differential gene expression analysis indicated that loss of c-Myb would lead to 

defects in the ability of pro-B cells to take up glucose through Glut1 and to convert glucose to G6P 

via Hk1-mediated phosphorylation (Figure 3.3). To determine whether c-Myb is important for 

glucose uptake in pro-B cells, we transduced Mybff Rag2-/- CD19+ pro-B cells with retroviruses 

encoding tNGFR or tNGFR and Cre (tNGFR-Cre) and 48 h post-transduction, incubated them 

with the fluorescent glucose analog 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-

glucose (2-NBDG) (Figure 3.4A). We detected a 50% decrease in 2-NBDG uptake in the tNGFR-

Cre transduced pro-B cells as compared to controls, suggesting that loss of c-Myb and Glut1 

mRNA expression lead to decreased transport of glucose into the cell. Then, to determine if c-Myb 

is important for glucose utilization through hexokinase-mediated phosphorylation, we measured 

total hexokinase activity. By 48 h post-transduction we found that the tNGFR-Cre transduced pro- 

B cells exhibited an approximately 75% decrease in overall hexokinase activity (Figure 3.4B). 

Thus, loss of c-Myb expression in pro-B cells and the concomitant decrease in Hk1 and Glut1 

mRNA expression results in decreased glucose uptake and modification for use in metabolic 

pathways. With this result, we can propose a model in which c-Myb regulates IL-7R signaling 

through mTORC1, which is critical for maintaining homeostatic metabolism and proliferation of 

pro-B cells (Figure 3.5). In particular, loss of c-Myb and IL-7R signaling through mTORC1, leads
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Figure 3.4: c-Myb-deficient pro-B cells exhibit defects in glucose uptake and hexokinase 

activity. CD19+ pro-B cells were positively selected on magnetic beads from Mybff Rag2-/- mice 

and cultured for 24 h in the presence of IL-7. Cells were subsequently transduced with tNGFR or 

tNGFR-Cre and cultured for 48 h in the presence of IL-7. (A) At 48 h post-transduction, NGFR+ 

cells were incubated for 30 min with the 2-NBDG glucose uptake mix and 2-NBDG mean 

fluorescence intensity (MFI) was measured by flow cytometry. The glucose uptake inhibitor 

phloretin was used as a negative control for 2-NBDG uptake. (B) At 48 h post-transduction, 

NGFR+ cells were electronically sorted and protein lysate was prepared for analysis of hexokinase 

enzymatic activity. Enzyme activity was determined by colorimetric assay and absorbance at 

492nm. All retrovirus transductions were performed with three replicates per condition. *p < 0.05, 

**p < 0.005.   
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Figure 3.5: Regulation of pro-B cell glucose metabolism by c-Myb. Proposed model for c-Myb 

regulation of pro-B cell glucose metabolism. c-Myb positively regulates expression of the IL-7R⍺ 

as well as multiple components of downstream signaling through mTORC1 including Plcγ1/2, 

Pkcb, and mTOR. IL-7/IL-7R signaling activates Plcγ1/2 which signals through the second 

messenger DAG to activate Pkcβ, which leads to activation of mTORC1. This pathway is critical 

for pro-B cell proliferation and to maintain pro-B cell metabolism, which primarily utilizes glucose 

to produce ATP through oxidative phosphorylation. c-Myb also regulates multiple genes important 

for glucose metabolism including Glut1, the major glucose transporter in B cell progenitors, and 

Hk1, the enzyme responsible for catalyzing the initial step of glucose processing in the cell. Proper 

glucose uptake and phosphorylation by hexokinase are critical upstream processes required for 

glucose utilization in downstream metabolic pathways including glycolysis and oxidative 

phosphorylation. c-Myb-regulated genes identified by microarray and qRT-PCR are represented 

by blue ovals. 
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to defects in the earliest steps of glucose uptake and hexokinase-mediated phosphorylation, which 

are critical to allow further utilization of glucose through downstream metabolic pathways such as 

glycolysis and oxidative phosphorylation. 

3.3) Discussion 

 The IL-7 signaling pathway is the major mediator of survival, proliferation, and 

metabolism in pro-B cells (Corfe and Paige, 2012; Yu et al., 2017; Zeng et al., 2018). We have 

previously reported that the transcription factor c-Myb is critical for pro-B cell survival, 

proliferation, and regulation of multiple components of IL-7 signaling (Fahl et al., 2018). 

However, while targeting signaling downstream of the IL-7R through expression of CA-Stat5 was 

able to restore c-Myb-dependent pro-survival gene expression changes and expression of Ccnd3, 

this was unable to rescue pro-B cell proliferation or recovery of c-Myb-deficient pro-B cell 

numbers suggesting that c-Myb has additional functions in pro-B cells and that these functions are 

mediated by a Stat5-independent mechanism. We have now identified a previously unappreciated 

role for c-Myb in pro-B cell glucose metabolism and specifically for glucose uptake and 

phosphorylation through hexokinase activity as well as mRNA expression of Glut1 and Hk1, loss 

of which would preclude glucose utilization in downstream metabolic pathways.  

 We have utilized a microarray comparing c-Myb-sufficient and c-Myb deficient pro-B cells 

to demonstrate that MDGs are enriched in gene sets related to glucose metabolism. However, in 

the process of validating changes in MDGs from the microarray, we noted that mRNA expression 

of Glut1 (Slc2a1) was significantly decreased upon shRNA-mediated knockdown of c-Myb as 

measured by qRT-PCR but was not among the significantly changed genes on the microarray at a 

threshold of p<0.05. This could be due to a number of factors including the deletion efficiency of 

the Myb allele as well as differences in our knockout and knockdown approaches. The 
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experimental design for the microarray compared Mybff Rag2-/- Cre-ERT2+/- mice following 

treatment with tamoxifen to delete c-Myb expression. However, the deletion efficiency at the Myb 

locus was never assessed for this experiment and remains unknown. Thus, as hematopoietic cells 

are acutely sensitive to levels of c-Myb expression, it is likely that variations in deletion efficiency 

could impact the results of microarray differential gene expression analysis (Sakamoto et al., 

2006). In addition, our lab has demonstrated that the severe survival defect in c-Myb-deficient 

cells can limit detection of c-Myb regulated genes, which is why we have employed methods to 

rescue survival including expression of Bcl-2 or treatment with a pan-caspase inhibitor (Fahl et 

al., 2009). Therefore, it is possible that utilizing an shRNA-mediated knockdown approach to 

validate MDGs had a similar effect to Bcl-2 expression or caspase inhibitor treatment and 

uncovered an additional c-Myb-regulated gene (Glut1) that was not detected by microarray in c-

Myb-deficient pro-B cells treated with Q-VD-OPH. It also remains possible that there are 

additional c-Myb-regulated genes that were not statistically significant within the threshold we set 

in our microarray analysis, which emphasizes the fact that subtle shifts in c-Myb expression can 

impact the result of studies of c-Myb function. 

 We have also demonstrated that c-Myb regulates mRNA expression of multiple 

components of the IL-7R signaling pathway through Plcg/Pkc/mTORC1, which is critical for pro-

B cell proliferation and metabolism but not for pro-B cell survival. In addition, this 

Plcg/Pkc/mTORC1 signaling pathway acts independently of Stat5 signaling (Zeng et al., 2018). 

Thus, it appears that c-Myb regulation of signaling through the IL-7R regulates pro-B cell survival 

through the Jak/Stat5 signaling pathway and pro-B cell proliferation and metabolism through the 

Plcg/Pkc/mTORC1 signaling pathway. However, the exact mechanism by which activation of 

mTORC1 promotes pro-B cell glucose metabolism and specifically glucose uptake and hexokinase 
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activity has not been defined. One possibility is that mTORC1 acts through activation of the 

transcription factor hypoxia inducible factor 1 subunit alpha (HIF1a), which acts as a master 

regulator of the homeostatic response to hypoxia, in part, through activating transcription of genes 

involved in metabolism (Liu et al., 2012). Although the mechanism is not completely understood, 

activation of mTORC1 promotes transcription of HIF1a and enhances translation of HIF1a gene 

targets (Zeng and Chi, 2014). In addition, the HIF1a transcription factor MSigDb gene set from 

the pathway interaction database (PID_HIF1_TFPATHWAY) includes Slc2a1 and Hk1, indicating 

that both genes have been identified as targets of HIF1a transcription factor activity (Schaefer et 

al., 2009). Thus, it is possible that mTORC1 activation of HIF1a could mediate transcription of 

Glut1 and Hk1 mRNA in pro-B cells. 

 Pro-B cells maintain homeostatic levels of metabolism and are minimally proliferative, 

relying primarily on oxidative metabolism to produce energy in the form of ATP (Urbanczyk et 

al., 2018). Limiting proliferation at the pro-B cell stage is particularly important to separate cell 

division from DNA rearrangements at the Igh locus by V(D)J recombination in order to reduce the 

risk of developing mutations. Then, upon surface expression of the pre-BCR, pro-B cells transition 

into large pre-B cells and undergo a limited proliferative burst of proliferation to expand the pool 

of B cells with productive IgH rearrangements. Therefore, the role we have described for c-Myb 

in pro-B cell glucose metabolism raises the question of what implications this finding would have 

for the proliferative burst across the pre-BCR checkpoint at the large pre-B cell stage of 

development. Large pre-B cells exhibit enhanced metabolic demands for biosynthetic 

intermediates to facilitate cell division and shift to a primarily glycolytic metabolism called aerobic 

glycolysis in which they also utilize oxidative phosphorylation, but at a lower level than pro-B 

cells. In this shift to aerobic glycolysis, large pre-B cells exhibit increased glucose uptake and rely 
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more heavily on glucose utilization than pro-B cells as well. Thus, while it is possible that c-Myb 

has a different function in the large pre-B cell compartment, it is likely that the role we have 

demonstrated for c-Myb in glucose uptake and utilization in pro-B cells would have a major impact 

on the more metabolically active large pre-B cell. 
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Chapter IV. c-Myb expression is critical to maintain proliferation and glucose metabolism 

of large pre-B cells 

4.1) Introduction 

Upon commitment to the B-cell lineage at the CD19+ pro-B cell stage, progenitors face two 

major developmental checkpoints defined by products of V(D)J recombination events at the Igh 

and Igl loci resulting in the production of a B-cell receptor (BCR). The first of these checkpoints, 

the pre-BCR checkpoint, selects pro-B cells based on successful rearrangement at the Igh locus, 

production of a µ heavy chain (µHC), and expression on the cell surface with the surrogate light 

chain (SLC) and signaling molecules Iga and Igb to form the pre-BCR. Upon expression of the 

pre-BCR, pro-B cells differentiate to large pre-B cells, which undergo a transient proliferative 

burst, exit the cell cycle, and differentiate into quiescent, small pre-B cells (Clark et al., 2014; Reth 

and Nielsen, 2014). The second developmental checkpoint selects small pre-B cells for successful 

completion of VJ recombination at the Igk L chain locus to produce a L chain that pairs with the 

µHC and forms membrane IgM on the surface of immature B cells.  

The successive differentiation from pro-B to large pre-B to small pre-B cells involves 

changes in proliferative and metabolic status, in particular changes in their reliance on glucose 

uptake and metabolism (Stein et al., 2017; Urbanczyk et al., 2018). In pro-B cells, glucose uptake 

is primarily utilized through oxidative phosphorylation over glycolysis (Urbanczyk et al., 2018). 

Subsequently, with expression of the pre-BCR, large pre-B cells exhibit increased glucose uptake 

and increased overall metabolic activity to fuel their proliferative expansion. Similar to other 

highly proliferative cell types, large pre-B cells shift the majority of glucose utilization to 

glycolysis and the production of macromolecules to facilitate increased proliferation (Lunt and 

Vander Heiden, 2011; Urbanczyk et al., 2018). Then, after approximately 5 or 6 divisions, large 



 

 

113 

pre-B cells exit the cell cycle and repress glucose metabolism in preparation for differentiation 

into quiescent small pre-B cells. Repression of proliferation and metabolism is critical to minimize 

the risk of possible mutations that can occur during the process of VJ recombination in small pre-

B cells.  

Signaling through the IL-7R and pre-BCR are the major drivers of development across the 

pre-BCR checkpoint including changes in gene expression and shifts in proliferative and metabolic 

status (Clark et al., 2014; Reth and Nielsen, 2014). Pro-B cells mainly rely on IL-7R signaling for 

cell survival and to maintain cell proliferation and metabolism (Malin et al., 2010; Mandal et al., 

2009; Yu et al., 2017; Zeng et al., 2018). Upon its expression on large pre-B cells, the pre-BCR 

initially synergizes with the IL-7R to increase sensitivity to IL-7 (Hess et al., 2001; Marshall et al., 

1998). Activation of Jak/Stat5 signaling downstream of the IL-7R in combination with PI3K/Akt 

signaling downstream of the IL-7R and pre-BCR lead to the expression of cyclin D3 and activation 

of c-Myc and mTORC1 to promote enhanced proliferation and metabolism (Cooper et al., 2006; 

Habib et al., 2007; Iwata et al., 2016). Subsequently, a threshold level of pre-BCR signaling shifts 

large pre-B cells from a focus on proliferation to differentiation. In particular, pre-BCR-mediated 

induction and activation of Blnk (SLP-65) inhibits PI3K/Akt proliferative signaling and activates 

Irf4, which induces expression of the Ikaros transcription factor family members Ikaros (Ikzf1) and 

Aiolos (Ikzf3) (Heizmann et al., 2013). Ikaros family members form homo- or heterodimers to 

facilitate optimal DNA binding and activity and, together, Ikaros and Aiolos mediate the majority 

of gene expression changes that occur at the large to small pre-B cell transition (Ferreirós-Vidal et 

al., 2013; Georgopoulos, 2017).  

Loss of c-Myb expression in Mybf/f CD19-cre mice, where Cre-mediated deletion occurs in 

late pro-B cells, results in a partial block to differentiation beyond the pro-B cell stage and a 
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decreased number of large and small pre-B cells as well as immature B cells (Thomas et al., 2005). 

We recently reported that c-Myb is required for the survival of CD19+ pro-B cells where c-Myb 

sets baseline expression of the pro-apoptotic proteins Bim and Bmf and is further required for 

expression of IL-7Ra, which suppresses expression of Bim and Bmf, thus regulating the lifespan 

of pro-B cells (Fahl et al., 2018). However, rescue of c-Myb-deficient pro-B cell survival with a 

Bcl-2 transgene does not rescue the large and small pre-B cell compartments. c-Myb also controls 

the expression of genes that are required for the pre-BCR checkpoint including components of the 

SLC and cyclin D3 (Fahl et al., 2018). However, it is not known if c-Myb is important in the large 

pre-B cell compartment or differentiation to the small pre-B cell compartment. 

We have now demonstrated that c-Myb plays a distinct role in the large pre-B cell 

compartment and found that loss of c-Myb expression lead to decreased large pre-B cell 

proliferation and survival. Genome-wide analysis of c-Myb function by RNA-seq revealed 

enrichment of c-Myb-regulated genes in pathways related to metabolism and glucose utilization. 

Furthermore, exogenous expression of Glut1, the major glucose transporter expressed in B cell 

progenitors, and Hk1, a critical mediator of glucose utilization and glucose-dependent survival, 

restored recovery and decreased apoptosis of c-Myb-deficient large pre-B cells. We also identified 

a role for c-Myb in repression of Ikaros and Aiolos and found that our c-Myb-dependent 

transcriptional profile was highly enriched in Ikaros targets important for mediating cell cycle exit 

and the large to small pre-B cell transition. However, while expression of a dominant negative 

Ikaros mutant was able to reverse gene expression changes induced by c-Myb knockdown and 

increased Ikaros expression, it was insufficient to fully rescue recovery of c-Myb deficient large 

pre-B cells, suggesting that increased Ikaros expression cannot account for all aspects of the c-

Myb-dependent large pre-B cell phenotype. We found that c-Myb regulated Hk1 mRNA 
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expression and thus, glucose utilization and glucose-dependent survival, in an Ikaros-independent 

manner. Thus, c-Myb exhibits both Ikaros-dependent and Ikaros-independent functions in large 

pre-B cells in order to maintain large pre-B cell metabolism and proliferation while preventing the 

premature initiation of gene expression changes that promote differentiation. 

4.2) Results 

c-Myb is critical for the proliferative expansion of large pre-B cells 

We previously reported that c-Myb coordinates pro-B cell survival and proliferation with 

the expression of genes that are critical for initiation of the pre-BCR checkpoint (Fahl et al., 2018). 

However, it is not known if c-Myb is important in the large pre-B cell compartment or transition 

to the small pre-B cell compartment. Due to the transient nature of the large pre-B cell 

compartment it is difficult to isolate this population for study in vivo. Thus, to examine c-Myb 

function in large pre-B cells, we have utilized two model systems. In the first model, Mybff Rag2-

/- pro-B cells were transduced in cell culture with a retrovirus (MIG-17.2.25) that encodes a 

rearranged mu heavy chain (µHC) and a GFP reporter as a bicistronic mRNA (µHC–GFP) to 

promote differentiation into large pre-B cells (Guloglu et al., 2005).  Subsequently, these cells 

were transduced 24 hours later with retroviruses encoding a tNGFR reporter or the tNGFR reporter 

and Cre (Cre-tNGFR) to ablate c-Myb expression (Figure 4.1A). Transition to the large pre-B cell 

compartment was demonstrated by an increase in cell size and cell number of µHC/tNGFR co-

transduced cells over the time course of the experiment as compared to empty-vector-transduced 

pro-B cell controls (Figure 4.2A and B).  To determine if c-Myb is important in large pre-B cells, 

the relative recovery of MIG-µHC/tNGFR (µHC) and MIG-µHC/tNGFR-Cre (µHC/Cre) 

transduced pro-B cells was assessed over a 72 h time course (Figure 4.1B).  We found that the 

relative recovery of µHC/Cre transduced pro-B cells was decreased by approximately 80% 
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Figure 4.1. c-Myb deletion in MybffRag2-/- uHC-Transduced pro-B cells leads to decreased 

cell recovery. (A) Experimental model for in vitro generation of pre-B cells. CD19+ pro-B cells 

were positively selected on magnetic beads from Mybff Rag2-/- mice and cultured for 24 h with 

10ng/ml IL-7. These cells were subsequently transduced with MIG-17.2.25 (uHC) or the empty 

GFP reporter vector (MIG-R1) and 24 h later with NGFR-Cre or the empty NGFR reporter vector. 

Following retrovirus transduction, pre-B cells were cultured with 10ng/ml IL-7 and every 24 h, 

co-transduced GFP+ NGFR+ cells were analyzed for total cell numbers. To determine relative 

recovery, the total number of co-transduced cells was set as 1 and relative recovery was calculated 

as a ratio compared with the number of GFP+ NGFR+ cells at the 24 h time point. (B) Co-

transduced GFP+ NGFR+ cells was analyzed at 24, 48, and 72 h post-transduction by flow 

cytometry and relative recovery was determined.  
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Figure 4.2. Efficacy of the µHC transduction large pre-B cell model. Pro-B cells from Mybff 

Rag2-/- mice were co-transduced with MIG-R1 or MIG-17.2.25 (uHC) and NGFR or NGFR-Cre 

and cultured with 10ng/ml IL-7. (A) Total numbers of co-transduced GFP+ NGFR+ cells was 

analyzed 24, 48, and 72 h post-transduction by flow cytometry. Relative recovery was determined 

by normalization to the total number of co-transduced cells at the 24 h time point. Retrovirus 

transductions were done in triplicate. *p < 0.05, **p < 0.005. (B) Forward scatter (FSC) histograms 

of co-transduced GFP+ NGFR+ cells from (A). The solid line represents MIG-uHC/NGFR 

transduced cells (pre-B) and the dotted line represents MIG-R1/NGFR transduced cells (pro-B).   
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compared to µHC transduced pro-B cells 48 h after transduction and >90% by 72 h post-

transduction.  Thus, c-Myb appears to be crucial for continued proliferative expansion of µHC-

transduced pro-B cells. In this model, large pre-B cells continued to differentiate and by 48 h post 

transduction with µHC, a population of small pre-B cells appeared (Figure 4.2B). Since the µHC-

transduction model ultimately produces a heterogeneous population of large and small pre-B cells, 

we also examined the Irf4-/- Irf8-/- double deficient (Irf4/8-/-) large pre-B cell line as a second model 

that represents large pre-B cells (Lu et al., 2003). This cell line is derived from Irf4/Irf8-/- mice that 

accumulate cycling large pre-B cells in the bone marrow that fail to differentiate and undergo 

recombination at the IgL locus. However, as Irf4/8-/- large pre-B cells are not on a Mybff 

background, they were transduced with retroviruses that co-produce a GFP reporter and a Myb 

mRNA targeting shRNA (shMyb), or a GFP reporter and a control Luciferase mRNA targeting 

shRNA (shLuc) (Fahl et al., 2009; Hess et al., 2006). Transduction of Irf4/8-/- large pre-B cells 

with shMyb resulted in approximately an 80% knock-down of c-Myb protein (Figure 4.3A).  In 

addition, shMyb transduction resulted in a 30% decrease in relative recovery at 72 h post-

transduction compared to shLuc transduced Irf4/8-/- large pre-B cells. Due to the differences in 

phenotype between the shMyb-mediated knockdown and Cre-mediated knockout approaches, we 

extended the relative recovery time course from 72 h to 120 h in the shMyb-transduced Irf4/8-/- 

large pre-B cell model. With these additional time points, we found a 50-60% decrease in recovery 

of shMyb-transduced Irf4/8-/- large pre-B cells at 96 and 120 h post-transduction compared to 

shLuc transduced controls (Figure 4.3B).  Thus, the shMyb knockdown model in Irf4/8-/- large pre-

B cells behaves similar to a hypomorphic c-Myb mutant and is consistent with results obtained 

with c-Myb hypomorphic mutations that are viable but have a less drastic phenotype than Myb null
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Figure 4.3. c-Myb knockdown in Irf4/8-/- large pre-B cells leads to decreased cell recovery. 

Irf4/8-/- large pre-B cells were transduced with shLuc-GFP or shMyb-GFP cultured with 10ng/ml 

IL-7. (A) GFP+ cells were electronically sorted at 72 h post-transduction and knockdown efficiency 

of c-Myb protein was analyzed by Western blot. β-Actin was used as a loading control. 

Representative of 3 independent experiments. (B) Total numbers of GFP+ cells was analyzed every 

24 h post-transduction over a 120 h time course by flow cytometry. Relative recovery was 

determined as described in Figure 4.2A. All retrovirus transductions were performed with three 

replicates per condition. *p < 0.05, **p < 0.005, ***p < 0.0005.    
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 mutations (Carpinelli et al., 2004; Sandberg et al., 2005). Taken together, these experiments 

demonstrate that c-Myb is important for the proliferative expansion of large pre-B cells. 

c-Myb is important for pre-B cell survival, proliferation, and accumulation of CD2+ 

small pre-B cells 

Large pre-B cells undergo a limited number of divisions, exit the cell cycle and differentiate 

into CD2+ small pre-B cells.  The deficit in relative recovery that we observed in both the µHC-

transduction and Irf4/8-/- large pre-B cell models upon loss of c-Myb expression (Figure 4.1B and 

4.3B) could be due to increased apoptosis, lack of proliferation, premature differentiation from 

large to small pre-B cells or all three.  To address these questions, we examined the ability of c-

Myb deficient µHC-transduced pro-B cells to differentiate into small, CD2+ pre-B cells. Mybf/f 

Rag2-/- pro-B cells were transduced with MIG-µHC and 24 h later transduced with tNGFR 

(control) or tNGFR-Cre (Cre) retroviruses and cultured for an additional 24-72 h (Figure 4.4A).  

At 24 h, the control µHC-transduced pro-B cells were mostly large pre-B cells, based on FSC, 

though a small proportion appeared to be small pre-B cells (Figure 4.4A).  By 48 and 72 h, the 

control µHC-transduced pro-B cell population increased the fraction of small pre-B cells.  In 

contrast, the entire population of µHC/Cre transduced pro-B cells was smaller than the control 

cells 24 h post-transduction.  By 48 and 72 h post-transduction the vast majority of µHC/Cre 

transduced pro-B cells were small.  Furthermore, by 72 h post-transduction the µHC/Cre 

transduced cells displayed lower FSC than the control µHC-transduced pro-B cells.  Thus, the 

µHC/Cre transduced pro-B cell population failed to maintain a large pre-B cell population.  In 

addition, while control µHC transduced pro-B cells decreased in cell size, as measured by forward 

scatter (FSC), they also gradually acquired expression of the small pre-B cell marker CD2 over 

the 72 h time course.  In contrast, the µHC/Cre transduced pro-B cell population contained a higher 

proportion of CD2+ cells at 48 and 72 h although the relative recovery of µHC/Cre transduced pro-
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B cells was much smaller at these time points (Figure 4.4A), suggesting the possibility that the c-

Myb deficient population quickly differentiated into small CD2+ pre-B cells.  To determine if the 

floxed Myb locus was deleted in the CD2+ µHC/Cre-transduced pro-B cell population, we 

electronically sorted the CD2+ and CD2- populations and measured the deletion efficiency at the 

Mybf/f loci by PCR as we have previously described (Bender et al., 2004; Thomas et al., 2005). 

Deletion at the Mybf/f locus was very efficient (92%) in the CD2- fraction (Figure 4.4B).  In 

contrast, deletion efficiency was poor (13%) in the CD2+ fraction, demonstrating a strong selection 

against loss of the floxed Myb allele in the CD2+ fraction, suggesting that c-Myb deficient large 

pre-B cells fail to transit to or survive in the CD2+ small pre-B cell fraction. 

To better understand the nature of the defect in µHC-transduced pro-B cells, we measured 

apoptotic cell death by flow cytometry to detect active Caspase 3+ cells using our two model 

systems. Loss of c-Myb in µHC-transduced pro-B cells resulted in a 2 to 3-fold increase in the 

proportion of active Caspase 3+ cells 24 and 48 h after tNGFR-Cre transduction (Figure 4.5A).  

Similarly, c-Myb knockdown in Irf4/8-/- large pre-B cells resulted in a 2-fold increase in active 

Caspase 3+ cells by 72 h and 96 h post-transduction with shMyb (Figure 4.5B). These data 

indicated that ablation of c-Myb expression increased pre-B cell death. We also assessed DNA 

synthesis and DNA content by simultaneously measuring EdU uptake and 7AAD DNA staining. 

By 24 and 48 h post-transduction, we detected a >80% reduction in the proportion of S-phase 

µHC-transduced pro-B cells that were actively synthesizing new DNA compared to controls. This 

result demonstrated a severe defect in proliferation following c-Myb deletion (Figure 4.6A).  We 

also noted an increased number of c-Myb-deficient cells that by DNA content appeared to be in S-

phase but did not label with EdU, possibly representing cells that have undergone an intra-S-phase 

cell cycle arrest, which typically occurs due to the activation of a DNA damage checkpoint 
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Figure 4.4. Defects in proliferation and selection against differentiation of c-Myb-deficient 

pre-B cells. Pre-B cells were generated by retrovirus transduction of Mybff Rag2-/- pro-B cells as 

described in Figure 4.1. (A) Representative histograms of FSC and CD2 expression of co-

transduced GFP+ NGFR+ cells from the 48 h time point of the relative recovery time course in 

Figure 1B. (B) GFP+ NGFR+ CD2+ cells were electronically sorted and deletion efficiency of the 

floxed Myb allele was analyzed by PCR. 
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Figure 4.5. c-Myb deletion in uHC-transduced pro-B cells and knockdown in Irf4/8-/- large 

pre-B cells leads to decreased cell survival. (A) Pre-B cells were generated by retrovirus 

transduction of Mybff Rag2-/- pro-B cells as described in Figure 4.1. Following retrovirus 

transduction, pre-B cells were cultured with 10ng/ml IL-7 and the proportion of co-transduced 

GFP+ NGFR+ active Caspase 3+  pre-B cells was analyzed 24 and 48 h post-transduction by flow 

cytometry. (B) Irf4/8-/- large pre-B cells were transduced with shLuc-GFP or shMyb-GFP and 

cultured with 10ng/ml IL-7. The proportion of GFP+ active Caspase 3+ Irf4/8-/- large pre-B cells 

was analyzed 48, 72, 96, and 120 h post-transduction by flow cytometry. All retrovirus 

transductions were performed with three replicates per condition. *p < 0.05, **p < 0.005, ***p < 

0.0005. 
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(Iyer and Rhind, 2017). In the Irf4/8-/- large pre-B cell model, we also detected an approximately 

30% reduction in the proportion of S-phase cells that were actively synthesizing new DNA 

compared to controls at 96 h and 120 h after shMyb transduction (Figure 4.6B). Thus, c-Myb is 

important for the survival and continued proliferation of large pre-B cells.  Taken together, these 

results suggest that loss of c-Myb in large pre-B cells results in rapid loss of proliferation, cell 

death, and a failure to transit to the CD2+ small pre-B cell compartment. 

c-Myb-dependent gene expression changes in large pre-B cells correlate with an Ikaros-

dependent pro-differentiation gene signature 

We have previously reported that rapid cell death after acute deletion at the Mybf/f locus 

can limit detection of some genes that are regulated by c-Myb (Fahl et al., 2018). To avoid this 

problem, we compared gene expression in Irf4/8-/- large pre-B cells 72 h after transduction with 

shMyb or shLuc as this is the first time point where we detected a statistically significant decrease 

in relative recovery of shMyb transduced cells (Figure 4.3B).  Results showed that 5,895 genes 

were significantly changed with a false discovery rate of p<0.05, with 2,979 genes having a log2 

fold change > 1, and 725 genes that met both of these thresholds (Figure 4.7A). These data 

demonstrate that loss of c-Myb expression has broad effects on global gene expression which is 

consistent with other reports (Dias et al., 2017; Quintana et al., 2011a; Zhao et al., 2011). To 

identify major processes that were impacted by the loss of c-Myb, we performed gene set analysis 

utilizing KEGG pathway and biological process gene ontology (GO-BP) gene sets and validated a 

panel of key genes involved in these processes by qRT-PCR (Figure 4.7B). Consistent with our 

phenotypic data, we identified pathways and processes related to proliferation that were enriched 

in downregulated genes. These downregulated genes included a number of cyclins and cyclin-

dependent kinases (Cdks) that drive cell cycle progression (Figure 4.8A).  In particular, we 

identified Cdk4 (Cdk4) and its target Ccnd3 (cyclin D3), which is required for the proliferation of
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Figure 4.6. c-Myb deletion in uHC-transduced pro-B cells and knockdown in Irf4/8-/- large 

pre-B cells leads to decreased cell proliferation. (A) Pre-B cells were generated by retrovirus 

transduction of Mybff Rag2-/- pro-B cells as described in Figure 4.1. Following retrovirus 

transduction, pre-B cells were cultured with 10ng/ml IL-7. At 24 h and 48 h post-transduction pre-

B cells were labeled with EdU for 2 h and cell cycle analysis was performed by flow cytometry 

after staining with the Click-iT Plus EdU reaction cocktail to assess DNA synthesis and 7AAD to 

assess DNA content. The proportion of GFP+ NGFR+ S-phase cells was determined at each time 

point. Representative EdU versus 7AAD plots for each condition and time point are shown. (B) 

Irf4/8-/- large pre-B cells were transduced with shLuc-GFP or shMyb-GFP and cultured with 

10ng/ml IL-7. At 96 h and 120 h post-transduction Irf4/8-/- cells were labeled with EdU for 2 h and 

cell cycle analysis was performed by flow cytometry after staining with the Click-iT Plus EdU 

reaction cocktail and 7AAD. The proportion of GFP+ S-phase cells was determined at each time 

point. Representative EdU versus 7AAD plots for each condition and time point are shown. All 

retrovirus transductions were performed with three replicates per condition. *p < 0.05, **p < 0.005, 

***p < 0.0005. 
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Figure 4.7. c-Myb-dependent RNA-seq and gene set analysis of shMyb-transduced Irf4/8-/- 

large pre-B cells. Irf4/8-/- large pre-B cells were transduced with shLuc-GFP or shMyb-GFP and 

cultured with 10ng/ml IL-7. At 72 h post-transduction, GFP+ cells were electronically sorted and 

total RNA was prepared for genome-wide gene expression profiling by RNA-seq. (A) Volcano 

plot of differentially expressed (DE) genes displayed as fold change (log2FC; x-axis) versus 

statistical significance (p-value; y-axis). Each gene is represented as one dot and is colored based 

on a threshold adjusted p-value (padj) < 0.05 (red), log2FC > 1 (blue), and the genes that satisfy 

both of these parameters (yellow). (B) Gene set analysis of DE genes with a padj < 0.0001 utilizing 

KEGG pathway and GO-BP ontology gene sets. The analysis was divided between downregulated 

and upregulated DE genes. 
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large pre-B cells. We also detected decreased mRNA expression of the transcription factor c-Myc, 

which is important both to promote transcription of cell cycle genes as well as repress transcription 

of cell cycle inhibitors. In particular, the cell cycle inhibitor and c-Myc target Cdkn1b (p27 or 

Kip1) was upregulated in our analysis (Cooper et al., 2006; Habib et al., 2007; Ma et al., 2010). 

Interestingly, we also found that downregulated genes were enriched in metabolic pathways and 

processes needed to maintain cell growth and division (Figure 4.8B and C). In particular, 

expression of the glucose transporter Slc2a1 (Glut1), and the hexokinase isoform Hk1 (HK1), 

which mediates the initial step of glucose processing in the cell, were significantly decreased. In 

addition, expression of the Glut1 inhibitor Txnip (thioredoxin interacting protein) was significantly 

increased upon loss of c-Myb. Txnip inhibits transcription of Glut1 mRNA and promotes Glut1 

internalization and proteasomal degradation, suggesting that c-Myb controls the initial steps of 

glucose metabolism in large pre-B cells (Vander Heiden et al., 2001; Rathmell et al., 2003). 

Consistent with this notion, downregulated genes were significantly enriched in metabolic 

pathways downstream of glucose uptake that utilize products of glucose catabolism. These 

metabolic pathways included glycolysis, biosynthesis of macromolecules such as nucleic acids and 

fatty acids, and the production of pyruvate which feeds into the TCA cycle and mitochondrial 

oxidative phosphorylation (Lunt and Vander Heiden, 2011). Thus, analysis of gene sets enriched 

in downregulated genes suggests that c-Myb might have a previously unappreciated role in the 

regulation of glucose metabolism. This role would be particularly significant in large pre-B cells, 

which rely heavily on glucose to fuel their rapid proliferation, and thus is likely to be important to 

the phenotype of c-Myb-deficient large pre-B cells. 

Pathways and processes related to cell stress and apoptosis and, interestingly to B cell 

activation and/or differentiation including BCR signaling, MAPK signaling, PI3K signaling, and 
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calcium flux were enriched in upregulated genes (Figure 4.8D). Notably, key genes associated 

with differentiation from large to small pre-B cells were upregulated including Foxo1 and Rag1 

(Figure 4.9A), which are important for the initiation of VJ recombination. In addition, the 

transcription factor Irf4 and its downstream targets Ikzf1 and Ikzf3 (Figure 4.9A), which mediate 

many of the gene expression changes needed for the large to small pre-B cell transition were 

upregulated. Furthermore, we detected increased expression of Sh2b3, which is a direct Ikaros 

target gene that inhibits IL-7R signaling through interaction with the proximal kinase Jak3 (Cheng 

et al., 2016; Clark et al., 2014; Ferreirós-Vidal et al., 2013; Ge et al., 2016). Overall, the results of 

gene set analysis suggest that shMyb-transduced large pre-B cells are receiving opposing signals 

from the downregulation of genes involved in cell growth, proliferation, and metabolism, which 

typically accompany differentiation to small pre-B cells, and the upregulation of genes promoting 

cell activation, which would typically increase these same cell growth and proliferation pathways. 

As we also observe upregulation of cell stress and apoptosis associated genes, these results suggest 

that a failure to reconcile conflicting gene expression changes might increase cell stress and, if 

unresolved, could ultimately result in cell death. 

Our RNA-seq differential gene expression data and gene set analysis suggested that c-Myb 

expression is important for maintaining the expression of genes involved in proliferation and 

metabolism while suppressing the expression of genes involved in transition to the small pre-B 

cell stage such as the transcription factors Irf4, Ikaros, and Aiolos that were upregulated upon Myb 

knockdown.  Downstream of pre-BCR signaling, Irf4 induces expression of Ikaros and Aiolos that 

mediate gene expression changes important for the large to small pre-B cell transition. In 

particular, Ikaros and Aiolos-mediated gene expression changes lead to decreased metabolism, 

exit from the cell cycle, and initiation of changes in chromatin structure necessary for VJ 
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Figure 4.8. Gene set enrichment of c-Myb-dependent differentially expression genes (MDGs) in 

large pre-B cells. c-Myb-dependent gene expression changes in large pre-B cells were identified 

by RNA-seq of Irf4/8-/- large pre-B cells after shMyb transduction as described in Fig. 4. 

Differential expression of genes identified from gene set analysis described in Fig. 4B in the 

Cell_Cycle (A), Glycolysis_Gluconeogenesis (B), and Oxidative_Phosphorylation (C) KEGG 

pathway gene sets and the Lymphocyte_Differentiation (D) GO gene set is shown. Genes 

upregulated upon c-Myb knockdown are shown in black and genes downregulated upon c-Myb 

knockdown are shown in red. 

 



 

 

137 

 



 

 

138 

Figure 4.9. c-Myb-dependent gene expression changes in Irf4/8-/- large pre-B cells correlate 

with an Ikaros-dependent gene signature. RNA-seq analysis of shMyb-transduced Irf4/8-/- large 

pre-B cells was performed as described in Figure 4.7. (A) qRT-PCR validation of selected DE 

genes from GFP+ Irf4/8-/- cells electronically sorted at 72 h post-transduction. Gene expression 

was normalized to expression of HPRT and genes were analyzed in triplicate per condition. *p < 

0.05, **p < 0.005, ***p < 0.0005. (B) Heatmap depicting merged gene signatures of DE genes 

from shLuc/shMyb transduced Irf4/8-/- large pre-B cells and direct Ikaros targets differentially 

expressed at the large to small pre-B cell transition as reported by Ferreiros-Vidal et al. (2013). 

The overlap in genes that are downregulated or upregulated in both the c-Myb-dependent and 

Ikaros-dependent gene signatures are indicated by black boxes.   
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recombination at the IgL locus (Georgopoulos, 2017). Thus, c-Myb-mediated repression of Ikaros 

and Aiolos expression could be responsible for many of the gene expression changes related to 

proliferation, metabolism, and differentiation we detect upon c-Myb knockdown in large pre-B 

cells. In fact, comparison of c-Myb-dependent differentially expressed genes with a published 

Ikaros footprint revealed that approximately 70% of the direct Ikaros targets that are important for 

the large to small pre-B cell transition were also changed by c-Myb knockdown (Figure 4.9B) 

(Ferreirós-Vidal et al., 2013). Among the c-Myb and Ikaros co-regulated genes were those we had 

already identified as genes that have crucial roles in the proliferation (Ccnd3 and Myc), metabolism 

(Slc2a1 and Txnip), and differentiation (Foxo1 and Sh2b3) of large pre-B cells. This result suggests 

the failure to repress Ikaros and Aiolos expression in c-Myb-deficient large pre-B cells could lead 

to decreased metabolism, decreased proliferation, and trigger the implementation of a gene 

expression program promoting differentiation into small pre-B cells. 

c-Myb is critical for large pre-B cell glucose uptake and hexokinase activity 

The increased biosynthetic demands of large pre-B cells are predominantly met by 

increased glucose uptake and processing through glycolysis, which provides critical intermediates 

for the production of macromolecules needed for cell division (Lunt and Vander Heiden, 2011). 

Our RNA-seq gene set analysis suggested that c-Myb knockdown in large pre-B cells would result 

in substantial defects in glucose metabolism. In particular, mRNA expression of Glut1 (Slc2a1) 

and hexokinase 1 (Hk1) were significantly decreased upon loss of c-Myb (Figure 4.9A). Failure to 

take up and phosphorylate sufficient glucose due to loss of Glut1 and Hk1 expression would 

preclude glucose utilization in downstream metabolic pathways. To determine whether c-Myb is 

important for glucose uptake in large pre-B cells, we transduced Irf4/8-/- large pre-B cells with 

shLuc or shMyb and 72 h later incubated them with the fluorescent glucose analog, 2-deoxy-2-
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[(7-nitro-2,1,3-benzoxadiazol-4-yl) amino]-D-glucose (2-NBDG) (Figure 4.10A). By 72 h post-

transduction, the time point at which we begin to detect a significant decrease in relative recovery 

of shMyb transduced Irf4/8-/- large pre-B cells, we detected an approximately 50% decrease in 2-

NBDG uptake. Thus, this result suggested that the c-Myb-dependent decrease in Glut1 mRNA 

expression resulted in decreased glucose transport into the cell. To determine if c-Myb is also 

important for glucose processing, we measured hexokinase activity of shMyb-transduced Irf4/8-/- 

large pre-B cells and found, similar to glucose uptake, that c-Myb knockdown resulted in a 50% 

decrease in overall hexokinase activity by 72 h post-transduction (Figure 4.10B). Thus, c-Myb is 

important for maintaining expression of critical upstream components of glucose metabolism 

involved in glucose uptake (Glut1) and utilization (Hk1) in large pre-B cells. 

Expression of Glut1 or Hk1 rescues relative recovery and survival of c-Myb-deficient 

large pre-B cells 

To determine the contribution of c-Myb mediated regulation of glucose uptake/utilization 

to the Myb-dependent large pre-B cell phenotype, Irf4/8-/- large pre-B cells were co-transduced 

with GFP-shLuc or GFP-shMyb and either tNGFR (control), tNGFR-Glut1 or tNGFR-Hk1 and 

the relative recovery of shMyb+ NGFR+ cells was determined over a 96 h time course (Figure 

4.11A). Expression of exogenous Glut1 had little effect on the relative recovery of c-Myb 

sufficient cells (shLuc/Glut1) (Figure 4.11B). However, Glut1 rescued the relative recovery of 

Irf4/8-/- large pre-B cells 72 h post-transduction such that the recovery of shMyb/Glut1 transduced 

cells was comparable to control, shLuc/NGFR transduced cells. Thus, increasing the capacity of 

Irf4/8-/- large pre-B cells to take up glucose after c-Myb knockdown is sufficient to restore their 

relative recovery.  

Transduction with Hk1 increased the relative recovery of c-Myb-sufficient (shLuc/tNGFR) 

Irf4/8-/- large pre-B cells by approximately 1.5-fold suggesting that Hk1 overexpression increased 
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the efficiency of glucose utilization resulting in increased relative recovery of Irf4/8-/- large pre-B 

cells (Figure 4.11C). This is consistent with the high affinity of Hk1 for glucose and greater activity 

as compared to other hexokinase isoforms (Wilson, 2003). Importantly, expression of exogenous 

Hk1 increased recovery of Irf4/8-/- large pre-B cells after c-Myb knockdown (shMyb/HK1) to a 

level comparable to that of shLuc/tNGFR or shLuc/Hk1 transduced control cells. Thus, forced 

expression of the key mediators of glucose uptake and utilization, Glut1 and Hk1, completely 

rescued the relative recovery resulting from c-Myb knockdown in Irf4/8-/- large pre-B cells. In 

addition, the increased relative recovery induced by exogenous Hk1 expression as compared to 

Glut1 expression suggests that Hk1 activity is the limiting factor in the ability of large pre-B cells 

to utilize glucose. Overall, this result indicates that c-Myb-dependent regulation of glucose uptake 

and utilization through hexokinase activity are crucial to maintain the large pre-B cell 

compartment.  

In addition to fueling metabolism and proliferation, glucose uptake and utilization through 

hexokinase activity is critical for cell survival (Majewski et al., 2003; Rathmell et al., 2003). Hk1 

associates with mitochondria and interferes with binding of pro-apoptotic Bcl-2 family members, 

maintains mitochondrial membrane integrity, and prevents the release of cytochrome c associated 

with apoptosis in the FL5.12 lymphoid cell line. To determine if exogenously supplied Glut1 or 

Hk1 could decrease apoptosis in Irf4/8-/- large pre-B cells after c-Myb knockdown, the proportion 

of active Caspase 3+ cells was assessed in Irf4/8-/- large pre-B cells 96 h after co-transduction 

(Figure 4.12). While Irf4/8-/- large pre-B cells transduced with Glut1 decreased the proportion of 

active Caspase 3+ cells after c-Myb knockdown to a proportion comparable to control cells 

(GFP/tNGFR), expression of Hk1 resulted in an even further decrease in active Caspase 3+ cells.  
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Figure 4.10. c-Myb knockdown leads to defects in Irf4/8-/- large pre-B cell glucose uptake 

and hexokinase activity. Irf4/8-/- large pre-B cells were transduced with NGFR or NGFR-

shMyb (A) or shLuc-GFP or shMyb-GFP (B) and cultured for 72 h with 10ng/ml IL-7. (A) At 72 

h post-transduction, NGFR+ cells were incubated 30 min with the 2-NBDG glucose uptake mix 

and 2-NBDG MFI was measured by flow cytometry. The glucose uptake inhibitor phloretin was 

used as a negative control for 2-NBDG uptake. (B) At 72 h post-transduction GFP+ cells were 

electronically sorted and protein lysate was prepared for analysis of hexokinase enzymatic 

activity. Enzyme activity was determined by colorimetric assay and absorbance at 492nm. All 

retrovirus transductions were performed with three replicates per condition.  N = 3, *p < 0.05, 

**p < 0.005, ***p < 0.0005. 
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Figure 4.11. Expression of Glut1 or Hk1 rescues recovery of c-Myb-deficient Irf4/8-/- large 

pre-B cells. (A) Experimental design used to determine the role of Glut1 and Hk1 expression in 

large pre-B cells. Irf4/8-/- large pre-B cells were co-transduced with shLuc-GFP or shMyb-GFP 

and NGFR, NGFR-Glut1, or NGFR-Hk1 and cultured with 10ng/ml IL-7. Every 24 h post-

transduction over a 96 h time course, co-transduced GFP+ NGFR+ cells were analyzed for total 

cell numbers and at 96 h post-transduction they were analyzed for cell survival. (B&C) Co-

transduced GFP+ NGFR+ cells were analyzed at 24, 48, 72, and 96 h post-transduction by flow 

cytometry and relative recovery was determined as described in Figure 1. The numbers of 

shLuc/shMyb-GFP+ cells co-transduced with the NGFR empty vector control were compared to 

co-transduction with NGFR-Glut1 (B) or NGFR-Hk1 (C).   
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Figure 4.12. Expression of Glut1 or Hk1 rescues glucose-dependent survival of c-Myb-

deficient Irf4/8-/- large pre-B cells. Irf4/8-/- large pre-B cells were co-transduced with shLuc-

GFP or shMyb-GFP and NGFR, NGFR-Glut1, or NGFR-Hk1 and cultured with 10ng/ml IL-7. 

The proportion of co-transduced GFP+ NGFR+ active Caspase 3+  cells was analyzed 96h post-

transduction by flow cytometry. 
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Thus, these results reveal a previously unreported mechanism for c-Myb-dependent survival and, 

more generally, for large pre-B cell survival through regulation of key mediators of glucose 

metabolism, Glut1 and Hk1, as exogenous expression of Glut1 and Hk1 rescues large pre-B cell 

survival after c-Myb knockdown. 

Ikaros-dependent and Ikaros-independent functions of c-Myb in large pre-B cells 

To transition from cycling large pre-B cells to quiescent small pre-B cells, large pre-B cells 

exit the cell cycle and significantly decrease metabolic activity (Clark et al., 2014; Reth and 

Nielsen, 2014). The transcription factor Ikaros and its family member Aiolos mediate most of the 

gene expression changes needed for the large to small pre-B cell transition. We have found, 

approximately 70% of the Ikaros targets important for this transition were also differentially 

expressed upon c-Myb knockdown in Irf4/8-/- large pre-B cells (Figure 4.9B). Many of the gene 

expression changes induced by both c-Myb knockdown and Ikaros are also critical for mediating 

the phenotype we have observed in c-Myb-deficient large pre-B cells including decreased 

proliferation as well as decreased glucose uptake/utilization. Furthermore, we have demonstrated 

that exogenous expression of genes important for glucose uptake/utilization, Glut1 and Hk1, 

rescues survival of shMyb-transduced Irf4/8-/- large pre-B cells (Figure 4.12). These results suggest 

that failures to repress Ikaros expression in c-Myb-deficient large pre-B cells could account for the 

defects in proliferation, metabolism, and survival we have observed upon c-Myb knockdown. 

Therefore, we determined whether inhibition of Ikaros activity could rescue defects in recovery of 

large pre-B cells after c-Myb knockdown. 

Ikaros undergoes alternative splicing to produce isoforms with variable DNA binding 

capability. Isoforms of Ikaros that are unable to bind DNA have a dominant negative effect on 

Ikaros function (Molnár and Georgopoulos, 1994; Sun et al., 1996). To determine if repression of 
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Ikaros and Aiolos could rescue the decreased relative recovery that we observed upon c-Myb 

knockdown in Irf4/8-/- large pre-B cells, we utilized a DNA binding domain point-mutant of Ikaros 

(Ik159A), which acts similarly to the naturally occurring dominant negative Ikaros isoforms 

(Ferreirós-Vidal et al., 2013). Irf4/8-/- large pre-B cells were co-transduced with tNGFR/MIG-R1, 

tNGFR/MIG-IK159A, shMyb/MIG-R1 or shMyb/MIG-Ik159A and the relative recovery of each 

co-transduced pair was assessed every 24 h over a 96 h time course (Figure 4.13A). Expression of 

the Ik159A mutant had little or no effect on the relative recovery of c-Myb-sufficient cells 

(compare tNGFR/MIG-R1 with tNGFR/MIG-Ik159A) while shMyb/MIG-R1 transduction 

resulted in approximately a 60% and 70% decrease in relative recovery at 72 h and 96 h post-

transduction respectively (Figure 4.13B).  However, while we did detect a small increase in relative 

recovery of shMyb/MIG-Ik159A transduced cells, this was not sufficient to fully restore relative 

recovery to a level comparable to tNGFR/MIG-R1 transduced controls. Thus, inhibition of Ikaros 

activity using the Ik159A mutant is unable to account for the entire phenotype induced by c-Myb 

knockdown in Irf4/8-/- large pre-B cells, suggesting that there are Ikaros dependent and 

independent changes in gene expression that contribute to the decreased proliferative expansion in 

this model. 

Failure of the dominant negative Ik159A mutant to fully rescue the relative recovery of 

shMyb transduced Irf4/8-/- large pre-B cells suggested that inhibition of Ikaros activity is 

insufficient to restore all aspects of the c-Myb-dependent large pre-B cell phenotype. Following 

this result, we considered 2 major possibilities: 1) Ik159A was not expressed in sufficient amounts 

to sequester Ikaros, or 2) an Ikaros-independent role for c-Myb in large pre-B cells prevented 

complete recovery after Ikaros neutralization. To address these possibilities, we determined if 

Ik159A could restore Ikaros-dependent gene expression changes in large pre-B cells following  
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Figure 4.13. Expression of Ik159A fails to rescue recovery of c-Myb-deficient Irf4/8-/- large 

pre-B cells. (A) Experimental design used to determine the role of dominant negative mutant 

Ikaros (Ik159A) expression in large pre-B cells. Irf4/8-/- large pre-B cells were co-transduced with 

NGFR or NGFR-shMyb and MIG-R1 or MIG-Ik159A and cultured with 10ng/ml IL-7. Every 24 

h post-transduction over a 96 h time course, co-transduced NGFR+ GFP+ cells were analyzed for 

total cell numbers and at 72 h post-transduction gene expression changes were analyze. (B) Co-

transduced NGFR+ GFP+ cells were analyzed at 24, 48, 72, and 96 h post-transduction by flow 

cytometry and relative recovery was determined as described in Figure 1. The numbers of 

NGFR/NGFR-shMyb+ cells co-transduced with the MIG-R1 empty vector control were compared 

to co-transduction with MIG-Ik159A.   
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c-Myb knockdown. Irf4/8-/- large pre-B cells were co-transduced with tNGFR, tNGFR-shMyb, 

tNGFR/MIG-Ik159A or shMyb/MIG-Ik159A and both tNGFR+ and tNGFR+ GFP+ cells were 

electronically sorted at 72 h post-transduction. We then determined mRNA expression of a panel 

of genes differentially expressed upon c-Myb knockdown in Irf4/8-/- large pre-B cells that have 

been reported to be Ikaros targets. In each case we would expect the Ik159A mutant to reverse 

expression mediated by Ikaros upon c-Myb knockdown (Figure 4.14A) (Ferreirós-Vidal et al., 

2013).  

c-Myc mRNA expression was downregulated upon c-Myb knockdown in Irf4/8-/- large pre-

B cells (Figure 4.14A) and is repressed by direct Ikaros binding (Ma et al., 2010).  We found that 

transduction with the Ik159A mutant resulted in increased Myc mRNA expression in c-Myb-

sufficient Irf4/8-/- large pre-B cells, consistent with a dominant negative function in counteracting 

Ikaros-mediated repression of Myc. Furthermore, co-transduction with shMyb and the Ik159A 

mutant resulted in a level of Myc mRNA expression comparable to the control (c-Myb-sufficient 

Irf4/8-/- cells), indicating that Ik159A is able to inhibit Ikaros function to oppose the decreased 

expression of Myc resulting from c-Myb knockdown and the resultant increase in Ikaros.  Foxo1 

and Txnip mRNA expression are positively regulated by direct Ikaros binding (Ferreirós-Vidal et 

al., 2013) and were also upregulated upon c-Myb knockdown in Irf4/8-/- large pre-B cells (Figure 

4.14A).  Transduction with the Ik159A mutant produced the opposite result and resulted in 

increased Foxo1 and Txnip mRNA expression in c-Myb sufficient Irf4/8-/- large pre-B cells.  Again, 

co-transduction with shMyb and the Ik159A mutant resulted in Foxo1 and Txnip mRNA 

expression comparable to control Irf4/8-/- cells.  Thus, Myc, Foxo1 and Txnip mRNA appear to be 

controlled in Irf4/8-/- large pre-B cells by Ikaros in a c-Myb dependent fashion, demonstrating that 

the dominant negative Ik159A was able to reverse c-Myb-dependent gene expression changes in 
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Irf4/8-/- large pre-B cells. Furthermore, this is in agreement with a previous study (Ferreirós-Vidal 

et al., 2013) that examined Ikaros dependent gene expression in the mouse B3 pre-B cell line 

(Figure 4.14B). 

As expected, Slc2a1 (Glut1) expression, which is repressed by direct Ikaros binding 

(Ferreirós-Vidal et al., 2013, 2019), was also repressed by transduction with shMyb (Figure 

4.14A).  However, unexpectedly, expression of Slc2a1 was also repressed after transduction with 

Ik159A.  Furthermore, co-transduction of Irf4/8-/- large pre-B cells with both shMyb and Ik159A 

resulted in a further decrease in Glut1 mRNA expression compared to transduction with shMyb or 

Ik159A alone. This result is consistent with previous work utilizing the Ik159A mutant to assess 

Ikaros mediated gene expression in the B3 pre-B cell line, in which transduction with Ik159A also 

appeared to decrease Glut1 mRNA expression, although it was not statistically significant (Figure 

4.14B)(Ferreirós-Vidal et al., 2013).  Thus, the unexpected effect of the Ik159A mutant on Glut1 

mRNA expression indicates that Ik159A does not exert a dominant negative function in all cases 

of Ikaros-regulated gene expression. 

In contrast to the genes regulated by c-Myb and Ikaros, Hk1 mRNA expression was 

decreased with c-Myb knockdown, but was unaffected by Ik159A alone or when co-transduced 

with shMyb, suggesting that Hk1 is regulated by c-Myb in an Ikaros-independent manner (Figure 

4.14A). This is consistent with previous reports that Ikaros has no or little effect on Hk1 expression 

(Ferreirós-Vidal et al., 2013, 2019) as summarized in Figure 4.14B.  Thus, in the context of c-Myb 

knockdown, restoration of Ikaros-dependent gene expression changes using Ik159A is insufficient 

to rescue Hk1 expression, demonstrating that c-Myb has both Ikaros dependent and independent 

effects on genes in large pre-B cells.  Taken together, our results demonstrate that c-Myb plays a 

crucial role in balancing the expression of genes that are important for maintaining the large  
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Figure 4.14. .Ikaros-dependent and Ikaros-independent gene expression changes 

mediated by c-Myb in Irf4/8-/- large pre-B cells. (A) Irf4/8-/- large pre-B cells were co-transduced 

with NGFR or NGFR-shMyb and MIG-R1 or MIG-Ik159A and cultured with 10ng/ml IL-7. At 

72 h post-transduction single-transduced NGFR+ and co-transduced NGFR+ GFP+ cells were 

electronically sorted and total RNA was prepared for qRT-PCR. Gene expression was normalized 

to expression of HPRT and genes were analyzed in triplicate per condition. (B) Microarray 

differential expression analysis of B3 pre-B cells transduced with pMSCV, IkWT, or Ik159A was 

performed as described in Ferreiros-Vidal et al, Blood (2013). Log2 fold change values comparing 

pMSCV empty vector transduced cells to IkWT or Ik159A transduced cells were converted to fold 

changes with the empty vector control set as 1. Significance was determined by Benjamini-

Hochberg adjusted p-value comparing the pMSCV empty vector to fold changes induced by IkWt 

or Ik159A transduction. *p < 0.05, **p < 0.005, ***p < 0.0005. 
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Figure 4.15. c-Myb regulation of glucose metabolism, proliferation, and differentiation in 

large pre-B cells. c-Myb expression is important for maintaining the large pre-B cell 

compartment while suppressing premature expression of genes important for quiescence and 

differentiation into small pre-B cells. c-Myb represses expression of Ikaros and Aiolos, to 

prevent premature implementation of a pro-differentiation gene expression program important 

for the large to small pre-B cell transition. c-Myb regulates genes important for proliferation 

(Ccnd3 and c-Myc), glucose metabolism (Txnip and Glut1), and differentiation (Irf4, Foxo1, 

Rag1, and the SLC of the pre-BCR) in an Ikaros-dependent manner. As a whole, these gene 

expression changes prevent premature cell cycle exit, a reduction in metabolic activity, and 

initiation of VJ recombination, which typically accompany large pre-B cell differentiation. 

However, inhibition of Ikaros activity is unable to restore all aspects of the c-Myb-dependent 

large pre-B cell phenotype. c-Myb regulates expression of other genes such as the glycolytic 

enzyme, Hk1, which is critical for glucose utilization, in an Ikaros-independent manner. 

Expression of Glut1 or Hk1 was able to restore recovery of c-Myb-deficient large pre-B cells and 

rescue large pre-B cell survival. Purple symbols/boxes represent downregulated genes and 

processes and green symbols/boxes represent upregulated genes and processes in c-Myb-

deficient large pre-B cells. 

 



 

 

158 

 

 

 

 

 

 

 

 



 

 

159 

pre-B cell compartment while suppressing the premature expression of genes that are important 

for quiescence and differentiation to the small pre-B cell compartment (Figure 4.15). 

4.3) Discussion 

c-Myb is crucial for pro-B cell survival as well as transition to the large pre-B cell 

compartment (Fahl et al., 2009; Greig et al., 2010). However, it was not known if c-Myb plays 

additional roles within the pre-B cell compartment.  Rapidly cycling large pre-B cells are 

dependent on glucose uptake and the production of glycolytic intermediates to facilitate cell 

division (Stein et al., 2017; Urbanczyk et al., 2018). We demonstrate that c-Myb plays a crucial 

and unappreciated role in regulating glucose uptake and utilization in the large pre-B cell 

compartment that is critical to maintain proliferation and prevent apoptosis. c-Myb promotes 

glucose metabolism in large pre-B cells at the level of both glucose uptake and utilization through 

hexokinase activity.  c-Myb regulates glucose uptake through the glucose transporter Glut1. Loss 

of c-Myb leads to decreased expression of Glut1 mRNA as well as increased expression of the 

Glut1 inhibitor Txnip. Txnip has multiple metabolism-related functions including inhibiting Glut1 

by promoting its internalization from the plasma membrane to the lysosome and subsequent 

proteasomal degradation as well as regulating Glut1 mRNA levels (Sullivan et al., 2018; Waldhart 

et al., 2017; Wu et al., 2013). Downstream of glucose uptake, c-Myb regulates glucose 

phosphorylation through the glycolytic enzyme Hk1, which mediates the initial step of glucose 

metabolism, conversion of glucose into glucose-6-phosphate for downstream applications such as 

glycolysis (Wilson, 2003). c-Myb knockdown in large pre-B cells leads to decreased Hk1 mRNA 

expression and a significant reduction in overall hexokinase activity. Notably, c-Myb regulation 

of the initial steps in glucose metabolism is critical for the c-Myb-dependent large pre-B cell 

phenotype as exogenous expression of Glut1 or Hk1 is able to fully restore recovery of large pre-
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B cells after c-Myb knockdown. We further demonstrate that c-Myb represses mRNA expression 

of Ikaros, which is critical to prevent the premature initiation of a gene expression program that 

promotes differentiation to the small pre-B cell compartment. Taken together, our results 

demonstrate an important role for c-Myb in maintaining homeostasis across the pre-BCR 

checkpoint by controlling key mediators of glucose uptake and utilization while preventing 

premature differentiation by repressing Ikaros expression (Figure 4.15). 

Role of glucose metabolism in large pre-B cell survival 

Control of glucose metabolism by c-Myb in large pre-B cells has critical implications for cell 

survival. Proper glucose metabolism is crucial to maintain mitochondrial integrity and ultimately 

to prevent apoptotic cell death. In particular, growth factor receptor signaling through Akt has been 

reported to promote survival of the B3 pre-B cell line and Rat1a fibroblasts through a mechanism 

dependent on glucose uptake and hexokinase activity (Majewski et al., 2003; Rathmell et al., 

2003). The hexokinase isoforms Hk1 and Hk2, also known as mitochondrial hexokinases (mtHk), 

are able to associate with the outer mitochondrial membrane (Robey and Hay, 2005, 2006). 

Furthermore, mtHks largely utilize intramitochondrial sources of ATP to catalyze glucose 

phosphorylation and thus couple glycolysis and oxidative phosphorylation. Akt signaling has been 

reported to inhibit dissociation of mtHks from the mitochondrial membrane in Rat1a fibroblasts 

and mtHk dissociation is correlated with an impaired ability of growth factors and Akt to maintain 

mitochondrial integrity and inhibit apoptosis (Gottlob et al., 2001; Majewski et al., 2004). This 

survival pathway appears to be independent of Bcl-2 family member expression as mtHk 

dissociation induces cytochrome c release even in the absence of the pro-apoptotic proteins Bax 

and Bak (Majewski et al., 2004). Thus, activation of Akt downstream of IL-7R and pre-BCR 

signaling coordinates large pre-B cell proliferation and survival in a manner dependent on glucose 
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uptake and hexokinase-mitochondria interaction (Herzog et al., 2009; Majewski et al., 2003, 

2004). Our data is consistent with a pro-survival function for mtHKs as we found that in addition 

to rescuing large pre-B cell relative recovery, exogenous expression of Hk1 also decreased the 

proportion of active Caspase 3+ cells (Fig. 6D), indicating that Hk1 reduces apoptosis and promotes 

survival of large pre-B cells after loss of c-Myb expression. Therefore, while our RNA-seq and 

gene set analysis did not indicate that expression of Akt was altered by c-Myb knockdown, defects 

in glucose uptake and hexokinase activity would compromise the ability of Akt to promote large 

pre-B cell survival. Thus c-Myb-dependent deficiencies in large pre-B cell glucose metabolism are 

directly linked to defects in cell survival. 

Ikaros-dependent and Ikaros-independent functions of c-Myb in large pre-B cells 

The transcription factor Ikaros and its family member Aiolos are critical for initiating the pro-

differentiation gene expression program and associated decreases in proliferation and metabolic 

activity that are important for the large to small pre-B cell transition (Heizmann et al., 2013; Ma 

et al., 2006, 2010). We found that approximately 70% of genes included in a genomic footprint of 

Ikaros targets important for the large to small pre-B cell transition were also differentially 

expressed upon c-Myb knockdown in large pre-B cells (Ferreirós-Vidal et al., 2013). Among the 

genes represented in both the Ikaros footprint and our c-Myb-dependent RNA-seq data were those 

with roles in proliferation (Ccnd3 and Myc), metabolism (Slc2a1 and Txnip), and differentiation 

to small pre-B cells (Foxo1 and Rag1). These results suggest that failure to repress Ikaros 

expression could account for the defects we have observed upon c-Myb knockdown in large pre-

B cells. However, we found that expression of a dominant negative Ikaros mutant (Ik159A) failed 

to rescue recovery of c-Myb-deficient large pre-B cells, suggesting that inhibition of Ikaros activity 

is unable to account for the entire phenotype induced by c-Myb knockdown and that c-Myb 
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exhibits an Ikaros-independent role(s) in large pre-B cells. We have demonstrated that expression 

of the Ik159A mutant restored mRNA expression of c-Myc, Foxo1, and Txnip to the level of c-

Myb-sufficient Irf4/8-/- large pre-B cell controls indicating that expression of these genes in c-Myb-

deficient large pre-B cells is dependent on loss of c-Myb-mediated repression of Ikaros. However, 

transduction with Ik159A failed to restore mRNA expression of Hk1 and Glut1 in c-Myb-deficient 

Irf4/8-/- large pre-B cells indicating that expression of these genes in c-Myb-deficient large pre-B 

cells is independent of c-Myb-mediated repression of Ikaros.  

 Hk1 mRNA expression is not significantly affected by Ikaros activity and, consistent with 

this, we found that Hk1 expression was decreased upon c-Myb knockdown, but unaffected by 

Ik159A (Ferreirós-Vidal et al., 2019). In contrast to Hk1, it has been demonstrated that mRNA 

expression of Glut1 is repressed by direct Ikaros binding, however, we also found that Glut1 

mRNA expression was decreased after transduction with the dominant negative Ik159A mutant 

and was further decreased after Ik159A/shMyb co-transduction in Irf4/8-/- large pre-B cells. It is 

possible that there was insufficient Ik159A expressed to fully repress Ikaros activity at the Slc2a1 

(Glut1) locus, but this is unlikely as expression of Ik159A was sufficient to inhibit Ikaros activity 

at other loci (see above). Another possible explanation is that Ik159A transduction was not 

sufficient to overcome suppression of Glut1 mediated by another c-Myb-dependent factor, 

however, this is also unlikely as expression of Ik159A decreased mRNA expression of Glut1 in 

both c-Myb-sufficient and -deficient large pre-B cells. Altogether, the results with Glut1 indicate 

that the Ik159A mutant does not function as a dominant negative in all cases of Ikaros-regulated 

gene expression. In addition, our gene expression results following transduction with Ik159A are 

consistent with a previous study utilizing this dominant negative Ikaros mutant in the B3 pre-B 

cell line (Ferreirós-Vidal et al., 2013) (Figure 4.14B). Overall, the ability of the Ik159A mutant to 
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restore certain c-Myb-dependent gene expression changes related to proliferation and 

differentiation (Myc, Foxo1, Txnip) but not others related to glucose uptake/utilization (Slc2a1, 

Hk1) suggests that c-Myb exhibits Ikaros-dependent and Ikaros-independent functions in large 

pre-B cells.  

Role for c-Myb at the large to small pre-B cell transition 

c-Myb expression has long been linked with the immature stages of hematopoietic cell 

differentiation (Zhou and Ness, 2011). Early studies utilizing myeloid and erythroid leukemia cell 

lines, linked c-Myb with inhibiting differentiation and maintaining proliferation as c-Myb 

expression was downregulated by chemically induced differentiation, while forced expression of 

c-Myb inhibited differentiation (Clarke et al., 1988; Hoffman-Liebermann and Liebermann, 1991; 

McClinton et al., 1990; Pedrazzoli et al., 1989). We have demonstrated that c-Myb has a similar 

role in large pre-B cells, maintaining them in an immature, proliferating state and inhibiting 

differentiation as c-Myb-deficient pro-B cells exhibit many of the gene expression changes 

associated with the large to small pre-B cell transition, including increased expression of the 

transcription factors Ikaros and Aiolos. At the pre-B cell stage, Ikaros and Aiolos act together to 

initiate changes in gene expression that are critical for large pre-B cells to exit the cell cycle and 

differentiate into small pre-B cells (Ma et al., 2008, 2010). Thus, repression of Ikaros and Aiolos 

expression by c-Myb is consistent with an established role for c-Myb in antagonizing 

differentiation and promoting proliferation of hematopoietic cells. A role for c-Myb in opposing 

differentiation from large to small pre-B cells would also suggest that c-Myb and/or c-Myb activity 

must be decreased or modified to permit differentiation from large to small pre-B cells. Therefore, 

it will be important to how c-Myb activity is regulated in the small pre-B cell compartment and if 

c-Myb is effectively altered at the level of transcription or post-translational mechanisms to enable 
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continued B cell development. We also noted that c-Myb-deficient large pre-B cells exhibited a 

block in differentiation into CD2+ small pre-B cells, which suggests that c-Myb expression is 

important to facilitate differentiation into small pre-B cells. However, this differentiation block 

may also represent enhanced apoptosis due to the Ikaros-independent role for c-Myb in regulating 

glucose uptake and utilization as well as glucose-dependent survival (see above). In this scenario, 

despite increasing expression of Ikaros and Aiolos, decreased expression of c-Myb fails to induce 

large pre-B cell differentiation and rather, leads to cell death. Thus, it is likely that some level of 

c-Myb expression is required to maintain survival while the shift in pre-BCR signaling that 

accompanies the large to small pre-B cell transition leads to a sufficient increase in Ikaros 

expression to overcome c-Myb-mediated repression and thus to permit differentiation. 

Role for c-Myb in genomic stability of large pre-B cells 

In addition to metabolism, proliferation, and survival, we noted that a number of pathways related 

to DNA replication and repair were downregulated in our RNA-seq gene set analysis, which 

suggests that genomic stability may be affected by loss of c-Myb expression in large pre-B cells. 

This notion is supported by the result of EdU uptake vs. 7AAD staining in the µHC-transduced 

pro-B cell model, which suggests that c-Myb-deficient large pre-B cells might have undergone 

intra-S-phase cell cycle arrest due to the activation of a DNA damage checkpoint (Figure 4.6A). 

In addition, a number of genes with known roles in DNA replication and maintenance of genomic 

stability are represented in the c-Myb and Ikaros co-regulated gene signature. Among these genes 

are the maintenance DNA methyltransferase Dnmt1, the Myb transcription factor family member 

B-Myb (Mybl2), and proliferating cell nuclear antigen (PCNA). Dnmt1 associates with replication 

forks during cell division to transfer methylation marks to daughter cells and has been associated 

with intra-S-phase arrest after knockdown in the A549 lung cancer cell line (Milutinovic et al., 
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2004). The ubiquitously expressed B-Myb is important for S phase progression in association with 

the DREAM complex and B-Myb knockdown has been implicated in chromosomal instability of 

megakaryocytes (García and Frampton, 2006; Guiley et al., 2015; Tarasov et al., 2008). Like 

Dnmt1, PCNA is also associated with the replication fork and is an important co-factor for a 

number of protein-protein interactions (including with Dnmt1) that ensure proper DNA replication 

and repair during cell division (Fridman et al., 2010). Thus, it is possible that deregulated 

expression of one or more of these genes could compromise the genomic stability of c-Myb-

deficient large pre-B cells. It is also interesting to consider that these indicators of genomic 

instability are present in the context of increased Rag1 expression, which induces DNA breaks in 

conjunction with the initiation of VJ recombination. Thus, it is also possible that upregulation of 

the Rag recombinase among other pro-differentiation gene expression changes important for VJ 

recombination in the context of proliferating, large pre-B cells contributes to the signifiers of 

genomic instability we have observed upon c-Myb ablation. 

Implications of c-Myb function in normal large pre-B cells for B-ALL 

Due to the rapid proliferation of large pre-B cells and the tight regulation needed to coordinate cell 

cycle exit with differentiation and the initiation of VJ recombination, the pre-B cell stage is 

particularly prone to the accumulation of transforming mutations that result in the development of 

B-cell acute lymphoblastic leukemia (B-ALL) (Eswaran et al., 2015). Overall, these transforming 

mutations promote survival and proliferation and inhibit cell cycle arrest and differentiation, 

perpetually maintaining cells in a large pre-B cell state. Notably, we have demonstrated a similar 

role for c-Myb in normal large pre-B cells (see above), suggesting that c-Myb would have a similar 

role in leukemias arising at the large pre-B cell stage of development. In fact, c-Myb has been 

implicated as an oncogene promoting the development of B-ALL in both mouse and human model 
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systems (Sarvaiya et al., 2012; Waldron et al., 2012). A key hallmark of cancer cells is their altered 

metabolism, which shifts to aerobic glycolysis and promotes enhanced and sustained growth, 

proliferation and survival (Vander Heiden et al., 2009). While a role for c-Myb in cancer cell 

metabolism has not been described, it is interesting to speculate on the implications that a role for 

c-Myb in maintaining glucose metabolism of normal large pre-B cells would have for 

understanding c-Myb function in B-ALL. Ikaros has also been implicated in the development of 

B-ALL and functions as a tumor suppressor that is inactivated in over 80% of cases of BCR-ABL+ 

B-ALL (Kastner et al., 2013; Mullighan et al., 2008). In addition, Ikaros has been demonstrated to 

exert its tumor suppressor function in B-ALL by acting as a “metabolic gatekeeper” to enforce a 

chronic state of energy deprivation as a safeguard against autoimmunity and leukemic 

transformation (Chan et al., 2017). Therefore, c-Myb regulation of early steps of glucose 

metabolism as well as c-Myb-mediated repression of Ikaros expression at the large pre-B cell stage 

have critical implications for B-ALL. Our findings suggest that increased c-Myb could contribute 

to the development and maintenance of B-ALL through repression of Ikaros expression and 

prevention of Ikaros-mediated cell cycle exit, metabolic inhibition, and differentiation. Thus, this 

work provides a novel rationale for targeting c-Myb as a therapeutic strategy for cases of B-ALL 

both as a means of interfering with cancer metabolism as well as to relieve repression of Ikaros 

and enable its functions as a tumor suppressor and pro-differentiation factor in large pre-B cells. 
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Chapter V. Summary and Future Directions 

At the time this project was initiated, previous work had demonstrated a critical role for c-

Myb in survival of the earliest committed B-lineage progenitors and identified mediators of c-Myb 

function in the pro-B cell compartment and the pro-B to pre-B cell transition (Fahl et al., 2009, 

2018; Greig et al., 2010; Thomas et al., 2005). In pro-B cells, we established that c-Myb expression 

was critical both for intrinsic survival, in the absence of cytokine, and for IL-7 mediated survival, 

largely via signaling through Stat5 (Fahl et al., 2018). However, failure to fully rescue relative 

recovery of c-Myb-deficient pro-B cells after rescuing Stat5 signaling downstream of the IL-7R 

through expression of a constitutively active Stat5 (CA-STAT5) suggested that c-Myb has 

additional function(s) within the pro-B cell compartment. This work also established a role for c-

Myb in expression of genes important for the pre-BCR checkpoint and for the pro-B to pre-B cell 

transition. However, it is unclear whether c-Myb has a distinct role in cycling, large pre-B cells 

that is separate from c-Myb function in the pro-B cell compartment and in mediating 

differentiation across the pre-BCR checkpoint. 

 In this thesis, genome-wide analysis of pro-B and pre-B cells has been used to identify 

additional c-Myb functions in pro-B cells and to characterize c-Myb function in the large pre-B 

cell compartment. In pro-B cells, I have identified a role for c-Myb in the early steps of glucose 

metabolism and identified a number of c-Myb targets within the Plcg/Pkc/mTORC1 pathway, 

which acts downstream of IL-7 signaling and regulates proliferation and metabolism at the pro-B 

cell stage. In large pre-B cells, I have demonstrated that c-Myb plays a critical role in regulating 

the expression of genes important for maintaining homeostasis in the large pre-B cell compartment 

and suppressing the premature expression of genes important for differentiation into the small pre-

B cell compartment. This work has provided new insights into how c-Myb controls B cell 
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development across the pre-BCR checkpoint and raises significant questions. These questions 

include whether c-Myb-regulated genes represent direct targets, the mechanism by which c-Myb-

regulated genes mediate c-Myb function in pro-B and large pre-B cells, and what are the 

implications of this work for human disease. In addition, utilizing genomic analysis of c-Myb-

dependent gene expression in pro-B and large pre-B cells, this work has generated a resource of c-

Myb-dependent gene expression changes that could be used for future studies of c-Myb function 

in B cell development. This chapter will discuss the rationale behind these questions and provide 

potential strategies for addressing them in future studies. 

 

What c-Myb-regulated genes are direct targets in pro-B and large pre-B cells? 

 To understand how c-Myb carries out its functions in pro-B and pre-B cells, it is crucial to 

identify direct c-Myb targets, which will allow one to build c-Myb-controlled gene networks 

across the pre-BCR checkpoint. However, identifying direct c-Myb binding regions in the context 

of chromatin has been a fundamental challenge in the field to understanding how c-Myb functions. 

This challenge is, in part, due to the fact that c-Myb is a component of large protein complexes 

that is thought to result in epitope masking and thus contribute to the lack of effective commercially 

available antibodies. Early chromatin immunoprecipitation (ChIP) studies identified a number of 

direct c-Myb targets, but these experiments were largely conducted using transformed cell lines 

and focused on c-Myb binding to the proximal promoters of selected genes (Berge et al., 2007; 

Lang et al., 2005; Wang et al., 2000). Then, later studies sought to identify global c-Myb targets 

by ChIP-seq, but these studies were problematic due to the use of epitope-tagged and 

overexpressed, exogenously supplied c-Myb to facilitate detection of binding peaks (Quintana et 

al., 2011b, 2011a; Zhao et al., 2011). Since these ChIP-seq studies were conducted, a new 
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commercial antibody has been developed by Bethyl Laboratories, which seems to work more 

consistently. Using this new antibody, I have had some success with ChIP and ChIP-seq 

experiments, the results of which correlated with several known direct c-Myb target genes. 

However, due to the potential for epitope masking it is difficult to say whether these approaches 

are able to successfully detect all potential c-Myb binding sites on a global scale. Taken together, 

the results of previous studies to detect direct c-Myb target genes suggest that these promoter-

directed or antibody-dependent approaches may limit identification of c-Myb binding sites to a 

subset in the genome that can be recognized by the currently available antibodies. 

 To account for the limitations of ChIP and ChIP-seq approaches for the identification of 

direct c-Myb target genes, recent studies have utilized a procedure developed by the ENCODE 

Consortium termed digital genomic footprinting (DGF) (Neph et al., 2012). DGF utilizes 

massively parallel sequencing of DNase I treated cells to map proteins associated with particular 

DNA sequences of “open” chromatin and has been used to map c-Myb binding sites in human 

blood cell types as well as Treg cells (Bengtsen et al., 2015; Dias et al., 2017). The Assay for 

Transposase Accessible Chromatin with high-throughput sequencing (ATAC-seq) is a relatively 

recent technique developed for mapping genome-wide chromatin accessibility with the advantage 

over DNase-seq of requiring small numbers of cells. Thus, ATAC-seq provides an unbiased, 

antibody-independent approach to identify c-Myb binding sites in B lineage cells (Buenrostro et 

al., 2015; Li et al., 2019; Liu et al., 2019). In particular, ATAC-seq could be used to compare c-

Myb-dependent chromatin occupancy profiles of pro-B and large pre-B cells with and without c-

Myb expression.  

 In the ATAC-seq procedure, a genomic footprint is generated by the Tn5 transposase, 

which detects regions of open chromatin and inserts adapters, which are then sequenced to provide 
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a map of global chromatin accessibility (Buenrostro et al., 2015). Sequencing reads are then used 

to infer regions of transcription factor (TF) binding, which prevents enzyme cleavage and results 

in “footprints” at various regulatory elements such as promoters, enhancers, and repressors. Then, 

a number of computational methods, such as the recently developed HINT-ATAC approach, can 

be used to scan open chromatin profiles to find footprints and predict transcription factor binding 

sites (TFBS) (Li et al., 2019). Applying this ATAC-seq protocol to c-Myb-sufficient and -deficient 

pro-B and large pre-B cells could identify promising c-Myb binding sites at footprint regions that 

contain a canonical Myb response element (MRE). These sites could then be mapped to our 

previously generated microarray and RNA-seq gene expression data in order to match c-Myb-

dependent transcriptional changes with potential sites of c-Myb occupancy.  

 If a portion of the c-Myb-dependent footprints fail to contain a c-Myb binding motif, these 

sites could be scanned for co-localization with binding sites of known c-Myb interaction partners. 

In addition, HINT-ATAC analysis could potentially uncover sites of new binding partners that 

may be critical for c-Myb function at these loci. These sites would be characterized by the presence 

of binding sequences specific to genes that have not been identified as c-Myb interaction partners 

that could subsequently be validated as true interaction partners through co-immunoprecipitation 

experiments. Then CRISPR-mediated mutagenesis of these sites and/or shRNA-mediated 

knockdown of these potential binding partners could be utilized to assess the effects on c-Myb-

dependent gene expression. To better understand how c-Myb functions in concert with other 

proteins/complexes on a global scale, co-localization of c-Myb footprints with publicly available 

TF ChIP-seq peak datasets could be analyzed. Selection of TF ChIP-seq data sets would be 

informed by TFBS analysis of c-Myb-dependent footprints as described above. Thus, comparison 

of c-Myb-dependent footprints from pro-B and large pre-B cells with publicly available ChIP-seq 



 

 

171 

data could provide valuable insights into the impact of each c-Myb footprint on potential target 

genes and how interactions of c-Myb with co-regulatory proteins could modulate c-Myb function. 

 Chromatin occupancy data from ATAC-seq analysis of c-Myb-sufficient and -deficient 

pro-B and large pre-B cells could also be used to characterize whether c-Myb-dependent sites of 

open chromatin represent promoters of proximal genes or potential regulatory regions of proximal 

or distal genes. To do this, c-Myb footprints could be compared to ChIP-seq data for histone marks 

in pro-B and large pre-B cells, which could be used to identify different regulatory sequences. 

These histone modifications include the transcriptional activation marker H3K4me3 (Barski et al., 

2007), the enhancer markers H3K4me1 and H3K9ac (Heintzman et al., 2007), and the repressive 

marker H3K27me3 (Boyer et al., 2006). These comparisons would provide insight into the 

function of each c-Myb footprint as a transcriptional activator, repressor, or distal enhancer region. 

Overall, ATAC-seq analysis could be used to provide a genomic footprint of c-Myb binding sites 

in pro-B and large pre-B cells. In combination with publicly available ChIP-seq data for histone 

modifications and binding sites for other TFs, this genomic footprint could provide insight into the 

mechanism of c-Myb function at each footprint region. In combination with global gene expression 

data through microarray or RNA-seq, this genomic footprint could be used to identify which of 

these c-Myb-regulated genes are direct targets.  

 Integrated genome-wide chromatin accessibility (ATAC-seq) and gene expression 

(microarray and RNA-seq) data sets could be used to build a network of c-Myb-regulated genes 

across the pre-BCR checkpoint during the pro-B and large pre-B cell stages of development. To 

do this, pathway gene set analysis could be performed on genes containing c-Myb footprints at 

promoter or previously validated distal regulatory sequences that were also differentially expressed 

in c-Myb-deficient pro-B or large pre-B cells. This would identify signaling pathways or processes 
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enriched in direct c-Myb target genes, which would likely be critical for c-Myb function. Then the 

remaining genes constituting each of these pathway gene sets could be cross-referenced with c-

Myb-dependent gene expression changes (MDGs) that were not identified as direct c-Myb targets. 

This analysis could identify components of each pathway downstream of c-Myb activity, that were 

also dysregulated in c-Myb-deficient pro-B and large pre-B cells. Then the impact of c-Myb 

activity on each pathway could be determined by correlating the effect of c-Myb activity on each 

gene target (whether c-Myb induces or represses their mRNA expression) with the role of that 

gene target in the pathway as a whole. Finally, critical downstream components of each pathway 

could be expressed or knocked down in c-Myb-deficient pro-B or large pre-B cells to test for their 

ability to rescue c-Myb-mediated functions. Altogether, the combination of microarray/RNA-seq 

gene expression and ATAC-seq chromatin accessibility data have the potential to identify key c-

Myb target genes important for pro-B and pre-B cell development as well as critical pathways 

impacted by these genes and ultimately to construct a network of c-Myb-regulated genes and 

functions across the pre-BCR checkpoint. 

 

How do loss of IL-7R signaling and defects in glucose metabolism impact relative 

recovery of c-Myb-deficient pro-B cells?  

This thesis has uncovered a previously unknown role for c-Myb in pro-B cell glucose 

metabolism. Gene set analysis of our pro-B cell microarray revealed that c-Myb-dependent 

differentially expressed genes (MDGs) were enriched in gene sets related to multiple steps in 

glucose processing including glycolysis, the biosynthesis of macromolecules, and mitochondrial 

oxidative phosphorylation (Figure 3.2). We identified decreased mRNA expression of Glut1 and 

Hk1 as the most upstream components of these pathways and demonstrated decreased glucose 
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uptake and processing.  However, the role that loss of Glut1/Hk1 expression plays in the overall 

phenotype of c-Myb-deficient pro-B cells remains unknown. In addition, it is unclear exactly how 

c-Myb-dependent expression of Glut1/Hk1 as well as glucose uptake/utilization are regulated in 

pro-B cells. One possible mechanism is through c-Myb-dependent regulation of IL-7 signaling 

through the Plcg/Pkc/mTORC1 signaling pathway which has been demonstrated to promote IL-7-

mediated proliferation and metabolism in pro-B cells (Yu et al., 2017; Zeng et al., 2018). 

Furthermore, our microarray gene set analysis revealed that MDGs were enriched in IL-7 signaling 

and mTORC1 signaling gene sets (Figure 3.5), which suggested that c-Myb-mediated regulation 

of IL-7R signaling through mTORC1 could be important for pro-B cell glucose metabolism. 

However, it is unknown whether mTORC1 activation is important for expression of Glut1/Hk1 or 

for glucose uptake/utilization in pro-B cells. This section will explore possible approaches to 

investigate the impact of Glut1/Hk1 expression, glucose metabolism, and IL-7/mTORC1 signaling 

on the c-Myb-dependent large pre-B cell phenotype. 

To determine the relative contribution of glucose uptake and utilization to decreased 

recovery of c-Myb-deficient pro-B cells, initial experiments could be done to determine whether 

Glut1 and Hk1 are important in normal, c-Myb-sufficient pro-B cells. These experiments would 

separate deficiencies in the pro-B cell compartment due to decreased expression of Glut1 or Hk1 

from other c-Myb-dependent gene expression changes. To do this, Glut1 and Hk1 could be 

targeted by shRNA-mediated knockdown and assessed for relative recovery, glucose uptake, and 

hexokinase activity. These experiments would demonstrate whether loss of Glut1/Hk1 expression 

results in a similar phenotype to what we have observed in c-Myb-deficient pro-B cells. Then, one 

could determine whether loss of Glut1/Hk1 also impacts the expression of genes involved in 

downstream metabolic pathways that were dysregulated upon loss of c-Myb expression such as 
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those depicted in Figure 5.1. Then, the activity of these downstream metabolic pathways after 

Glut1/Hk1 knockdown could be assessed. To do this, glycolysis and oxidative phosphorylation 

could be analyzed using the Seahorse Extracellular Flux Analyzer to determine the extracellular 

acidification rate (ECAR) and oxygen consumption rate (OCR), which act as measures of 

glycolysis and oxidative phosphorylation respectively. These experiments would determine 

whether expression of Glut1/Hk1 and glucose uptake/utilization are necessary for downstream 

metabolic pathways in pro-B cells. In addition, these experiments would indicate whether loss of 

Glut1/Hk1 alone could account for the defects in glucose uptake/utilization as well as pathways 

important for the utilization of glucose downstream of hexokinase activity that we observed in c-

Myb-deficient pro-B cells. To assess this, one could determine whether expression of Glut1/Hk1 

is sufficient to restore relative recovery and readouts of glucose metabolism in c-Myb-deficient 

pro-B cells. To do this, retroviral co-transductions with Cre and exogenous Glut1 or Hk1 could be 

performed as described for large pre-B cells (Figure 4.11) to determine whether expression of 

Glut1 or Hk1 can restore defects in relative recovery, glucose uptake/utilization, and downstream 

metabolic pathways (glycolysis and oxidative phosphorylation) of c-Myb-deficient pro-B cells. 

After determining the relative contribution of Glut1/Hk1 and their effects on glucose metabolism 

to the phenotype of c-Myb-deficient pro-B cells, it will be important to determine how expression 

of Glut1/Hk1, glucose uptake/utilization, and downstream metabolic pathways are regulated. 

Due to the demonstrated roles for c-Myb in regulating expression of the IL-7Ra and for 

IL-7/mTORC1 signaling in mediating pro-B cell metabolism, it is likely that this pathway is 
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Figure 5.1. Gene set enrichment of c-Myb-dependent differentially expression genes (MDGs) 

in pro-B cells. c-Myb-dependent gene expression changes in pro-B cells were identified by 

microarray analysis as described in Figure 3.1A. Differential expression of genes identified from 

gene set analysis described in Figure 3.2 in the Hallmark_Glycolysis (A), 

Hallmark_Oxidative_Phosphorylation (B), Reactome_Fatty_Acid_Metabolism (C) and 

Kegg_Purine Metabolism and Kegg_Pyrimidine_Metabolism (D) gene set is shown. Genes 

upregulated upon c-Myb deletion are shown in black and genes downregulated upon c-Myb 

deletion are shown in red. 
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important for c-Myb-dependent regulation of pro-B cell glucose metabolism (Fahl et al., 2009; Yu 

et al., 2017; Zeng et al., 2018). To determine the relative contribution of IL-7 signaling through 

mTORC1 to defects in glucose metabolism and decreased recovery of c-Myb-deficient pro-B cells, 

one could initially determine if decreased activity of mTORC1 induces a similar phenotype to loss 

of c-Myb expression. To do this, mTORC1 could be inhibited by treatment with rapamycin in c-

Myb-sufficient pro-B cells. Then, it could be determined if loss of mTORC1 leads to decreased 

mRNA expression of Glut1/Hk1, decreased glucose uptake/utilization, decreased ECAR/OCR, 

decreased proliferation, and overall decreased recovery. These experiments would demonstrate 

whether IL-7/mTORC1 signaling is important for expression of Glut1/Hk1 and downstream 

pathways important for glucose metabolism. Then, to determine the overall impact of IL-7 

signaling through the Plcg/Pkc/mTORC1 on the phenotype of c-Myb-deficient pro-B cells, 

retroviral co-transductions could be done with the Pkcb catalytic domain (Pkcb-CAT), which acts 

like a constitutively active form of Pkcb, to rescue activation of mTORC1 downstream of IL-7 

signaling (Soh and Weinstein, 2003; Yu et al., 2017). It could then be determined if Pkcb-CAT 

transduction is able to rescue defects in relative recovery and glucose metabolism as described 

above in c-Myb-deficient pro-B cells.  

Altogether, these experiments could specifically link IL-7-mediated activation of 

mTORC1 through the Plcg/Pkc/mTORC1 pathway to deficiencies in Glut1/Hk1 expression and 

glucose metabolism in c-Myb-deficient pro-B cells. However, the exact mechanism by which 

mTORC1 might induce Glut1/Hk1 expression and impact additional metabolic pathways in pro-

B cells has not been established. Studies identifying the role of this pathway in IL-7-mediated 

metabolism utilized the Seahorse Extracellular Flux Analyzer to show decreased readouts of 

glycolysis and oxidative phosphorylation, but the role of mTORC1 in activating these metabolic 
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pathways was not identified. One possible connection between mTORC1 activation and metabolic 

pathways in pro-B cells is the transcription factor HIF1a. Activation of mTORC1 has been 

demonstrated to promote translation of HIF1a, which, in turn, induces expression of a number of 

metabolic genes including Glut1 and Hk1 (Düvel et al., 2010). To determine the relative 

contribution of HIF1a to expression of Glut1/Hk1 in c-Myb-deficient pro-B cells, protein levels 

of HIF1a could be determined. This would demonstrate whether c-Myb-dependent loss of 

signaling through IL-7/mTORC1 leads to decreased translation of HIF1a protein in pro-B cells. 

Then, transduction with a retroviral vector encoding HIF1a, could be used to determine whether 

exogenous expression of HIF1a can rescue Glut1/Hk1 mRNA expression as well as glucose 

uptake/utilization in c-Myb-deficient pro-B cells. Overall, the experiments outlined in this section 

will greatly expand on the few studies that have analyzed pro-B cell metabolism and will build off 

of previous work in our lab to provide a more comprehensive picture of how c-Myb and signaling 

pathways downstream of the IL-7R regulate pro-B cell development. Furthermore, understanding 

how c-Myb functions in the context of normal pro-B cell development can provide insight into 

how these processes may apply to B-lymphoid tumors. 

 

What other c-Myb-regulated pathways or processes may be revealed by genome-wide 

analysis of pro-B cells?  

 Gene set analysis of our microarray comparing c-Myb-sufficient and -deficient pro-B cells 

provided evidence for additional functions of c-Myb in the pro-B cell compartment that represent 

interesting lines of investigation to pursue in future studies. Identifying additional functions for c-

Myb will contribute to understanding B-lymphopoiesis and could have implications for the 

development and maintenance of leukemias arising from the pro-B cell stage. For example, MDGs 
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were enriched in gene sets related to cell migration and adhesion. Pro-B cells are essentially non-

motile and largely remain in contact with IL-7+ stromal cells to maintain IL-7 signaling and 

promote pro-B cell survival and proliferation (Fistonich et al., 2018). In addition, IL-7 signaling 

promotes CXCR4 expression to facilitate movement away from IL-7-high environments in the 

bone marrow. These alternating states of engagement and separation from IL-7+ stromal cells 

promote separation of IL-7-mediated proliferation from V(D)J recombination (Clark et al., 2014). 

Thus, a role for c-Myb in pro-B cell migration/adhesion could provide an additional mechanism 

by which c-Myb regulates IL-7 signaling through interactions of pro-B cells with IL-7 cytokine in 

the bone marrow microenvironment. In addition, our microarray gene set analysis indicated that 

c-Myb-regulated genes were involved in cell stress pathways. We have previously demonstrated a 

role for c-Myb in pro-B cell survival through regulating the balance in pro-apoptotic and anti-

apoptotic Bcl-2 family members, in particular, through repression of pro-apoptotic Bim and Bmf 

(Fahl et al., 2018). Bim and Bmf are among the BH3-only subset of Bcl-2 family members that 

directly or indirectly activate Bak or Bax to induce apoptosis in response to cellular stress (Figure 

1.6). Therefore, a role for c-Myb in regulating the cellular stress response could provide further 

insight into how c-Myb promotes pro-B cell survival. These examples of additional pathways and 

processes enriched in c-Myb-regulated genes from our microarray analysis illustrate the untapped 

potential of this data set to instigate future studies of c-Myb function in the pro-B cell 

compartment.  

 Among the potential c-Myb functions suggested by microarray gene set analysis and 

perhaps the most critical for the overall development of B cell progenitors in the bone marrow is 

V(D)J recombination. Our lab has demonstrated that c-Myb is important for Tcrb rearrangement 

in developing T lymphocytes and other groups have demonstrated that c-Myb also plays a role in 
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Tcrd rearrangement (Bender et al., 2004; Hernandez-Munain and Krangel, 1994). Previous 

attempts to assess V(D)J recombination in c-Myb-deficient pro-B cells failed to yield observable 

differences (Greig et al., 2010). However, we have demonstrated that loss of c-Myb expression in 

pro-B cells leads to rapid cell death, which may preclude detection of changes in V(D)J 

recombination or may lead to a skewed repertoire due to cell death before rearrangements at distal 

J segments can occur (Fahl et al., 2018; Yuan et al., 2010). Thus, the possibility remains that c-

Myb plays a role in rearrangements at the Igh locus. The results of our c-Myb-dependent pro-B 

cell microarray provided evidence of a role for c-Myb in V(D)J recombination. MDGs derived 

from the pro-B cell microarray included components of the recombination machinery (Rag2, 

Xrcc6, Lig4, Dntt), transcripts of the heavy chain locus (Igh-VJ558, Ighg3, Ikhv1-72, Ighm), and 

genes with known roles in regulating V(D)J recombination (Pax5, Ezh2). In addition, gene set 

analysis revealed that MDGs were enriched in gene sets related to chromatin and double-stranded 

break repair including: REACTOME_CHROMOSOME_MAINTENANCE, 

GO_CHROMATIN_ORGANIZATION, and KEGG_NON_HOMOLOGOUS_END_JOINING. 

Thus, the results of our pro-B cell microarray suggest that c-Myb may play a role in V(D)J 

recombination. To determine if c-Myb plays a role in V(D)J recombination in pro-B cells, YFP+ 

pro-B cells could be electronically sorted from Mybff CD19-cre YFP Bcl2Tg mice in which c-Myb 

deletion is initiated in the pro-B cell compartment and expression of a Bcl2Tg is used to rescue the 

c-Myb-dependent pro-B cell survival defect. Then PCR of the Igh locus in YFP+, c-Myb-deficient 

pro-B cells followed by southern blot could be used to detect rearrangements as our lab has done 

in the past (Bender et al., 2004; Yuan et al., 2010) 

 A role for IL-7 signaling through Stat5 in V(D)J recombination has been described, 

although there are conflicting reports as to the exact role of this pathway in regulating 
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immunoglobulin rearrangements. An initial publication reported that Stat5 promoted germline 

transcription at the heavy chain locus, histone acetylation to increase locus accessibility, and 

recombination of distal VH segments (Bertolino et al., 2005). However, a later report found VH 

recombination was normal in Stat5-deficient and IL-7Ra-deficient pro-B cells, but that Stat5 was 

important to repress rearrangements at the light chain locus (Malin et al., 2010). Thus, while the 

exact role of IL-7 signaling in V(D)J recombination in pro-B cells is unclear, c-Myb-regulation of 

IL-7R expression and signaling could implicate c-Myb in this process as well. In addition, 

examination of c-Myb regulation of V(D)J recombination would provide insight into the question 

of whether IL-7 signaling in pro-B cells is important for DNA rearrangements at the heavy chain 

locus or if the major function of IL-7 signaling is to maintain pro-B cell survival in order to provide 

sufficient time for these rearrangements to occur.  

 

What role does c-Myb have in regulation of IL-7R and pre-BCR signaling in large pre-

B cells and how does this impact glucose metabolism? 

 Our genome-wide expression analysis of shMyb-transduced Irf4/8-/- large pre-B cells by 

RNA-seq, provided insight into how c-Myb activity integrates with IL-7R and pre-BCR signaling 

and ultimately effects large pre-B cell function. We found that c-Myb regulates mRNA expression 

of both the IL-7Ra and the surrogate light chain (SLC) components of the pre-BCR, l5 and 

VpreB1. In addition, c-Myb knockdown in Irf4/8-/- large pre-B cells resulted in broad changes in 

gene expression (nearly 6,000 MDGs at p<0.05 and nearly 3,000 with log2 FC>1) which were 

enriched in gene sets related to downstream functions of IL-7R and pre-BCR signaling in glucose 

metabolism, proliferation, survival, and differentiation (Figure 4.7). However, following this 

work, it is unclear exactly how c-Myb regulation of the IL-7R and pre-BCR as well as components 
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of downstream signaling pathways might impact glucose uptake/utilization, proliferation, and 

survival in large pre-B cells. In addition, it is unclear how co-expression of the IL-7R and pre-

BCR in large pre-B cells might alter the mechanism of c-Myb regulation of glucose 

uptake/utilization as compared to pro-B cells, which do not yet express a pre-BCR. To address the 

role of defects in expression of the IL-7R and pre-BCR in the c-Myb-dependent large pre-B cell 

phenotype, it is tempting to utilize retroviral transduction rescue experiments to express the IL-

7Ra and the SLC of the pre-BCR in c-Myb-deficient large pre-B cells. However, due to 

deregulated expression of downstream signaling factors as well as negative regulators of the IL-

7R and pre-BCR, it is unlikely that exogenous expression of these receptors alone will be sufficient 

to rescue defects in c-Myb-deficient large pre-B cells. Therefore, future studies could utilize 

shRNA-mediated knockdown of negative regulators and exogenous expression of downstream 

signaling components to determine the contribution of these c-Myb-regulated genes to IL-7R and 

pre-BCR-mediated functions in the large pre-B cell compartment. The following section will 

propose methods of investigating the contribution of c-Myb regulation of IL-7R and pre-BCR 

signaling to the phenotype of c-Myb-deficient large pre-B cells. 

 With expression of the pre-BCR, activation of the PI3K/Akt pathway promotes large pre-

B cell metabolism, proliferation, and survival. A major downstream mediator of PI3K/Akt 

signaling in large pre-B cells is mTORC1, which integrates nutrient sensing with regulation of cell 

growth and glycolytic metabolism in order to support proliferative expansion (Dibble and Cantley, 

2015; Dibble and Manning, 2013; Fruman and Limon, 2012). As discussed in the Introduction 

section 1.3.3, the function of FNIP1 provides evidence for the importance of mTORC1 to large 

pre-B cell metabolism and the “metabolic checkpoint” that occurs between large and small pre-B 

cells. It has been demonstrated that FNIP1 mediates this checkpoint through interaction with 
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AMPK, which promotes AMPK-mediated inhibition of mTORC1. In Fnip1-/- large pre-B cells, 

while AMPK is activated, it is unable to inhibit mTORC1 and this leads to excessive cell growth, 

increased sensitivity to apoptosis, and a block at the large to small pre-B cell transition. Thus, the 

known role of mTORC1 as a nutrient sensor that in the presence of sufficient nutrient signals, 

promotes cell metabolism and proliferation suggests that it would have a critical role in 

coordinating increased glucose uptake with increased metabolic activity and proliferative 

expansion in large pre-B cells. However, how mTORC1 regulates components of glucose 

metabolism in large pre-B cells is unknown and, as discussed above, the best candidate for 

mediating a potential link between mTORC1 activation and regulation of glucose 

uptake/utilization through Glut1 and Hk1 expression is HIF1a.  

In addition to activation of mTORC1, signaling through Akt has been implicated in glucose 

transporter surface expression and increasing the activity of glycolytic enzymes including 

hexokinase in the FL5.12 lymphoid cell line (Majewski et al., 2003, 2004; Wieman et al., 2007). 

Furthermore, Akt has been demonstrated to promote survival of lymphoid cells through a 

mechanism dependent on glucose uptake, association of hexokinase with the mitochondrial 

membrane, and hexokinase activity (Majewski et al., 2003; Rathmell et al., 2003). Therefore, while 

regulation of survival in large pre-B cells has not been characterized, my work suggests that large 

pre-B cell survival is intimately linked with their ability to utilize glucose. We found that 

exogenous expression of Glut1 or Hk1 in shMyb-transduced Irf4/8-/- large pre-B cells was able to 

completely restore cell recovery and oppose the increase in apoptosis induced by c-Myb 

knockdown (Figure 4.11 and 4.12). Thus, it appears that large pre-B cells, which exhibit increased 

metabolic activity to fuel their rapid proliferation, are engineered to couple this increased glucose 

uptake and metabolism with survival. To determine the role of PI3K/Akt signaling in the c-Myb-
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dependent large pre-B cell phenotype, retroviral transduction with the plasma-membrane targeted, 

constitutively active PI3K subunit p110-CAAX or constitutively active Akt (CA-Akt) could be 

utilized to determine if rescuing this pathway as a whole can restore glucose uptake/utilization, 

proliferation, and survival in c-Myb-deficient large pre-B cells (Fahl et al., 2018). These 

experiments would provide an initial characterization of how PI3K/Akt signaling contributes to c-

Myb-dependent functions in large pre-B cells. 

 In addition to the PI3K/Akt pathway, coordinated signaling through the IL-7R and pre-

BCR also activate the Mapk/Erk pathway, which induces expression of Myc in large pre-B cells. 

Similar to PI3K/Akt signaling, c-Myc activity links pre-B cell proliferation and metabolism to 

promote aerobic glycolysis (Fan et al., 2010). c-Myc promotes proliferation through inducing 

mRNA expression of the cell cycle regulator Ccnd3 and repressing the cell cycle inhibitor 

p27/Kip1 and also regulate mRNA expression of a number of metabolic genes including Glut1 

(Lewis et al., 2000; Ma et al., 2010; Osthus et al., 2000). In addition, a recent publication has linked 

c-Myc to the mRNA expression of genes important to maintain “housekeeping” functions in large 

pre-B cells, which encompass proliferation and metabolism (Ferreirós-Vidal et al., 2019). In this 

study, repression of c-Myc by pre-BCR-mediated activation of Ikaros was critical for the decreased 

expression of cell cycle and metabolic genes and corresponding decrease in proliferation and 

metabolic activity that occurs at the large to small pre-B cell transition. We found that mRNA 

expression of c-Myc was decreased upon c-Myb knockdown in Irf4/8-/- large pre-B cells and thus, 

c-Myc represents another promising candidate for mediating c-Myb-dependent regulation of 

glucose metabolism and proliferation in large pre-B cells. Furthermore, we also observed increased 

mRNA expression of Ikaros and expression of the dominant negative Ik159A mutant was able to 

counteract the decrease in c-Myc expression upon c-Myb knockdown and increased Ikaros 
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Figure 5.2. Proposed model of c-Myb function in large pre-B cells. c-Myb expression is critical 

for maintaining large pre-B cell survival, proliferation, and glucose metabolism while suppressing 

premature differentiation into small pre-B cells. c-Myb induces expression of the IL-7R⍺ and the 

SLC components of the pre-BCR (l5 and VpreB1). Coordinated signaling through the IL-7R and 

pre-BCR activates PI3K/Akt and Mapk/Erk signaling to promote large pre-B cell proliferation and 

metabolism. Signaling through Mapk/Erk induces expression of c-Myc which promotes 

proliferation through inducing Ccnd3 expression and inhibiting expression of the cell cycle 

inhibitor p27/Kip1. PI3K/Akt signaling promotes proliferation through inhibition of Foxo1 and 

metabolism through activation of mTORC1. mTORC1 promotes translation of Hif1⍺, which in 

turn induces transcription of a number of metabolic genes including Glut1 and Hk1. mTORC1 

activity is regulated by Fnip1, which associates with AMPK to enforce a metabolic checkpoint 

within the pre-B cell compartment and facilitate decreased metabolic activity at the large to small 

pre-B cell transition. c-Myb is also important to repress expression of Ikaros/Aiolos, which 

promote the large to small pre-B cell transition, in part through inhibiting expression of c-Myc and 

the pre-BCR. Thus, loss of c-Myb in large pre-B cells leads to decreased expression of the IL-7R 

and pre-BCR, increased expression of Ikaros/Aiolos, and overall to decreased proliferation, 

glucose metabolism, and glucose-dependent survival. Purple text represents downregulated genes 

and processes and green text represents upregulated genes and processes in c-Myb-deficient large 

pre-B cells.  
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expression. Thus, it is possible that repression of Ikaros by c-Myb is important to prevent Ikaros-

mediated repression of c-Myc and acts as a critical mechanism to maintain glucose metabolism 

and proliferative expansion in large pre-B cells. Following the work described in this thesis, one 

can propose a model depicting how loss of components of the IL-7R and pre-BCR could be 

important for c-Myb-dependent regulation of glucose metabolism, proliferation, and survival in 

large pre-B cells, which remains a question to address in future studies (Figure 5.2). 

 

What is the role of c-Myb in the large to small pre-B cell transition? 

 From the earliest characterization of v-Myb and c-Myb proteins, the Myb locus has been 

closely associated with differentiation, in particular, in immature hematopoietic cells (Bender and 

Kuehl, 1987; Duprey and Boettiger, 1985; Ess et al., 1999; Westin et al., 1982). Myb expression 

is greatest in immature progenitor cells and decreases as cells progress toward terminal 

differentiation. In addition, early work linked c-Myb with inhibiting differentiation and 

maintaining proliferation in myeloid and erythroid leukemia cell lines (McClinton et al., 1990; 

Pedrazzoli et al., 1989). Previous work from our lab has demonstrated that c-Myb is absolutely 

required for differentiation from pre-pro B cells to B-lineage committed pro-B cells and that c-

Myb coordinates pro-B cell survival with the expression of genes important for differentiation 

across the pre-BCR checkpoint (Fahl et al., 2009, 2018). This role for c-Myb in differentiation of 

hematopoietic cells and, specifically, B-lineage progenitors, suggests that c-Myb may also 

function in the large to small pre-B cell transition. The work in this thesis is the first to characterize 

c-Myb function in large pre-B cells and to implicate c-Myb in regulating changes in gene 

expression important for differentiation into small pre-B cells. As discussed above, the exact 

mechanism for how attenuation of IL-7R signaling and the shift in pre-BCR signaling from 
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promoting proliferation to promoting differentiation is coordinated to facilitate the large to small 

pre-B cell transition has not been determined. Thus, understanding how c-Myb functions in the 

large to small pre-B cell transition will provide crucial insight into normal B cell development, the 

pre-BCR checkpoint, and have significant implications for pre-B-ALL. 

Our work in the µHC-transduced pro-B cell knockout model, provided our first indication 

that c-Myb expression may play a role in large pre-B cell differentiation. In this model, large pre-

B cells generated upon expression of a µHC in pro-B cells continue to differentiate into small pre-

B cells as measured by decrease in cell size and increase in expression of the small pre-B cell 

marker CD2. c-Myb ablation appeared to accelerate large pre-B cell differentiation as we observed 

decreased cell size and increased CD2 expression occurred earlier in µHC/Cre-transduced pro-B 

cells as compared to control µHC-transduced pro-B cells. However, we observed selection against 

c-Myb deletion specifically in cells with increased CD2 expression that appeared to differentiate. 

With these results, we cannot discern whether c-Myb-deficient large pre-B cells are unable to 

differentiate or if this apparent selection against differentiation is due to increased apoptosis in 

either the large or small pre-B cell fractions of the pre-B cell compartment. To address this, these 

experiments in µHC/Cre-transduced pro-B cells could be conducted in the context of Bcl2Tg 

expression or treatment with the pan-caspase inhibitor Q-VD-OPH. If rescuing survival of 

µHC/Cre-transduced pro-B cells also rescues their ability to become CD2+ small pre-B cells, this 

would indicate that the apparent block in differentiation we have observed is due to increased cell 

death in c-Myb-deficient large pre-B cells. If rescuing survival of µHC/Cre-transduced pro-B cells 

fails to rescue differentiation into CD2+ small pre-B cells, this would indicate that expression of 

c-Myb is important for the large to small pre-B cell transition. As a whole, these experiments 

would clarify the role of c-Myb in large pre-B cell differentiation within this model. Then, to 
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pursue a potential role for c-Myb in the large to small pre-B cell transition, RNA-seq could be 

performed comparing µHC and µHC/Cre-transduced pro-B cells express a Bcl2Tg to determine if 

the gene expression program important for large pre-B cell differentiation is in place in µHC/Cre-

transduced pro-B cells. A particular focus would be placed on expression of Ikaros/Aiolos and the 

Ikaros-dependent footprint depicted in Figure 4.9B. Then, if deficiencies in expression of genes 

important for the large to small pre-B cell transition are detected one could determine if exogenous 

expression of c-Myb is able to rescue this gene expression program and differentiation of 

µHC/Cre-transduced pro-B cells into CD2+ small pre-B cells. This result would be particularly 

interesting if c-Myb knockout in this model leads to a block in differentiation while the results of 

c-Myb knockdown in Irf4/8-/- large pre-B cells indicated that c-Myb is important to repress 

differentiation and could reveal that the level of c-Myb expression is an important factor in 

determining the ability of large pre-B cells to transition to the small pre-B cell compartment. 

 In contrast to our work in pro-B cells, which indicates that c-Myb is important to induce 

expression of genes necessary for differentiation across the pre-BCR checkpoint, our work in large 

pre-B cells indicates that c-Myb is important to repress the gene expression program mediating the 

transition from large to small pre-B cells. The transcription factors Ikaros and Aiolos are critical 

mediators of this gene expression program and we have demonstrated that c-Myb represses mRNA 

expression of Ikaros and Aiolos in Irf4/8-/- large pre-B cells. Loss of c-Myb expression in Irf4/8-/- 

large pre-B cells led to increased expression of Ikaros and Aiolos and induced gene expression 

changes that encompassed approximately 70% of Ikaros target genes important for the large to 

small pre-B cell transition. With this result, one would hypothesize that the c-Myb-dependent 

increase in Ikaros/Aiolos expression would induce large pre-B cell differentiation. However, the 

results in µHC/Cre-transduced pro-B cells discussed above suggest that induction of this Ikaros-
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dependent gene expression program is insufficient to promote the transition into small pre-B cells 

and results in apoptotic cell death. We propose this is due to an Ikaros-independent function of c-

Myb in regulating glucose uptake and utilization in that exogenous expression of Glut1/Hk1 

rescued recovery and survival of shMyb-transduced Irf4/8-/- large pre-B cells. To determine the 

relative contributions of c-Myb-dependent regulation of Ikaros/Aiolos and Glut1/Hk1 to 

differentiation of Irf4/8-/- large pre-B cells, initial experiments would be needed to establish that 

expression of Ikaros is able to induce differentiation of c-Myb-sufficient but not c-Myb-deficient 

Irf4/8-/- large pre-B cells as measured by decreased cell size and increased expression of CD2. 

Then, differentiation status could be assessed following c-Myb knockdown and increased Ikaros 

expression in combination with caspase inhibitor treatment or expression of Glut1/Hk1. These 

experiments would determine whether rescuing survival alone is sufficient to enable Ikaros-

mediated differentiation or whether c-Myb-deficient large pre-B cells require Glut1/Hk1 

expression and activity to complete the transition into small pre-B cells.  

If rescuing survival of c-Myb-deficient large pre-B cells in a Glut1/Hk1-dependent or -

independent manner still fails to enable differentiation this would indicate that Ikaros expression 

is insufficient to support differentiation in the context of c-Myb knockdown. It is possible that 

while the majority of the Ikaros-mediated gene expression changes needed for the large to pre-B 

cell transition were also induced by c-Myb knockdown, that a critical factor(s) needed for 

differentiation was not induced or was repressed and that this prevented large pre-B cell 

differentiation. Thus, investigating the portion of the Ikaros-dependent gene signature that was not 

represented in our c-Myb-dependent RNA-seq data as well as genes that were differentially 

regulated by c-Myb and Ikaros could yield insight into additional gene expression changes needed 

to complete differentiation into small pre-B cells. To do this, gene set analysis could be utilized to 
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assist in identification of Ikaros-mediated pro-differentiation gene expression changes that were 

not changed upon c-Myb knockdown or were differentially regulated by c-Myb knockdown that 

might prevent differentiation of c-Myb-deficient large pre-B cells. Then targeting these genes via 

exogenous expression or shRNA-mediated knockdown alone or in combination could be used to 

determine which of these factors is able to promote the large to small pre-B cell transition. Taken 

together, these proposed studies would provide crucial insight into the network of genes that 

coordinate differentiation within the pre-B cell compartment. 

 

What are the implications of c-Myb function in pro-B and large pre-B cells to B-ALL? 

Due to the proliferative expansion of large pre-B cells and the importance of coordinating 

cell cycle exit with differentiation and the initiation of DNA rearrangements at the Igl locus, the 

pre-B cell stage is particularly prone to transforming mutations resulting in the development of B-

ALL (Eswaran et al., 2015). pre-B-ALL commonly arises from mutations in B-lineage precursors, 

which promote survival and proliferation and arrest development at the cycling large pre-B cell 

stage. We have demonstrated a similar role for c-Myb in normal large pre-B cells, retaining cells 

in an immature, proliferating state and blocking differentiation, suggesting that c-Myb may have 

an analogous role in pre-B-ALL. Cancer cells also alter their cellular metabolism, which shifts to 

aerobic glycolysis to fuel sustained proliferative expansion. In particular, this shift has been 

demonstrated in cases of pre-B-ALL which exhibit higher expression of Glut1, excessive lactate 

production, and enhanced sensitivity to glycolytic inhibition (Boag et al., 2006). Thus, the role we 

have demonstrated for c-Myb in maintaining proliferation and glucose uptake/utilization in normal 

pro-B and large pre-B cells could have critical implications for c-Myb function in pre-B-ALL.  
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In addition to glucose uptake/utilization, the role we have demonstrated for c-Myb in 

repressing Ikaros expression also has implications for c-Myb function in pre-B-ALL. Ikaros 

functions as a tumor suppressor and is inactivated in over 80% of cases of BCR-ABL+ B-ALL 

(Kastner et al., 2013; Mullighan et al., 2008). Ikaros mutations in B-ALL block differentiation and 

retain leukemic cells in an immature, cycling state. In addition, it has more recently been 

demonstrated that Ikaros exhibits a “metabolic gatekeeper” function through regulation of glucose 

metabolism. Thus, Ikaros exerts its tumor suppressor function to enforce a chronic state of energy 

deprivation, which acts as a safeguard against autoimmunity and leukemic transformation (Chan 

et al., 2017). Based on our work, an aberrant increase in c-Myb expression could contribute to the 

development of B-ALL through repression of Ikaros which would prevent differentiation and 

Ikaros-mediated inhibition of tumor cell metabolism. This function of c-Myb in repressing Ikaros 

expression could also be exploited for the treatment of pre-B-ALL.  In tumors that exhibit 

increased expression of c-Myb, knockdown or inhibition of c-Myb could lead to increased 

expression of Ikaros, which would decrease tumor cell proliferation and metabolism and promote 

differentiation. In addition, overexpression of Ikaros could potentially be used to counteract 

increased expression of c-Myb in pre-B-ALL. Thus, the work described in this thesis on the 

function of c-Myb in normal large pre-B cells suggests that targeting c-Myb could be an effective 

treatment for cases of pre-B-ALL and potential strategies to do this are discussed below. 

The essential function of c-Myb for normal adult hematopoiesis initially suggested that 

targeting c-Myb for cancer therapies may not be possible. However, the subsequent development 

of hypomorphic mutant mouse models demonstrated that reduced levels of c-Myb expression and 

activity are tolerable (Carpinelli et al., 2004; Sandberg et al., 2005). These observations indicate 

that a therapeutic index for modulating levels of c-Myb expression and activity could be beneficial 
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to cancer patients and provide efficacy for targeting c-Myb in human disease. The complexities of 

c-Myb regulation and function provide a number of approaches by which c-Myb could be targeting 

including at the level of transcriptional elongation, interactions with other co-regulatory proteins, 

or post-translational modifications. 

Transcription at the Myb locus is primarily determined by a conditional block to 

transcriptional elongation within the first intron, suggesting that targeting c-Myb at the level of 

transcriptional elongation could be an effective method of reducing c-Myb expression in pre-B-

ALL to a level sufficient to allow increased Ikaros expression (Bender and Kuehl, 1987; Hugo et 

al., 2006). Furthermore, there is evidence that tumor cells have employed mechanisms to relieve 

this block to Myb transcriptional elongation. In breast cancer cells, the estrogen receptor bound to 

estradiol relieves elongation arrest through direct interaction with the Myb locus and recruitment 

of the positive transcription elongation factor (P-Tefb) complex (Drabsch et al., 2007; Mitra et al., 

2012). In addition, the p50/RelB NF-kB complex has been implicated in overcoming this 

elongation block in erythroleukemia and colon cancer cells (Pereira et al., 2015; Suhasini and Pilz, 

1999; Toth et al., 1995). In colon cancer cells, combined treatment with inhibitors targeting NF-

kB as well as the catalytic subunit of the P-Tefb complex, demonstrated that both are necessary 

for c-Myb transcription (Pereira et al., 2015). Furthermore, NF-kB has been demonstrated to 

promote transcriptional elongation of IL-8 through recruitment of P-Tefb in the CV-1 cell line 

(Barboric et al., 2001). Thus, c-Myb-directed therapies for pre-B-ALL could target these protein 

complexes involved in the relief of the Myb transcription elongation block or interactions between 

these complexes and the Myb locus. However, due to the other critical functions of NF-kB 

including in cell survival, it has been proposed that targeting P-Tefb may be more therapeutically 

beneficial in treating breast cancer and colon cancer (Mitra, 2018; Pattabiraman and Gonda, 2013). 
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Therefore, if PTef-b plays a similar role in promoting transcriptional elongation in pre-B-ALL, 

treatment with the PTef-b catalytic subunit inhibitors DRB or Flavopiridol could be effective 

therapies for pre-B-ALL as well. 

Protein interactions or processes that modify c-Myb also represent potential therapeutic 

targets for regulating c-Myb activity in pre-B-ALL. One example of a successfully targeted c-Myb 

interaction partner is the transcriptional co-activator p300, which interacts with the c-Myb TAD 

through its KIX domain (Zor et al., 2004). In recent years, a number of small molecule inhibitors 

targeting c-Myb/p300 interactions have been identified as potential treatments for acute myeloid 

leukemia (AML). One of these inhibitors, Celastrol, interferes with the c-Myb/p300 interaction by 

binding to the p300 KIX domain, and was found to decrease AML cell proliferation and prolonged 

survival of mice in an in vivo AML model (Uttarkar et al., 2016a). Another inhibitor, Plumbagin, 

which interferes with the c-Myb/p300 interaction by binding the c-Myb TAD, inhibited 

proliferation and promoted differentiation of AML cells  (Uttarkar et al., 2016b). These studies in 

AML suggest that use of these compounds to inhibit the c-Myb/p300 interaction may also be useful 

for treating pre-B-ALL. To test this, a variety of pre-B-ALL cell lines such as Nalm6 cells could 

be treated with Celastrol or Plumbagin to determine their ability to reduce proliferation and 

promote differentiation of leukemia cells. The success of targeting the c-Myb/p300 interaction also 

suggests that targeting other c-Myb protein-protein interactions may be therapeutically beneficial 

for treatment of leukemia.  

Another potential co-activator of c-Myb that could be exploited to target c-Myb function 

in pre-B-ALL is C/EBP-b, which has been demonstrated to be essential for activation of myeloid 

specific genes such as mim-1 via interactions with both c-Myb and v-Myb (Mink et al., 1996; Ness 

et al., 1993). As C/EBP-b has primarily been associated with myeloid-specific gene expression, 
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the interaction between c-Myb and C/EBP-b could be verified in large pre-B cells through in vitro 

co-immunoprecipitation experiments. Then, experiments to identify small molecule inhibitors 

targeting this interaction in pre-B-ALL could be initiated with compounds that have previously 

been identified as inhibitors of C/EBP-b. In fact, Klempnauer and colleagues have identified a role 

for Celastrol as well as two other compounds, Withaferin A, and Helenalin Acetate in interfering 

with interactions of C/EBP-b with both c-Myb and p300 (Coulibaly et al., 2018; Falkenberg et al., 

2017; Jakobs et al., 2016). As another approach to more specifically target the interaction of 

C/EBP-b with c-Myb and thus, minimize potential off-target effects, a peptidomimetic inhibitor 

could be designed as previously reported (Ramaswamy et al., 2018).  Briefly, one could utilize 

knowledge of the crystal structure of the c-Myb and C/EBP-b interaction as previously described 

(Tahirov et al., 2002) to identify critical residues of c-Myb important for binding to C/EBP-b 

which could be used to design a peptidomimetic inhibitor that would specifically interfere with 

these residues. The c-Myb and C/EBP-b interaction occurs through the R2 subdomain of the c-

Myb DBD and it was demonstrated that mutations to the I91, L106, and V117 residues prevented 

binding to C/EBP-b such that a peptide could be designed to compete with binding to this region 

of c-Myb. Then, the ability of the previously characterized small molecule inhibitors or 

peptidomimetic inhibitor described above to control c-Myb activity and 

proliferation/differentiation of pre-B-ALL cells could be assayed as described above for p300. 

Altogether, this approach could be applied to other co-activator proteins that interact with c-Myb 

such as p100 to exploit these interactions as a method of modulating c-Myb activity in pre-B-ALL. 

 The c-Myb protein is modified by a number of post-translational modifications including 

phosphorylation, acetylation, ubiquitination, and sumoylation (Aziz et al., 1995; Bies et al., 2002; 

Miglarese et al., 1996; Sano and Ishii, 2001). However, the outcomes of many of these 



 

 

196 

modifications on c-Myb function and, in particular, to c-Myb function in leukemia are poorly 

understood and represent potentially druggable targets for pre-B-ALL. For example, c-Myb is 

phosphorylated at Ser528 of the NRD by p42MAPK in vitro, and mutation of this site alters the 

ability of c-Myb to transactivate different target promoters, suggesting that it may be an important 

for c-Myb function in vivo (Aziz et al., 1995; Miglarese et al., 1996). Pim1 has been demonstrated 

to phosphorylate the c-Myb DBD and also to interact with p100 and promote c-Myb transcriptional 

activity in a p100-dependent manner (Leverson et al., 1998; Winn et al., 2003). In addition, 

phosphorylation adjacent to a sumoylation site at Thr486 by p38MAPK led to repression of c-Myb 

sumoylation and prevented negative regulation of c-Myb transcriptional activity under conditions 

of cellular stress (Bies et al., 2013). For each of these kinases, there are commercially available 

inhibitors which could be tested for their ability to interfere with post-translational modification 

of c-Myb. In addition, the sites themselves could be targeted directly through CRISPR-mediated 

mutagenesis. Then these approaches could be tested for their ability to alter c-Myb activity, 

decrease proliferation, and promote differentiation of pre-B-ALL cells. In addition, testing the 

effect of interfering with post-translational modifications of c-Myb for leukemia therapy could 

help to better understand their overall role in c-Myb function. 

In conclusion, the work in this thesis utilizes genome-wide analysis to identify critical roles 

for c-Myb in survival, proliferation, metabolism, and differentiation during early B cell 

development at the pro-B and large pre-B cell stages. This work is the first to characterize a role 

for c-Myb in maintaining glucose uptake/utilization, proliferation, and survival within the large 

pre-B cell compartment while preventing premature differentiation to the small pre-B cell 

compartment. In addition, this thesis describes a previously unappreciated function of c-Myb in 

regulating the initial steps of glucose metabolism across the pre-BCR checkpoint. Future studies 
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to determine which of the c-Myb-regulated genes we have identified are direct targets that mediate 

c-Myb activity in early B cell developmental stages will be crucial to develop the network of c-

Myb-regulated genes throughout B-lineage development. Furthermore, understanding how c-

Myb-regulated genes function in the development and maintenance of B-cell leukemias will likely 

be important for the development of targeted therapies for c-Myb-mediated leukemogenesis. 
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