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ABSTRACT 

With the work in this thesis I have aimed to deepen the understanding of the mechanisms 

behind the development of different blood cell lineages with a specific focus on B cell 

development.  

To understand the interplay between extracellular signaling and transcription factor 

networks in early lymphoid development we investigated the functional collaborations of 

FLT3 and IL7R. We found that signaling via FLT3 and IL7R act in powerful synergy on 

proliferation of common lymphoid progenitors (CLPs). In addition to a role in expansion of 

progenitor cells we provided evidence for that IL7R signaling play a crucial role in B-cell 

commitment. IL7 deficient mice display a dramatic block in development before functional 

lineage restriction in the Ly6D+ CLP-compartment. The few Ly6D+CLPs that do develop 

have reduced mRNA levels of transcription factor EBF1, a protein with crucial functions in 

lineage restriction and activation of the B-lymphoid program. One crucial function of EBF1 

is to activate Pax5. Even though Pax5 deficient fetal liver cells upon transplantation to 

congenic hosts will generate an abundance of cells with an activated B-lineage transcriptional 

program, the pro-B cells have disrupted regulation of non-B-lineage transcripts and a 

propensity to develop into T- and NK-cells in vitro. Both the activation of the B-lineage 

program and lineage restriction was dependent on the dose of transcription factors. Mice 

carrying a heterozygous mutation for the transcription factor E2A had slightly reduced 

relative frequency of progenitor cells and an impaired B-lineage specification in CLPs. Loss 

of one allele of Ebf1 resulted in reduced surface expression of IL2Rα and pre-B cell receptor 

(BCR), reduced IL7-response in vitro, and disrupted cell cycle dynamics in pro- and pre-B 

cells. While heterozygous loss of Pax5 did not result in any dramatic phenotype, the 

combined loss of one allele of Pax5 and one allele of Ebf1 (Pax5+/-Ebf1+/-) had a dramatic 

effect on lineage plasticity in B-cell progenitors compared to the single heterozygotes. 

Furthermore, these Pax5+/-Ebf1+/- mice developed spontaneous, transplantable pro-B cell 

tumors and had a significantly reduced probability to survive over time. The transformed 

cells show high in vitro plasticity and tumor cells with induced overexpression of 

intracellular Notch1 can transform into T-lineage cell in vivo. 

The data presented in this thesis add important pieces of information to the field of 

developmental hematopoiesis. By increasing the analytical depth of development in normal 

circumstances, and by understanding the consequence of genetic mutations in relation to cell 

type, we hope to contribute to the understanding of hematopoietic development in health and 

disease. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

En stamcell har den unika egenskapen att den kan bilda en exakt kopia av sig själv vid 

celldelning, samtidigt som den har förmågan att vidareutvecklas till olika celltyper. Kroppens 

vävnader har sina egna stamceller, exempel på vävnader kan vara hud, tarm och blodbildande 

organ. De stamceller som vid cell-delning ger upphov till blodets olika celltyper finns i 

benmärgen. När blod-stamcellen delar sig bildas en typ av ”förstadie-celler” och beroende på 

bland annat vilka signaler dessa förstadie-celler sedan kommer i kontakt med så kan de via 

specifika utvecklingsstadier bilda alla typer av blodceller. Vi har studerat dessa förstadie-

celler, med ändamålet att förstå vilka signaler som är viktiga för det normala bildandet av B-

celler. B-celler är en typ av vita blodkroppar som tillsammans med ett flertal andra specifika 

celltyper bygger upp vårt immunsystem. När en B-cell träffar på främmande ämnen i 

kroppen, till exempel virus eller bakterier, så upptäcker B-cellen dessa via antikroppar (en 

slags signalmottagare) som sitter på B-cellens yta. Det främmande ämnet kan då förstöras av 

andra blodceller som har andra specifika egenskaper. 

I arbete I studerades en omogen blodcell som kallas CLP. Man kan sortera ut denna 

celltyp baserat på att den bland annat har två speciella mottagarmolekyler på ytan, dessa heter 

FLT3 och IL7R. Vi kunde konstatera att den samtida aktiveringen av båda dessa mottagare 

var väldigt viktigt för att CLP-cellerna snabbt skulle kunna delas och ge upphov till många 

nya CLP-celler. I arbete II ville vi veta vad som hände med blodcellerna om de kom från en 

mus som på grund av en genetisk förändring saknade IL7, den faktor som aktiverar IL7R. 

Dessa möss saknar bland annat B-celler. I normala möss är CLP uppdelade i två grupper, en 

mindre mogen cell som saknar Ly6D på cellytan, och en mer mogen som har Ly6D på 

cellytan. Vi kunde fastställa att CLP-celler från möss utan IL7 uttryckte väldigt lite Ly6D, 

och att de få Ly6D-uttryckande cellerna som fanns hade förändrade egenskaper. 

I arbete III studerade vi en annan genetiskt förändrad mus vars celler saknar proteinet 

Pax5, vilket är välkänt viktigt för utvecklingen av B celler. Vi kunde dock visa att även i de 

förstadie-celler som saknade Pax5 så gick det att mäta uttrycket av gener som är specifika för 

B-celler. Vi drog därför slutsatsen att Pax5 är viktig för att bibehålla det genetiska B 

cellsprogrammet. Med arbete IV började vi studera hur dosen av olika faktorer påverkar 

cellerna. Förutom Pax5 studerade vi bland annat även ett annat viktigt B-cellsprotein som 

heter EBF1. Det visade sig att om man ungefärligen halverade mängden av ett eller båda 

dessa proteiner så gav det upphov till olika grad av minskade cellantal, men framförallt så 

påverkade det cellernas funktion och deras benägenhet att ”byta” utvecklingsriktning mot 

andra typer av vita blodkroppar. I arbete V har vi arbetat vidare med mössen som uttrycker 
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låga doser av Pax5 och EBF1 och ytterligare studerat deras förmåga att bilda olika typer av 

celler. Genom att jämföra möss som bara har halv dos av antingen Pax5, EBF1 eller båda 

samtidigt (Pax5/EBF1) har vi upptäckt att Pax5/EBF1 mössen vid ungefär 30 veckors ålder 

utvecklat aggressiva blodcellstumörer (leukemier) av B-cellstyp. Förändringar i generna för 

Pax5 och EBF1 förekommer i stor utsträckning även i mänskliga leukemier, och vi vill med 

fortsatt forskning förstå den underliggande mekanismen till varför dosen av dessa faktorer är 

så viktiga för stabiliteten i utvecklingen från stamcell till färdig B-cell.   
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ABBREVIATIONS 

ALL acute lymphoblastic leukemia 

Bcl2 b-cell leukemia/lymphoma 2 

BCR  b-cell receptor 

BM  bone marrow 

CD  cluster of differentiation 

CLP  common lymphoid progenitor 

Cre cre recombinase (causes recombination) 

DC dendritic cell 

E2A  transcription factor E2A (Tcfe2a) 

EBF1  early B-cell factor 1 

ER estrogen receptor 

FACS  fluorescence activated cell sorting 

FL fetal liver 

Flt3  fms-like tyrosine kinase 3 

Flt3L fms-like tyrosine kinase 3 ligand 

FOXO1 forkhead box protein O1 

HSC  hematopoietic stem cell 

ICN  constitutively active Notch 1 

ID inhibitor of DNA binding 

IgH immunoglobulin heavy chain 

IgL immunoglobulin light chain 

IKAROS ikaros family zinc finger 1 (Ikzf1) 

IL7  interleukin 7 

IL7R  interleukin 7 receptor 

Kit Kit oncogene 

Lin- lineage surface marker negative 

LMPP  lymphoid primed multipotent progenitor 

LSK lin-Sca1+Kit+ 

Ly6D lymphocyte antigen 6 complex, locus D 

MPP multipotent progenitor  

NK natural killer cell 

PAX5  paired box gene 5 

Pre-B  lin-B220+CD19+CD43low/-IgM- 
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Pro-B  lin-B220+CD19+CD43highIgM- 

Rag1/2 recombination activating gene 1/2 

Sca1 stem cell antigen 1 (Ly6a) 

SLC  surrogate light chain 

STAT5 signal transducer and activator of transcription 5 

TF transcription factor 

TH transheterozygote (Pax5+/-Ebf1+/-) 

Wt  wild type 

ZNF432 zink finger protein 432 

ZNF521 zink finger protein 521 
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INTRODUCTION 

Hematopoiesis 

When searching for hematopoiesis in any dictionary, you will find the meaning of this 

word to be basically “the making of blood or blood cells in the living body”. This is a quite 

adequate explanation of the term. However, when giving it some further thought, it becomes 

clear that hematopoiesis is in fact an immensely complex process. In order for the right cells 

to develop at the correct time, expression of key genes, activation and/or deactivation of 

signaling pathways and action of transcription factors (TF) need to be precisely and timely 

controlled. If this fails and a cell develops incorrectly, in most cases this will result in cell 

death. However, in the event of an unfortunate combination of errors, development can go 

awry, and lead to for instance the development of leukemia or other blood cell diseases. 

During fetal development, early hematopoiesis takes place in the extra-embryonic yolk sac 

(Moore and Metcalf, 1970; Palis and Yoder, 2001), placenta (Gekas et al., 2005; Mikkola et 

al., 2005) and intra-embryonic aorta-gonad-mesonephros (AGM) region (Medvinsky and 

Dzierzak, 1996). From about embryonic day 9 (E9) hematopoietic stem cells are found in the 

liver (Medvinsky and Dzierzak, 1996; Muller et al., 1994), and the liver remains the major 

site for hematopoiesis until the time of birth after which hematopoiesis takes place in the 

bone marrow (BM) (Mikkola and Orkin, 2006). An estimated number of six billion (109) 

cells per kilogram of body weight are produced each day (Marshall A. Lichtman, 2010)  

supporting our bodies by distributing oxygen, maintaining vascular integrity, and building 

our immune systems to fight of disease. Each cell type created has a specific function and 

cells will also communicate with each other and their surroundings to perform their tasks. 

The founders of the entire hematopoietic system are the hematopoietic stem cells (HSC). 

These cells reside in the BM and will by asymmetric division give rise to new stem cells as 

well as multipotent progenitor cells. These will branch out in a developmental hierarchy of 

more or less lineage restricted progenitors and through series of steps and complex 

interactions between intracellular and extracellular factors become mature, functional blood 

cells. Our understanding of how this developmental hierarchy is structured is under constant 

revision, with new scientific techniques and new surface markers adding to the emerging 

picture. Even though the basic understanding of the developmental pathways in 

hematopoiesis has been rather well understood for the last 15-20 years, higher resolution 

analysis has allowed for a better understanding for the underlying molecular events that 

regulate blood cell differentiation. 
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Figure  1.  Schematic  drawing  of  the  hematopoietic  developmental  hierarchy  based  on  surface 

markers.  Essential  surface markers  are  indicated  and  developmental  pathways  are  pointed  out  by 

arrows. Dashed lines indicate ambiguous pathways. Lin‐: B220, CD19, Ter119, CD3, Gr1, Mac1/CD11b, 

CD11c,  NK1.1,  LSK;  Linlow/‐Sca1+Kit+,  HSC:  hematopoietic  stem  cell,  PreMegE:  megakaryocyte 

erythrocyte progenitor, MPP: multipotent progenitor, GMP: granulocyte monocyte progenitor, LMPP: 

lymphoid primed multipotent progenitor, CLP: common  lymphoid progenitor, NK: natural killer, TSC: 

thymus  seeding  cell,  ETP:  early  thymic  progenitor,  Rag1:  cells  positive  for  Rag1  regulated  GFP 

expression  (Mansson et  al., 2009), 5+:  cells positive  for  the hCD25‐5  transgene  (Mansson et  al., 

2008; Martensson et al., 1997). CD24 (HSA), CD25 (IL2R), CD93 (AA4.1). 
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Progenitors and early lymphoid cells 

Even though the most accurate way to define a truly functional HSC is to show that it has 

the ability to self-renew and to repopulate all hematopoietic lineages upon transplantation to a 

new host, well established surface marker expression can allow for a dramatic enrichment of 

stem cells from the BM. 

A current view of the developmental hierarchy from HSC to B cell is depicted in figure 1, 

with brief descriptions of central surface markers in Box 1. The HSC can give rise to all 

blood cell lineages over the life time of a mouse given the right conditions. The cell type can 

be isolated from mouse BM based on being negative for markers expressed on lineage 

restricted progenitors and mature blood cells (lineage negative/lin-) while being positive for 

CD150 (Slamf1) and having high expression of Sca1 and Kit (Kiel et al., 2005; 

Papathanasiou et al., 2009). A subsequent CD34+Flt3low/int stage represents the multipotent 

progenitors (MPPs) (Adolfsson et al., 2005; Osawa et al., 1996). The MPP is a heterogeneous 

population that has lost long term repopulation ability, but that can become any cell type 

within the hematopoietic system. From the MPP stage, cells of megakaryocyte/erythrocyte 

lineage, resulting in the oxygen carrying erythrocytes (red blood cells) and the blood clotting 

thrombocytes (platelets) will emerge. Also the macrophage/granulocyte lineages, responsible 

for killing and removal of pathogens and dead cells, diverge from this heterogeneous 

population. By separating out only the highest Flt3 expressing cells in the MPP population, a 

separate population called the lymphoid primed multipotent progenitors (LMPPs) can be 

identified (Adolfsson et al., 2005). The LMPPs still retain the ability to repopulate most 

lineages, but have a limited ability to become erythrocytes or thrombocytes (Adolfsson et al., 

2001; Forsberg et al., 2006). 

The next step in development towards B lineage cells is the differentiation of the LMPP 

into the common lymphoid progenitor, the CLP. This population was initially defined as a 

Lin-IL7R+Thy1.1-Sca1lowKitlow BM cell with the ability to become B, T and natural killer 

(NK) cells (Kondo et al., 1997b). This population was found to express Flt3, resulting in the 

inclusion of this surface marker in the CLP definition (Karsunky et al., 2008). Since these 

initial findings, the definition of the CLP has been revised. One major breakthrough was the 

discovery that this population was heterogeneous with regard to the expression of 

recombination activating gene (Rag) 1 and Ly6D (Inlay et al., 2009; Mansson et al., 2009) 

and that there was a significant overlap between surface expression of Ly6D and expression 

of Rag1. This expression turned out to be a clear breaking point for the ability of CLPs to 

give rise to NK cells, and the progenitors responsible for the production of NK cells branch 
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out somewhere before the expression of Ly6D. Detection of expression of the B lineage 

restricted gene lambda 5 (5/Igll1), part of the pre-BCR surrogate light chain, is possible by 

cell surface staining of human(h)CD25, in the hCD25-5 reporter mouse (Martensson et al., 

1997). By analyzing mice with both the hCD25-5 reporter and the Rag1-GFP reporter it was 

found that a subpopulation of Rag1+ CLPs expressed the hCD25-5 reporter, indicative of B-

lineage commitment (Mansson et al., 2009).  

For the generation of T-lineage cells, it is believed that an early progenitor will leave the 

BM as a thymus seeding cell (TSC) and via circulation migrate to the thymus where 

activation of the T cell program by interaction with Notch ligands in the thymic micro 

environment promote T cell development. Studies have shown that the TSC likely is found in 

a LSK Flt3+ population and thymic LSK Flt3+ cells had T, myeloid as well as B-lineage 

potential, and the latter was lost in the Flt3- thymic LSKs (Luc et al., 2012; Sambandam et al., 

2005). Although Ly6D+CLPs, or B-cell-biased lymphoid progenitors (BLPs), were shown to 

have remaining T lineage potential in vivo and in vitro (Inlay et al., 2009; Mansson et al., 

2009), CLPs are not detected in peripheral blood (Schwarz and Bhandoola, 2004) and BLPs 

do not migrate to thymus after intravenous transplantation (Inlay et al., 2009). Upon arrival of 

the TSC to the thymus, exposure to Notch ligands in the thymic stroma can activate the 

Notch pathway. This results in down regulation of Flt3 and up regulation of CD25 (IL2R), 

possibly forming the early thymic progenitor (ETP) (Bell and Bhandoola, 2008; Sambandam 

et al., 2005; Wilson et al., 2001). 

Between the developmental stages of lymphoid restricted progenitor and committed B 

lineage lies the previously defined FractionA(Fr.A)/Pre-Pro-B cell (Hardy et al., 1991; Li et 

al., 1993). This population was presented as B220+CD43+BP.1-CD24- cells with germline Ig 

rearrangement and proposed to be the first B-lineage committed cell (Li et al., 1996). 

However, investigations increasing the resolution of the analysis of this population have 

shown that it is a much heterogeneous population. Widely used B220 is indeed present on 

most CD19+ cells, but is demonstrated to be expressed also in CD19- progenitors, including 

cells with retained in vitro T-cell (Rumfelt et al., 2006) and even NK-cell potential (Rolink et 

al., 1996). Further, B-lineage commitment was seen in cells double negative for both B220 

and CD19 (Mansson et al., 2008) suggesting that B220 is not an ideal marker for early 

committed B-cell progenitors. In addition, the expression of CD24 detected on most CD19+ 

cells (Rumfelt et al., 2006), is not useful in the analysis when CD19 is not included as a part 

of the B-lineage definition. Also the later adopted surface marker CD93 (AA41) has been 

shown to be expressed within both progenitor and B-committed populations. Two detailed 
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studies from separate groups showed that B220 was the only surface marker separating the 

Ly6D+CLPs from the FrA/Pre-Pro-B cells, with B220 simply enriching for B lineage biased 

cells (Mansson et al., 2009; Rumfelt et al., 2006). These data are much in line with early 

studies that indeed demonstrated NK-progenitor potential in a B220+CD19- BM population 

(Rolink et al., 1996). Hence, further research to find a surface marker able to distinguish the 

transition from B-lineage biased progenitors to B-lineage committed cells is needed, as it is 

not currently possible without transgenic reporter mice. 

 

 

Box 1. Brief descriptions of  central  surface markers  for both  in  vivo  and  in  vitro  studies performed 

within the scope of this thesis. RTK: receptor tyrosine kinase, BCR: B‐cell receptor, NK: natural killer, 

DC: dendritic cell, TCR: T‐cell receptor, GPI: Glycerophosphatidylinositol, Gr: granulocyte 
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The B lymphoid cell 

After committing to B lineage development in a CD19 negative progenitor, presented in 

figure 1 as a Lin-Flt3+IL7R+Sca1/Kitint/lowLy6D+Rag1+ cell, further differentiation is required 

to generate the mature B cell, expressing an antigen specific B cell receptor (BCR). To enable 

the expression of a functional BCR, a process called V(D)J-recombination, which is the 

rearrangement of variable (V), diversity (D) and joining (J) regions of the -heavy(H) chain 

(HC) gene, needs to be initiated by RAG1 and RAG2 protein complexes (Oettinger et al., 

1990; Schatz et al., 1989). Expression of Rag1 is detected already in the early non committed 

progenitors (Igarashi et al., 2002) and the expression increases throughout the LMPP to CLP 

transitions (Mansson et al., 2008). The first signs of functional Rag-recombinase activity in 

B-lineage progenitors are DH-JH rearrangements seen in the CLP stage (Borghesi et al., 2004; 

Rumfelt et al., 2006). Subsequent differentiation involves expression of Pax5 that will initiate 

CD19 expression resulting in a CD19+B220+CD43+ pro-B cell. 

After completed DH-JH rearrangement (on both alleles) followed by VH-DJH recombination 

the cell becomes a large pre-B cell, characterized by reduced expression levels of CD43 and 

expression of a pre-BCR (figure2). This pre-BCR is constructed by the newly rearranged 

HC in combination with surrogate light chain (SLC) proteins lambda5 (5) and VpreB. 

Signaling via pre-BCR will down regulate Rag1 and Rag2 gene expression, thereby 

preventing further VH-DJH rearrangement (Grawunder et al., 1995), promoting a homogenous 

expression of a single type of heavy chain in any given B-cell.  Several rounds of cell 

division will expand pre-B populations with functional pre-BCR. The pre-BCR also appears 

to promote clonal deletion of auto reactive specificities because mice lacking functional SLC 

develop increased levels of antinuclear antibodies (Keenan et al., 2008). Even though the pre-

BCR on the cell surface is not easily detected on B-cell progenitors, mice lacking a functional 

transmembrane region in the constant part of IgM do not develop into the CD25+ stage 

thought to represent progenitors that has received a functional pre-BCR signal (paperIV,  

(Rolink et al., 1994). Studies show that signaling through the pre-BCR in combination with 

IL7R will expand a pool of large pre-B cells that have successfully rearranged a functional 

immunoglobulin heavy chain (Erlandsson et al., 2005; Fleming and Paige, 2001). Further, 

pre-BCR signaling will induce silencing of surrogate light chain gene expression (Parker et 

al., 2005) and promote the initiation of recombination of the IgL (light) (VL-JL) gene (Reth et 

al., 1987). After functional IgL recombination, the heavy and light chain will assemble into a 

complete BCR of initially IgM and, after negative selection in the BM, IgD isotype. 

Combined surface expression of IgM and IgD has been suggested to indicate that the B-cell is 

mature, and exposure to antigens and interaction with T cells in the germinal centers will 
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allow for the functional induction of an immune response and isotype switch, where 

activation induced cytidine deaminase (AID) initiated class switching will produce other 

isotypes of IgG, IgE or IgA class as well as somatic hypermutation. 

 

 

Figure 2. Rearrangement of  Immunoglobulin genes and expression of B‐cell  receptor. SLC:  surrogate 

light chains, IgH: heavy chain immunoglobulin gene, IgL:  light chain immunoglobulin gene, V: variable, 

D: diversity, J: joining.  
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One genome – numerous cell types, the brilliance of gene regulation. 

With very few exceptions all the cells in the body of any given organism contain the same 

genetic material. Despite this there are fundamental differences in how different cell types 

look and behave such as neurons in the brain, skin cells and blood cells. This variation is 

possible due to regulated use of the genetic material, in the way that different types of cells 

have different sets of activated and silenced genes. About 10% of the human genes are 

expected to be coding for transcription factors (TFs) (Levine and Tjian, 2003), which form 

regulatory networks that control the stepwise process of development from for example a 

HSC to a mature blood cell. In a cell type or developmental stage, TFs can bind in different 

patterns and co-localize in different complexes (Prange et al., 2014), creating a range of 

regulatory possibilities. External signaling via surface receptors such as IL7R and Flt3 make 

the cell responsive to its surrounding milieu, further increasing the complexity. Activation of 

signaling cascades by surface receptors can regulate TF expression and activity, and active 

TFs can in turn modulate surface expression of receptors. Which genes that are activated 

within the cells and which developmental direction the cells take depend on interplay 

between different factors such as: 

 Epigenetic modifications increasing or decreasing accessibility and expression of genes. 

 Extracellular activation of signaling cascades though cell surface receptors. 

 Activation of intracellular transcription factors acting to activate or repress genes. 

For the development of B cells, a few central TFs are responsible for the determination of 

the B cell fate, and below follow a brief description of these TFs that are also a central topic 

covered by the work in this thesis. 
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Major transcription factors in B lymphoid development 

E2A (Tcfe2a)  

Transcription factor E2A (figure 3)  is a class I bHLH (basic helix-loop-helix) protein that 

belongs to the E-family and is encoded by the Tcfe2a gene which by differential splicing 

utilizing two different bHLH encoding exons to produce two isoforms, named E12 and E47 

(Murre et al., 1989; Sun and Baltimore, 1991). The helix-loop-helix domain mediates 

dimerization of E-proteins and the basic region mediates binding to DNA. E-family proteins, 

including HEB and E2-2 bind to the E-box motif, CANNTG (N = any nucleotide), which was 

initially identified in the mouse IgH intron enhancer (Ephrussi et al., 1985). E-proteins have 

varying degrees of impact on hematopoietic development, and while both HEB and E2-2 are 

involved in B cell development (Welinder et al., 2011; Zhuang et al., 1996), E2A has been 

shown to play a critical role in in the B lineage developmental progression (Bain et al., 1994; 

Bain et al., 1997; Beck et al., 2009; Zhuang et al., 1994). E-proteins are post translationally 

regulated both by protein modifications (Benezra, 1994; Shen and Kadesch, 1995; Sloan et 

al., 1996; Teachenor et al., 2012) and by the presence of ID (inhibitor of differentiation)-

proteins. ID’s are HLH proteins lacking the basic domain, which antagonize binding to DNA 

by E-proteins coupled to ID (Benezra et al., 1990). The E-proteins are expressed throughout 

many tissues and in different stages of development, and their tissue specific function lies in 

the homo- or hetero-dimerization pattern of the proteins. One example is the formation of 

heterodimers between E2A and bHLH protein MyoD in myogenesis (muscle development) 

(Berkes and Tapscott, 2005; Lassar et al., 1991).  B cell development in contrast is apparently 

dependent on E-protein homodimers, specifically E47 (Shen and Kadesch, 1995) and 

homodimers have been shown to possess high functional activity in the activation of B-

lineage genes (Sigvardsson, 2000). 

Early B cell factor/EBF1 (Ebf1)  

EBF1 (figure 3) was initially identified as a factor that regulated the expression of the B-

lineage gene CD79a (Ig/mb-1) (Feldhaus et al., 1992; Hagman et al., 1991). The DNA 

binding domain of EBF-proteins has a unique zinc coordination motif called the “zinc 

knuckle” where four amino acids (H157, C161, C164 and C170) are essential for DNA 

binding. These amino acids are organized in a loop, stabilized around the simultaneous 

binding of a zinc ion (Zn2+) (Fields et al., 2008; Hagman et al., 1995). EBF1-molecules are 

thought to bind to DNA as dimers by interacting with two pseudo-palindromic half sites 

separated by a 2 base pair spacer, ATTCCCNNGGGAAT, where NN can be any nucleotide 
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(Hagman et al., 1991; Travis et al., 1993). The crystal structure of the different domains of 

EBF1, and also of the DNA-binding domain (DBD, amino acids 26-240) bound to DNA was 

determined by two groups in 2010 (Siponen et al., 2010; Treiber et al., 2010). Besides its 

expression in hematopoietic development, EBF1 has a role in adipocyte differentiation 

(Akerblad et al., 2002) neuron and brain development (Garel et al., 1999; Wang and Reed, 

1993) and osteoblast development (Hesslein et al., 2009). 

Pax5/Paired box protein 5 (BSAP) 

PAX5 (also called B-cell-specific activator protein, BSAP) was early on shown to be a 

regulator of the CD19 gene (Kozmik et al., 1992). Pax5 binds to DNA via its N-terminal 

DBD called the paired domain (Czerny et al., 1993). This paired domain is well conserved 

through evolution and consists of two sub-domains that independently can bind to half sites 

in the recognition sequence. This type of binding allows for the highly variable Pax5-

consensus site, with varying affinity for either of the half sites (Garvie et al., 2001; Xu et al., 

1995). The partial homeodomain is a general DNA-binding motif involved in protein-protein 

interactions (Eberhard and Busslinger, 1999) and the octapeptide modulate the transcriptional 

activity (Lechner and Dressler, 1996). Pax proteins in general are widely expressed in many 

tissues, and besides being the only Pax-protein important for B lymphocytes, Pax5 is also 

important for development of the central nervous system (Blake and Ziman, 2014; Urbanek et 

al., 1994). 

 

 

Figure 3. A schematic view of three major transcription factors in B cell development. a) basic domain 

(b)  is  needed  for  binding  to  E‐boxes  and  the    helix‐loop‐helix  (HLH)  region  mediates  protein 

dimerization  b)  A  unique  zinc‐finger  (Zn)  coordinates  DNA‐binding  and  the  HLHLH  domain  is 

responsible  for  protein  dimerization  c)  The  paired  domain  (PD)  mediates  DNA  binding  and  the 

octapeptide motif  (OP)  is  involved  in  gene  activation  and  repression.  The  homeodomain  (HD)  is 

involved  in  protein  interactions  and  the  inhibitory  domain  (ID)  regulates  transcription.  The 

transactivation domain (TA) in a‐c regulates transcription.   
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Networks regulating B cell development 

In the mid 1990’s studies on several different mouse models deficient for varying 

transcription factors and signaling molecules were created. Mice deficient in Sox4 (Schilham 

et al., 1996), Pax5 (Urbanek et al., 1994), Ebf1 (Lin and Grosschedl, 1995), E2A (Bain et al., 

1994; Zhuang et al., 1994), IKAROS (Georgopoulos et al., 1994; Wang et al., 1996), PU.1 

(McKercher et al., 1996; Scott et al., 1994) and IL7 (von Freeden-Jeffry et al., 1995) all 

lacked early B cells, revealing that these proteins are necessary for the development of a fully 

functional hematopoietic system  (figure 4). 

 

 

Figure  4:  Phenotypic  outcome  in  gene  deficient mice.  Displayed  is  a  schematic  drawing  of  seven 

different gene deficient mice, wild type mice are shown on bottom as reference. Red rectangle marks 

major block  in development, orange rectangle marks  indicative developmental block, X marks major 

reductions  in  cell populations  in  vivo. References: PU.1(McKercher et al., 1996; Scott et al., 1994), 

IKAROS(Georgopoulos et al., 1994; Wang et al., 1996), E2A(Dias et al., 2008;  Inlay et al., 2009),  IL7 

(paperII, (von Freeden‐Jeffry et al., 1995), Ebf1 (paperII, (Lin and Grosschedl, 1995; Zandi et al., 2008), 

FOXO1(Dengler et al., 2008; Mansson et al., 2012), Pax5  (paperIII,  (Nutt et al., 1999a; Rolink et al., 

1999; Urbanek et al., 1994). 
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With new technologies, more in depth analysis has enabled fine-tuned detection of where 

in the hierarchy the developmental block takes place in the absence of these critical factors. 

By using many surface markers simultaneously, defined cell populations can be identified, 

analyzed and sorted with high purity. However, studying mice carrying mutations in critical 

genes add a level of complexity since the expression of stage specific surface markers may be 

altered. For instance, definition of any cell type identified by surface expression of IL7R 

becomes an issue in mice lacking expression of IL7R. Another notable example is the lack of 

CD19 expression on B-cell progenitors in Pax5 deficient mice even though the progenitors 

have activated the B-lineage program (paperIII). Thus we need to investigate not only the 

surface phenotype of cells, but also their intracellular makeup and their functionality. 

Epigenetic regulation  

The prefix “epi-“, is Greek for “above”, thus epi-genetics means “above the genes” and 

the term originates all the way back to Aristotle. Epigenetics as a term in development was 

first used in 1942 by Waddington, as the study of what lies between the genotype and the 

phenotype that turn the genetic information into function (Waddington, 2012) (reprint). 

Epigenetics is the regulation of the chromatin structure and this process act in complex 

interplay with the general transcription factor networks controlling expression or repression 

of genes (figure 5). Through epigenetic regulation, the accessibility, or openness, of the 

chromatin is regulated. This is achieved by for example DNA methylation, where the 

cysteine residues in CpG dinucleotides (cytosine next to a guanine) of DNA are coupled to a 

methyl (CH3) group. About 60-80% of the CpGs in humans are methylated. About 10% of 

CpGs are found in clusters called CpG islands, some of which are unmethylated, and found in 

the transcriptional start sites of many genes (Smith and Meissner, 2013). The DNA is ordered 

in a structure by being wound around histone-protein octamers. Specific amino acids in the 

tails of the histone proteins are in turn subjected modifications such as (but not limited to) 

acetylation and methylation, and this has been defined as the histone code. Combinations of 

these modifications will activate or repress transcription, and specific areas in genes can be 

identified based on the modifications present on histone tails. Examples of this is Histone 3 

(H3) lysine 4 (K4) monomethylation (H3K4me1) that can be used to identify enhancer 

elements, while active promoters are marked by trimethylation of the same amino acid 

(H3K4me3), in combination with acetylation of multiple H3 and H4 residues (Lin et al., 

2010). 

The status of the chromatin with regard to lineage restricted genes has been shown to 

change during the maturation of blood cells (Cui et al., 2009; Jeong and Goodell, 2014; 
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Weishaupt et al., 2010). Mice that lack expression of Bmi1 (a component of the polycomb 

repressor complex 1) had increased numbers of lymphoid progenitors and increased levels of 

Pax5 and Ebf1 expression (Oguro et al., 2010). Part of this early up -regulation of Pax5 and 

Ebf1 is likely due to a lack of suppression of Ikzf1(discussed below) in the Bmi1 deficient 

progenitors (Arranz et al., 2012). Further, the strict regulation of VH-DH-JH recombination 

where RAG1 and RAG2 must gain access to target gene chromatin is another example. E2A 

proteins have been shown to bind to the V gene promoter and recruit the histone 

acetyltransferase CBP/p300, thereby increasing accessibility of the target genes for 

transcription and recombination (Hyndman et al., 2012; Sakamoto et al., 2012). 

Priming the lymphoid lineage in early hematopoietic progenitors 

At the early stages of development, expression of certain key factors will dictate the initial 

direction of cell development and although the earliest cells are not yet committed, actions 

are taking place to prime for development along defined pathways. It has been shown that 

many genes normally associated with lineage restriction are expressed at low levels already 

in the earliest progenitors (Hu et al., 1997). Expression of general lymphoid genes such as 

Rag1, Rag2, Dntt and germline immunoglobulin transcripts can be detected in the LSK 

compartment, whereas the expression of more B- or T-lineage restricted genes are less 

frequent (Hu et al., 1997; Igarashi et al., 2002; Mansson et al., 2007; Tudor et al., 2000). 

Mice deficient in the transcription factor IKAROS (Ikzf1) (Wang et al., 1996) were shown 

to have gross developmental defects within the whole hematopoietic compartment, with the 

exception of erythrocyte and megakaryocyte development. In mice carrying an Ikzf1-/- 

enhancer GFP reporter, GFP can be detected in the LSK compartment, but the cells lacked 

transcripts of Flt3, IL7ra and Rag1 genes detected in Wt GFP+ LSKs. In vitro single cell 

assays demonstrated that Ikzf1-/- LMPPs lacked B cell potential, displayed considerably 

reduced T cell potential but had normal myeloid potential (Yoshida et al., 2006). Another 

factor involved in lymphoid lineage priming is PU.1 (Sfpi1) (McKercher et al., 1996; Scott et 

al., 1994) . The proportion of megakaryocyte/erythrocyte progenitors (MEP) in Sfpi1-/- (PU.1) 

fetal liver (FL) and BM were not reduced compared to Wt (Iwasaki et al., 2005), whereas the 

CLP, GMP and CMP populations were diminished (Dakic et al., 2005; Iwasaki et al., 2005). 

Additionally, PU.1 expressing MPPs did not give rise to Ter119+ erythroid cells in vivo after 

transplantation (Arinobu et al., 2007). This indicates that PU.1 expression is increased in the 

LMPP, which has lost erythro-megakaryocytic potential (Adolfsson et al., 2005). Further, the 

dose of PU.1 has been shown to be important for myeloid versus lymphoid development in 

such a way that high PU.1 expression promotes development of myeloid cells and low 



20 | I N T R O D U C T I O N  
 

expression promotes development of lymphoid cells (DeKoter and Singh, 2000). This has 

been suggested to be regulated by IKAROS dependent control of expression of the 

transcriptional repressor GFI-1 which can replace PU.1 in its own regulatory elements, thus 

preventing the PU.1 auto-regulatory loop (Spooner et al., 2009). The regulation of PU.1 need 

careful managing since PU.1 is involved in regulation of the expression of Flt3 (Carotta et al., 

2010) defining the LMPP as well as Il7ra (DeKoter et al., 2002) needed for the LMPP to 

CLP transition.  

The Tcfe2a gene encoding E2A has potential binding sites for IKAROS in important 

regulatory elements, and E2A and IKAROS share several target genes, suggesting that these 

factors collaborate to maintain lymphoid priming (Dias et al., 2008). E2a deficient (vav-Cre-

E2Afl/fl) mice experience a three-fold reduction of MPPs and a block in development at the 

Ly6D-negative stage of the CLP (Inlay et al., 2009). This pattern is true also for E2a+/- mice 

where the LMPP as well as Ly6D- CLP populations are reduced about 50% in relation to Wt 

(paperIV). When analyzing gene expression in E2a+/- CLPs it was shown that these cells had 

reduced levels of B lineage specific genes, indicating defective priming in existing CLPs 

(paperIV). Hence IKAROS and PU.1, in collaboration with E2A and additional factors such 

as BCL11a (Liu et al., 2003; Yu et al., 2012), are involved in initiating lymphoid lineage 

priming in early progenitors.  

Cytokine signaling, Flt3 and IL7R in B lymphoid development 

Surface receptors Flt3 and IL7R are central for defining the CLP, and proliferation and 

survival assays on sorted CLPs and modified BaF3 cell lines demonstrated that Flt3 and IL7R 

act in distinct synergy promoting proliferation (paperI). Mice deficient in either Flt3Ligand 

(McKenna et al., 2000; Sitnicka et al., 2002) or Flt3 (Mackarehtschian et al., 1995) have 

normal lymphocyte levels in the periphery, but apparent reductions in common lymphoid 

progenitors (CLPs) as well as in Flt3+ LSK cells. Mice deficient in IL7 (von Freeden-Jeffry et 

al., 1995) or a functional IL7R (Peschon et al., 1994) also have severely impaired B-

lymphocyte development, and the few CD19+ cells that can be detected in adult IL7-/- mice 

are of a B1-B cell (embryonic) origin (Carvalho et al., 2001). In a further study on mice 

lacking function of both the pathways, a strong enhancement of the phenotype was found 

with no B lymphocytes detectable in the periphery (Sitnicka et al., 2003). 

Signaling by IL7 is however not only of importance for proliferation and expansion of 

early progenitors, but also has instructive capacities in differentiation towards the B cell 

lineage. While previous studies claim that pre-pro-B cells derived from IL7-/- mice have lost 
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their B lineage potential (Kikuchi et al., 2008) a more recent paper show that B lineage 

potential is intact in these mice (paperII). This discrepancy can be explained by the 

generously defined B220+CD43+ pre-pro-B cell population analyzed in the initial report 

(Kikuchi et al., 2008). In addition, CLPs purified from IL7 deficient mice (IL7-/-) have been 

reported to have dramatically reduced B cell potential that can be partially rescued by ectopic 

EBF expression (Dias et al., 2005)  however, this finding is likely explained by differences in 

the kinetics of B-cell formation as a result of the lack of Ly6D+ CLPs in IL7 deficient mice 

(paperII). Combined stimulation with IL7 and Flt3L did not result in significant increase of 

gene expression of Bcl2 and Bcl-XL in a modified BaF3 cell line (paperI), and B cell 

development can also not be rescued by ectopic expression of Bcl2. T cell development in 

contrast can be partly rescued by Bcl2 expression (Jensen et al., 2008; Kondo et al., 1997a; 

Maraskovsky et al., 1998) and this suggests that IL7 is permissive in T cell development. 

Binding of IL7 to IL7R will result in phosphorylation and activation of the receptor which in 

turn will recruit adaptor proteins such as signal transducer and activator of transcription 5 

(STAT5) that upon phosphorylation transfer to the nucleus and act as TFs (Goetz et al., 

2004). STAT5a/b have been demonstrated to have essential roles in lymphopoiesis (Teglund 

et al., 1998; Yao et al., 2006). In 2009, Malin et al stated that IL7 was not (via activation of 

STAT5) involved in activation of Ebf1 and Pax5, these data were however compromised by 

the fact that the use of a Rag1-Cre-Statfl/fl mouse deletes the function of IL7 after its 

downstream pathway has already been initiated (Malin et al., 2009). IL7 does however not 

appear to be involved in the reduction of myeloid potential in the LMPP to Ly6D- transition, 

since these cells from Wt and IL7-/- mice had comparable myeloid potential (paperII). This 

suggests that the earliest actions of lymphoid lineage restriction are independent of IL7, but 

that IL7 is required for establishment of the B cell genetic network already in the CLP 

compartment. 

Transcription factor networks in early B lineage commitment 

Whereas E2A, IKAROS and PU.1 are more general lymphoid driving transcription 

factors, Pax5 and EFB1 are specifically expressed in the B lymphoid lineage (figure 5). 

Commitment to the B lineage has been shown to precede the surface expression of traditional 

B lineage markers such as B220 and CD19. These early committed cells could be detected by 

the surface expression of a 5-promoter regulated hCD25 reporter gene and constituted about 

5% of the total CLP compartment (Mansson et al., 2008). Wt LMPPs, CLPs and hCD25+ 

CLPs displayed 0, 14, and 50% co-expression of Pax5 and Ebf1 in a single cell assay 

(Mansson et al., 2008) supporting the idea that the B-lineage program is activated in the 

reporter expressing cells. 
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E2A in concert with HEB activate the expression of Foxo1, promoting the Ly6D- to Ly6D+ 

transition (Welinder et al., 2011). Foxo1 deficient and Ebf1 deficient mice demonstrate 

highly similar phenotypes, and FOXO1 and EBF1 act in a positive feedback loop, stabilizing 

the B lineage program and promoting exit from the CLP-stage (Mansson et al., 2012). The 

combined actions of E2A, EBF and FOXO1form a network crucial for the development of B 

cells (Lin et al., 2010). When transplanting Ebf1-/- fetal liver progenitor cells, the 

identification of phenotypic CLPs was possible, however they did not have proper expression 

of B lineage genes, including Pax5 (Lin and Grosschedl, 1995; Zandi et al., 2008). Also, 

Ebf1-/- mice retain the NK-developmental capacity in Ly6D+ CLPs (paperII) and several 

genes that are expressed in NK cells are up-regulated in Ebf1+/- pro-B cells (Lukin et al., 

2011), indicating that EBF1 has a function in repressing the NK lineage fate. This ability of 

EBF1 to both regulate B cell genes and also suppress other lineage genes seems to be 

independent of E2A and Pax5 functions, since EBF1 can induce B-lineage restriction also in 

the absence of E2A (Seet et al., 2004) or Pax5 (Pongubala et al., 2008). As for E2a-/- CLPs 

(Bain et al., 1994; Bain et al., 1997; Zhuang et al., 1994) even though Ly6D+ CLPs are 

present in Ebf1-/- animals in increased numbers (paperII), the Ebf1-/- CLPs lack D-J-

rearrangement of the immunoglobulin heavy chain (Lin and Grosschedl, 1995) and both 

EBF1 and E2A can interact with the B lineage specific E-Rag enhancer (Hsu et al., 2003; 

Zandi et al., 2008). 

EBF1 was directly linked to IL7-signalling due to the ability of STAT5 to not only induce 

expression of Ebf1, but also partially rescue B-cell development in the absence of IL7-signal 

(Kikuchi et al., 2005). The Ly6D+ CLPs that developed in an IL7-/- mouse displayed normal 

B cell developmental properties in vitro when cultured with IL7, however with highly 

increased NK-potential and reduced B cell-restriction when stimulated with Notch signal 

(paperII). Notch1 plays a major role for the development of T-lymphocytes and has been 

shown to be negatively regulated by EBF1 (Nechanitzky et al., 2013) and Pax5 (Souabni et 

al., 2002). Expression of constitutively active Notch1 in BM cells resulted in development of 

thymic independent T cells in BM and an early block in B cell development (Pui et al., 1999). 

In addition, Notch1-deficient mice display a block in T cell development at an early 

progenitor stage with development of B cells in thymus (Radtke et al., 1999) and when 

Notch1-/- BM cells were intrathymically transplanted to congenic mice, phenotypic B cells 

developed (Wilson et al., 2001). In progenitor cells in the BM, Notch1 signaling has been 

suggested to be actively repressed by the presence of LRF (leukemia/lymphoma related 

factor) and that only the abundance of Notch ligands in the thymus can overrule the cell 

intrinsic LRF-inhibitory activity (Maeda et al., 2007). 
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Figure  5.  Transcription  factor  networks  in  hematopoietic  development.  This  schematic  drawing 

provides an overview of central  transcription  factors  (capital  letters) and gene  regulation  (in  italics) 

during early hematopoietic development. Green text indicates positively regulated genes and red text 

indicates negatively regulated genes. 

 

Pax5 has been posted as a the major factor responsible for determination of the B lineage 

(Urbanek et al., 1994). However, the presence of VH-DJH rearrangements in progenitors (Nutt 

et al., 1997), and the low Pax5 expression in cell types preceding the committed B cell 

(Anderson et al., 2007; Fuxa and Busslinger, 2007; Mansson et al., 2008) rather indicates 

Pax5 as being essential for continued stable commitment and expression of B lineage genes 

initiated by E2A and Ebf1 (O'Riordan and Grosschedl, 1999). Pax5 gene expression is low or 

undetectable in the CLP compartment (Fuxa and Busslinger, 2007; Mansson et al., 2008) but 

is increased specifically in the Ly6D+ fraction (Mansson et al., 2009). However, also in the 

absence of Pax5, a transcriptional program specific for B lineage is initiated (paperIII, (Nutt 

et al., 1998; Nutt et al., 1997) and the expression of many B lineage specific genes was 

specifically reduced in Ebf1-/- progenitors, and not in Pax5-/- progenitors (paperIII). Despite 

this apparently activated B lineage program, these Pax5 deficient cells are not stable in their 

commitment and Notch signaling or cytokine stimulation is sufficient to drive these cells into 

alternative cell fates in vitro and in vivo (paperIII, (Cobaleda et al., 2007; Heavey et al., 

2003; Hoflinger et al., 2004; Nutt et al., 1999b). By transplanting Pax5-/- fetal liver cells to 

host mice it was shown that Pax5 deficient cells can repopulate the 5-reporter expressing B 
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committed population (paperIII). These cells however do not express CD19 since Pax5 is a 

major activator of the CD19-gene. The Pax5-/- progenitors did not have defect expression of 

other lineage genes and Pax5 expression seems to be of importance for the further 

commitment of already B lineage primed cells (paperIII). In line with this, Pax5+/- 5-hCD25 

reporter positive cells displayed in vitro plasticity to Thy1.2+CD3+ T cells (paperIV). 

Transplanted Pax5-/- B220+Kit+ progenitor cells were shown to fully reconstitute the T cell 

lineage, showing that Pax5 is redundant for the development of T cells (Rolink et al., 1999). 

Also, the development of CD19 positive cells in E47 deficient cells could be rescued by 

overexpression of EBF1, however not by expression of Pax5, indicating that EBF1 acts 

upstream of Pax5 (Seet et al., 2004). Expression of Pax5 will down regulate Flt3-expression 

further locking the B-cell fate (Holmes et al., 2006) and in addition to Notch1 Pax5 also 

repress other non B-lineage genes such Csfr1 (Tagoh et al., 2004). Also, overexpression of 

Ebf1 and not Pax5 in Runx1F/F-mb1-Cre cells could restore expression of E2A, Ebf1 and 

Pax5, as well as restore the lacking VH-DJH rearrangement (Seo et al., 2012). It has further 

been reported that conditional targeting of either the Pax5 or Ebf1 genes in CD19+ cells, 

resulted in disruptions of the genetic program with a resultant loss of B-cell identity allowing 

the cells top adopt alternative cell fates (Cobaleda et al., 2007; Nechanitzky et al., 2013; Nutt 

et al., 1999a; Rolink et al., 1999). 

At the pre-B cell stage, B lineage genes 5 and VpreB increase greatly in expression and 

pre-BCR expression will enable cells to respond and proliferate in low concentrations of IL7 

(Marshall et al., 1998; Ochiai et al., 2012). When analyzing Ebf1+/- pre-B cells, a reduction in 

surface pre-BCR was detected and the cells also had a reduced response to IL7 (paperIV).  

Additionally, Ebf1+/- pro-B cells have reduced expression of cell division and mitosis genes. 

This in combination with reduced surface expression of IL2R (CD25) likely explain the 

partial block in G1 of the cell cycle (paperIV). This block is consistent with the G1 arrest in 

the pro-B compartment of Ebf1 deficient cells (Gyory et al., 2012). However, the Ebf1+/- cells 

did not show increased signs of apoptosis, as did the Ebf1 deficient cells, and this suggests 

that EBF1 dose has a role in expansion and survival of B-cells (paperIV, (Gyory et al., 2012).
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The role of transcription factors and signaling molecules in lymphoid neoplasms 

Since transcription factors and signaling molecules play such major roles throughout B 

cell development in terms of survival, differentiation and lineage specification, they are also 

likely to have major impact in the process of malignant transformation. The term “lymphoid 

neoplasm” covers many blood cell diseases that are subdivided based on a range of criteria 

formulated in the 2008 WHO classification, discussed by Campo et al in (Campo et al., 

2011). These criteria cover cell surface phenotype (determined by flow cytometry), 

morphology, cytogenetic analysis (chromosomal alterations such as fusion proteins, deletions 

etc.), status of immunoglobulin-rearrangement, chronic versus acute disease, and tissue 

localization. The general genetic heterogeneity of blood cell disorders and the many different 

subtypes and underlying genetic defects make treatment complicated and thus studies of the 

molecular mechanisms are of the essence. 

In different neoplastic subtypes a number of commonly recurring genetic changes can be 

identified that also can be used as prognostic factors and for therapeutic implications. Major 

causes for cancers of the blood are gene rearrangements giving rise to constitutively active 

fusion-proteins. One such example is the t(9;22)(q34;q11) translocation between Abelson 

tyrosine kinase (ABL) and the breakpoint cluster region (BCR) resulting in the fusion protein 

BCR-ABL found in about 95% of patients with chronic myeloid leukemia, 30%-50% of adult 

patients with acute lymphoblastic leukemia (ALL) (le Coutre et al., 1999)and approximately 

2% of the pediatric B cell ALLs (Inaba et al., 2013). The prognosis for patients positive for 

BCR-ABL was much improved with the discovery of specific chemotherapy in the form of 

Imatinib, a drug that locks the BCR-ABL kinase in its inactive state (Druker et al., 2001; 

Druker et al., 1996), followed by second generation drugs such as Dasatinib (Shah et al., 

2004), that instead target the active state of the kinase. 

Many lymphoid neoplasias carry rearrangements of genes to parts of the Ig loci and the 

naturally occurring rearrangement and cut and paste action of immunoglobulins could be a 

reason for genetic instability in developing lymphocytes. An example is Burkitt’s lymphoma 

where chromosomal translocations that juxtapose oncogene MYC (8q24) to one of the 

immunoglobulin loci, resulting in deregulated MYC expression. This MYC activity is 

however not sufficient for leukemogenesis and genetic alterations affecting the TCF3 gene 

(mouse Tcfe2a equivalent) either directly, or even more commonly, by loss-of–function 

mutations in TCF3-regulator ID3, was seen in 70% of sporadic Burkitt’s lymphoma cases 

(Schmitz et al., 2012). In a second study, 68% of defined Burkitt’s lymphoma cases carried 

potentially damaging mutations in ID3 (Richter et al., 2012).  



26 | I N T R O D U C T I O N  
 

Detailed studies from several groups have shown that also the copy number alterations 

(CNAs) of genes involved in differentiation, proliferation, cell cycle and transcription add to 

the complexity of the disease. Deletions and loss-of-function mutations in genes regulating 

lymphoid development, such as PAX5, TCF3 (Tcfe2a), EBF1 and IKZF1 are found in around 

two out of three pediatric B-acute lymphoblastic leukemia (B-ALL) cases (Inaba et al., 2013; 

Kuiper et al., 2007; Mullighan et al., 2007). Mutations of PAX5, EBF1 and IKZF1 were also 

found in adult ALL cases (Safavi et al., 2014). The most commonly affected gene is that of 

PAX5 (one-third of pediatric B-ALL), but fortunately alterations in PAX5 are also not 

associated with poor outcome. Lesions in PAX5 are found also in T-ALL cases but to a lesser 

extent than in B-ALL cases, whereas EBF1 and IKZF1 deficiency mainly result in B cell 

malignancies (Kuiper et al., 2007). 

A recent study demonstrates that these CNA in their own right can be used as prognostic 

tools. For instance, the absence of copy number alterations in EBF1, IKZF1, PAX5, or 

isolated deletions of PAX5, were classified as good risk genetic abnormalities, whereas any 

deletion of IKZF1 or EBF1 were classified as poor risk genetic abnormalities (Moorman et 

al., 2014). In the previously mentioned BCR-ABL1positive B-ALL, 70-80% of patients also 

carry somatic mutations in IKZF1 and this combination is associated with a poor outcome of 

disease (Iacobucci et al., 2009; Martinelli et al., 2009; Mullighan et al., 2008). It should be 

noted that a subtype representing about 10% of pediatric B-ALL are the BCR-ABL1-like, 

which have a genetic expression profile very similar to the BCR-ABL1+ ALL, including 

alterations in IZKF1 and a very poor outcome, but without the BCR-ABL1 translocation (Den 

Boer et al., 2009; Mullighan et al., 2009).  

The relevance of transcription factor dose was investigated in studies on mice where it was 

shown that by reintroducing Pax5 in induced leukemic cells, a process resembling normal B 

cell development could be restored (Liu et al., 2014). Also, haploinsufficiency of either Pax5 

or Ebf1 could synergize with constitutively active STAT5 to give rise to ALL in 100% of 

investigated mice, with a low risk for developing disease with only the transcription factor 

deficiency present (Heltemes-Harris et al., 2011). Studies have also shown that BCR-ABL in 

chronic myeloid leukemia (CML) can induce PAX5 mediated transcriptional suppression of 

myeloid lineage repressor BACH2 (Casolari et al., 2013; Itoh-Nakadai et al., 2014) and EBF1 

repressor proteins ZNF521 (Warming et al., 2003; Yamasaki et al., 2010) and ZNF432 

(Harder et al., 2013) have been found to be up-regulated in B-ALL. Further, the frequency of 

lesions in EBF1 and IKZF1 in twenty pediatric B-ALL relapse cases were found to be higher 

in the relapsed cases relatively to the newly diagnosed B-ALL: EBF1 25% vs 4.2% and 

IKZF1 35% vs 8.9% (Yang et al., 2008). This data indicates that the dose of key transcription 
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factors is an important player in the progression of disease, and may relate to the existence of 

leukemia initiating cells and reasons for relapse of disease (Notta et al., 2011). 
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METHODS 

Detailed descriptions of used methods are found in the papers included in this thesis. Some 

methods that are recurring and of central importance for the work are described and discussed 

more in detail in the following section. 

Flow cytometry 

Most of the data in this thesis is based on the use of flow cytometry and fluorescence 

activated cell sorting (FACS). Flow cytometry is a powerful tool that allows investigation of 

a wide combination of surface markers and intracellular molecules on single cells in 

suspension. With FACS we can sort out large and small cell populations that later can be 

subjected to downstream analysis like cell culture assays or molecular biology assays. 

Brief introduction to flow cytometry  

The flow cytometer can analyze cells in single cell suspension, one by one, and for each 

determine the expression of pre-antibody-marked surface or intracellular molecules. This 

detection is possible due to conjugation of the antibodies to different fluorochromes, that can 

be excited by lasers and the resulting emitted light can be captured by the machines detectors. 

Moreover, size and general granularity of the cell can be analyzed via the scattering of light 

as it hits the cell (Brown and Wittwer, 2000). 

When selecting antibodies (fluorochromes), you need to know which lasers and also which 

filters your particular flow cytometry instrument is equipped with. A modern flow cytometer 

will in general have 2-4 lasers, and on an imagined four laser instrument these might be a 

405nm (violet), a 488nm (blue), a 561nm (green) and a 633 (red) laser. The indicated color 

represents the wavelength emitted by that particular laser (figure 6). The optimal choice of 

antibodies is also dictated by a combination of abundance of the molecule of interest, in 

combination with the intensity of the fluorochrome. 

 

 

Figure 6. Visible  light region of the electromagnetic spectrum. The wavelength  (in nano meters) and 

color of each laser in a presumed 4‐laser instrument is indicated. 
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There are many fluorochromes, but they all follow the same principle. Light from a laser 

excites electrons in the fluorochrome molecule and when these return to their ground state, 

light is emitted at a longer wavelength. This emitted light is reflected or pass through a series 

of filters that separate light of different wavelengths to enable detection of light from several 

sources simultaneously. Some fluorochromes will give rise to emitted light of overlapping 

spectrums, and this poses a problem since it might result in false positive detection. This 

problem is circumvented by semi-automatic compensation-functions in modern flow 

cytometers. Compensation means that the software will calculate how much of the detection 

of fluorochrome X, is actually detection of spillover from the fluorochrome Y, and deduct 

this automatically. If you are only using a few parameters for the analysis of a sample, 

compensation issues can be mostly avoided by thoughtful choice of colors (Brown and 

Wittwer, 2000; Johansson and Macey, 2011).  

Data analysis – understanding your samples 

When you have chosen the most optimal panel of fluorochromes for your analysis it is 

time for data acquisition and data analysis. There are a number of things to consider to avoid 

misinterpretation of data, and below is a summary of a few things to take into consideration 

(Johansson and Macey, 2011; Rundberg Nilsson et al., 2013). 

Analysis of rare events, how common is your cell type? This will dictate how many thousands 

or millions of cells to stain from your tissue sample. If your target cell is found 1/50.000, 

recording 10.000 events might give you false negative data. 

Compensation – which antibody do I choose? Compensation should be performed with the 

same antibody as you intend to use in your experiment. This applies particularly to tandem 

conjugate dyes, where each batch of antibody can vary with regards to intensity. 

Setting the gate, what is a positive and negative population? To answer this question, you 

need to stain control samples such as fluorescence minus one (FMO) controls. This means 

that you would stain one aliquot of cells with all the antibodies in your setup except for #1, 

one aliquot with all antibodies except for # 2 etc. This will give you a good idea on where 

your negative population is, control the compensation, and detect any interference between 

fluorochromes. To fully rule out fluorochrome interference, single color stained controls are 

also recommended. 

What’s in a name? In a perfect world, all research groups would use exactly the same sample 

preparation protocols as well as defining markers to detect a specific cell type. This is 
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however not, and most likely never will be, the case, since knowledge is always increased 

and methods change. What we can do is to always be very precise when explaining our 

analysis. 

Mouse models  

The mouse has shown to be an excellent model to study hematopoiesis. Since the 

knowledge of the murine hematopoietic system is so extensive, it can be used to study 

basically all levels of both the adult and fetal murine systems. Although it will not be 

discussed in detail, I however wish to emphasize that results based on the use of animal 

models should not without thought be transferred to humans. The two species are separated 

by 65-75 million years of evolution, have huge difference in size and life span, and also meet 

different pathogenic challenges. This topic is reviewed in (Mestas and Hughes, 2004; Payne 

and Crooks, 2007; Schmitt et al., 2014). 

By creating mice with knock-out alleles, controlled breeding allows for studies of both 

heterozygote as well as homozygote mice. However, complete knock out of a gene will in 

many cases also not be compatible with life, preventing studies on the adult hematopoietic 

system. This can be circumvented by using of the vavCre transgenic mice, where Cre under 

the control of hematopoietic restricted vav gene regulatory sequences makes it possible to 

specifically study a gene only in the hematopoietic system(Georgiades et al., 2002). Creation 

of reporter constructs has also made it possible to investigate live cells with regard to 

intracellular factors. Cells can be detected by flow cytometry based on gene specific 

regulation as in the Rag1-GFP (Mansson et al., 2009) and 5-hCD25 (Martensson et al., 

1997) reporters. The ability to genetically modify almost any sequence of interest and to be 

able to study this change in vivo has made it possible to learn about complex processes 

impossible to study with only human samples. Recent advances in genome engineering using 

the CRISPR-Cas9 system has enabled faster generation of transgenic models, reviewed in 

(Hsu et al., 2014; Sander and Joung, 2014). 

For the papers in this thesis we have relied on a number of different transgenic or congenic 

mice, all of the C57BL6 strain, which is the most commonly used mouse strain. At large, 

different mouse strains are alike; however some molecules used for surface identification of 

cells in this thesis are expressed differently between strains. Natural Killer (NK) cells in 

C57BL6 mice co-express NK11 and DX5, whereas other strains lack expression of NK11 and 

have to rely on DX5 expression. Thy1 (CD90) was initially detected on T-lymphocytes and 

this pan-T-lineage marker exists in two versions, differing by only one amino acid. These are 
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called Thy1.1/CD90.1 and Thy1.2/CD90.2 with the latter being expressed by C56BL6 strain. 

CD45 (also called leukocyte common antigen) is expressed on all hematopoietic cells with 

the exception of thrombocytes and mature erythrocytes, and exists in two allelic variants, 

CD45.1 and CD45.2. This surface molecule is widely used as a way to separate donor from 

host in transplantation assays in mice. 

In vitro evaluation of lineage potential  

Even though transplantation assays is the best way to evaluate the lineage potential of 

different cell populations, robust in vitro methods for lineage evaluation are very helpful in 

lowering cost, increase sample size and reduce the number of animals. One such method is 

the use of stroma cell-leukocyte co-cultures where the cytokine and signaling conditions can 

be controlled. The OP9 stroma cell line has a fibroblast-like morphology and was derived 

from the BM of newborn op/op mouse calvaria (Kodama et al., 1994). Due to a mutation in 

the gene encoding macrophage colony stimulating factor (M-CSF) the cells do not produce 

this cytokine and have a low efficiency for generating macrophages in vitro, and a high 

efficiency for generating B cells in vitro. Co-culture of hematopoietic progenitor cells with 

OP9 and a combination of IL7, Kit-ligand and Flt3-ligand will further increase the efficiently 

in differentiation to CD19+ B cells (Zetterblad et al., 2010). Additionally, conditions allowing 

for the evaluation of NK and DC lineage can be induced by including cytokines IL2 and IL15 

(Rosmaraki et al., 2001) to the OP9 co-culture. Stable expression of the Notch-ligand Delta-

like 1 in the OP9 cells (OP9-Delta), created an efficient co-culture system for the production 

of T-cells expressing CD3, Thy1/CD90 and TCR(Schmitt and Zuniga-Pflucker, 2002). 
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RESULTS AND DISCUSSION 

Paper I 

To study the combined effect of Flt3 and IL7R signaling pathways, in paper I we sorted 

CLPs and performed short term in vitro studies showing us that the combined action of Flt3L 

and IL7 generated greater cell numbers than either of the cytokines alone. We confirmed this 

in the B220+ cell line BaF3 (Palacios and Steinmetz, 1985) modified to stably express Flt3 as 

well as IL7Rα (BaF3Flt3+IL7R+). Staining BaF3Flt3+IL7R+ with Annexin-V demonstrated a clear 

increase in apoptotic cells in the absence of cytokines. By running quantitative real time PCR 

on the BaF3Flt3+IL7R+ as well as on in vitro cultured CLPs we could conclude that Flt3L and 

IL7 prevents apoptosis by reducing the levels of pro-apoptotic genes such as Bim/Bcl2l11 and 

Bad, but the effect on gene expression levels was at the most additive with combined 

stimulation with Flt3L and IL7. Further studies using the fluorescent proliferation dye CSFE 

showed us that CLPs growing with both cytokines present are dividing faster than single 

stimulated cells. By Western Blot analysis of phosphorylated proteins upon stimulation of 

BaF3Flt3+IL7R+ cells with different combinations of the cytokines, we detected activation of 

separate signaling pathways, where Flt3 signaling cooperate with activated STAT-5 and give 

cell expansion.  

We conclude that Flt3 and IL7R signaling act in synergy on the same cell to expand the 

CLP population and this is mediated through activation of separate downstream pathways. 

Paper II 

With Paper II, we set out to further investigate the early hematopoietic progenitors in 

mice deficient in IL7 (IL7-/-). We could report statistically significant reductions in cell 

numbers already in the early IL7R negative LMPP compartment, and a clear 5 fold difference 

in total CLPs. By introducing the Ly6D surface marker we found that this reduced CLP 

population is the result of a close to complete loss specifically of the Ly6D+ CLPs. By 

analyzing Wt and IL7-/- CLPs we could see that while 12% of the Wt single cells analyzed co-

expressed several B lineage associated genes, there was no such co-expression of genes in the 

IL7-/-. By co-culturing CLPs with OP9 stroma cells under conditions optimal for B cell 

development, we show that CLPs from IL7-/- mice, although deficient in their in vivo B 

lymphoid priming, remain IL7 responsive and have normal B cell potential in vitro. However, 

when instead co-culturing only the Ly6D+ CLPs from either Wt or IL7-/- mice with OP9 
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stroma under conditions supportive of NK and DC development, we see that Ly6D+ CLPs 

from the IL7-/- are displaying functional differences. Wt Ly6D+ CLPs will still mainly give 

rise to pure B cell colonies, whereas CLPs developing under IL7 deficient conditions are not 

properly lineage restricted and express both NK11 and CD11c. One possible explanation for 

this lack of restriction in the IL7-/- Ly6D+ cells could be reductions in critical factors 

potentially downstream of IL7R-signaling. The expression of transcription factor EBF1 had 

previously been shown to be up regulated in the Ly6D- to Ly6D+ transition (Inlay et al., 2009; 

Mansson et al., 2009). We thus analyzed the mRNA expression of Ebf1 in sorted Ly6D- and 

Ly6D+ CLPs and while both Wt and IL7-/- Ly6D- cells express no/very low levels of Ebf1, Wt 

Ly6D+ cells have very high Ebf1 expression, which is strongly reduced in cells from the IL7-/- 

mice. We next studied Ebf1 deficient mice (Ebf1-/-), and found that the distribution between 

Ly6D- and Ly6D+ cells is normal. However, by culturing also Ebf1-/- deficient CLPs under B, 

NK and DC promoting conditions we could see that 100% of cells from Ebf1-/- mice 

expressed NK11. 

We conclude that IL7R-signalling is essential for the proper induction of Ebf1 expression 

and appropriate lineage restriction in the CLP compartment. 

Paper III 

In paper III we aimed to study Pax5, another transcription factor central to B cell 

development. Cells deficient in Pax5 will not express CD19 on the surface, and this poses a 

challenging problem since CD19 is a defining marker for B cell lineage. To work around this 

issue we used the hCD25 reporter mouse, providing surface marker based detection of cells 

with an activated B lineage program. Pax5 deficiency (Pax5-/-) is highly embryonically lethal, 

and thus we extracted fetal livers of Wt and Pax5-/- embryos and transplanted them to 

congenic CD45.1 mice. When analyzing the bone marrow of these mice 4-6 weeks after 

transplantation we found that the donor Pax5-/- cells had repopulated both the LSK and CLP 

compartments, however to a lesser degree than the Wt cells. The Ly6D+hCD25+ population 

was highly increased in the Pax5-/- transplanted mice and SC-PCR analysis of these cells 

displayed normal expression of B-lineage genes. This indicated to us that the cells despite 

lacking Pax5, still could initiate the B cell program in the earlier hematopoietic progenitors. 

This accumulation of reporter positive cells was also apparent within the B220+ population 

where hCD25+ cells were increased from 15% in Wt to approximately 80% in the Pax5-/-. 

Since we could not use CD19 to identify cell types, we here defined B220+CD43+hCD25+ 
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cells as pro-B cells, and these cells also had a gene expression pattern as the Wt pro-B cells 

based on microarray analysis. By SC-PCR and q-PCR we studied the levels of non B-lineage 

genes and found that T cell genes Cd3 and Notch1 as well as myeloid gene Mpo were 

increased in B220+hCD25+ Pax5-/- cells. To further evaluate the cells in a functional assay, 

we sorted Wt and Pax5-/- primary Ly6D-hCD25-, Ly6D+hCD25- and Ly6D+hCD25+ cells, 

representing progressing states of commitment. The cells were sorted directly to OP9 or 

OP9Delta stroma under conditions to promote either NK or T cell development. In the 

cultures of hCD25- cells no difference in lineage potential could be seen between Wt and 

Pax5-/- cells. However, the Ly6D+hCD25+ cells from Pax5-/- mice had lost their B lineage 

restriction in comparison to Wt and the outcome cells represented mixtures of B, T and NK 

cells. Clones from Wt Ly6D+ cells had low or no NK1.1 present at the surface, supporting the 

idea that Ly6D-expression is associated with a reduced NK cell potential.  

We conclude that the Pax5-/- progenitors are able to initiate the expression of B lineage 

genes, but they are not capable of preventing expression of genes related to other lineages.  

Paper IV 

In paper IV we studied the effect on hematopoietic development in mice heterozygous in 

expression of transcription factors E2a, Pax5 or Ebf1. In the CD19 negative progenitor 

compartments, we detected reductions in LMPP and CLP in the E2a+/- mice. Also the 

Ly6D+hCD25+ and pro-B cells were specifically down in the E2a+/- mice with low reductions 

in the Pax5+/- or Ebf1+/- animals. When analyzing the E2a+/- CLP with SC-PCR it was clear 

that the E2a+/- cells have impaired B lineage specification with less frequent expression of B 

lineage genes Pax5, Lambda5, Cd79a and OcaB. By performing a myeloid cell promoting 

assay on sorted LMPPs and Ly6D-hCD25- CLPs we detected no difference in myeloid ability 

between Wt and heterozygous cells. However, when analyzing the in vitro ability of single or 

double heterozygous Ly6D+hCD25- cells to take on different lineage fates, the E2a+/- cells 

gave rise to 61% clones containing NK1.1+ and/or CD11c+ cells, in comparison to 17, 12 and 

23% for Wt, Pax5+/- and Ebf1+/- cells respectively. Reduced Ebf1 levels did not appear to 

have any visible effect in the early hematopoietic compartments, but the Ebf1+/- mice did 

show impaired development of pre-B and mature B lineage cells. As has been previously 

shown there was also an apparent synergy between E2a+/- and Ebf1+/- in double heterozygous 

mice where pre-B cells were down about 6-fold in total numbers. Among other genes, Ebf1+/- 

pre-B cells had reduced expression of IL2ra (CD25). This reduced expression was also 
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confirmed at the protein level by staining cell surface IL2Ra and subsequent flow cytometry 

analysis. Flow cytometry analysis could also confirm that there existed a change in the cell 

cycle in Ebf1+/- mice with a partial block in the G1 phase. To be able to further investigate 

how EBF1 dose affects cell expansion we transduced Ebf1-/- bone marrow cells with 

retroviruses expressing either full length Ebf1 or Ebf1-ER (estrogen receptor). Culture of 

Ebf1-ER cells in tamoxifen will allow for EBF1 to enter the nucleus. When removing 

tamoxifen from the cultures, EBF1-ER will be sequestered in the cytoplasm and this 

negatively affected the expansion of the cells. This was also directly related to the given dose 

of tamoxifen, meaning the dose of nuclear EBF1. Using a next-generation sequencing based 

approach, we next performed an analysis on the complexity of VDJ-rearrangements in pre-B 

cells from Wt and Ebf1+/- mice, however no differences between the genotypes could be 

detected, supporting the idea that the full pre-B cell compartment has disturbed expansion. As 

well as finding that the expression of IL2Ra was reduced, we also saw reductions in the 

IL7Ra expression. In paper II we show that IL7-/- mice have reduced Ebf1 levels. We 

therefore cultured Ebf1+/- pro-B cells in decreasing concentrations of IL7 and this 

demonstrated that the Ebf1+/- cells grew less efficiently in low IL7-concentrations as 

compared to Wt cells. We also detected reduced surface expression of pre-BCR on the pre-B 

cells. 

In conclusion, E2a+-/ progenitors have disturbed lineage commitment both E2a+/- and 

Ebf1+/- mice had alterations in cell population size relative to Wt, however the loss of on 

allele of Ebf1 is specifically important for the normal expansion of already B-committed 

progenitors. We have shown that there exists a TF dose-dependent regulation in B cell 

development. 

Paper V (manuscript) 

After having studied the single heterozygous mice and noticed decreases in cell 

populations, partial blocks in development and disturbed functions in the outcome cells, we 

wanted to study the effect of combined reductions of functioning factors. In paper V 

(manuscript) we found that a Pax5+/-Ebf1+/- (transheterozygote, TH) mice will have a 

profoundly disturbed hematopoietic development. Already in mice aged 8-12 weeks we 

detected partial blocks in development and reductions in total number of early B cell 

populations. We transplanted sorted pro-B cells from Pax5+/-Ebf1+/- mice to Rag1-/- mice and 

6-9 weeks after transplantation nine out of ten mice had high levels of Thy1.2 positive cells 
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in spleen, and upon analysis these cells had T-specific gene expression patterns, indicating 

severe lineage infidelity of these cells in vivo. In three out of ten mice receiving TH cells we 

also found high levels of CD43+IgM- pro-B cells in spleen. No progenitor cells were found in 

either BM or spleen. 

To further confirm the lineage switch, we sorted Wt, Pax5+/-, Ebf1+/- and Pax5+/-Ebf1+/- 

pro-B cells and cultured them with OP9Delta stroma, promoting T cell development. Notch 

receptors are activated upon contact with Notch ligand like Delta1, after which the Notch-

molecule will undergo proteolytic cleavage which releases an intracellular signaling 

component called intracellular notch (ICN). The TH CD19+ cells were able to develop into 

CD19-Thy1.2+ cells expressing T lineage genes also in vitro. We also showed that this 

conversion was dependent on activation of the Notch-pathway by adding gamma secretase 

inhibitor DAPT which inhibits Notch signaling and release of ICN. In an in vitro time study, 

CD19+ cells would start to coordinately express also Thy1.2, and after 18 days most cells 

were only expressing Thy1.2 with or without CD3. By performing qPCR at each time point 

we detected up regulation of T lineage associated genes at the same time as up regulation of 

the T lineage surface markers took place. Since we saw that some of the Rag1-/- animals 

transplanted with Pax5+/-Ebf1+/- pro-B cells had indications of disease, we wanted to study 

the in vivo transformation of these cells. We maintained mice for up to 40 weeks, and found 

that over 50% of Pax5+/-Ebf1+/- mice developed spontaneous pro-B (CD19+CD43+IgM-) 

leukemia at approximately 30 weeks of age. The corresponding number for Ebf1+/- mice was 

6%, and no sick animals were present in the Wt or Pax5+/- groups. Diseased mice developed 

dramatically enlarged lymph nodes and when analyzing the cellular content of these, they 

were found to consist mainly of CD19+CD43+ pro-B cells. The pro-B cells expressed normal 

levels of B lineage associated genes and thus had most likely not inactivated any second 

alleles. Gene expression micro array analysis of eight individual tumors identified some 

genes commonly down-regulated but also many genes that were differently expressed in the 

tumors.  

To study the malignant properties of these tumor cells, we transplanted CD19+CD43+ cells 

from three separate lymph nodes, and recipient mice fell ill after approximately three weeks. 

Most of the transplanted mice displayed swollen lymph nodes that contained CD19+CD43+ 

cells of donor origin, with a cell composition similar to the primary tumors. To study if the 

tumor cells, like their untransformed progenitors, could be diverted into the T-cell pathway, 

we simulated the Notch response by transduction of lymph node cells from two sick animals 

with a retrovirus encoding constitutively active Notch (ICN), or a control virus, expanded 

them in vitro, and transplanted these cells to host mice. When analyzing the spleen of these 
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mice, we found that the control transplanted mice contained only CD19+ cells and had 

maintained lineage integrity, while the ICN-transformed cells however contained highly 

varying levels of CD19+ cells and also Thy1.2+CD3+ cells of donor origin. 

Discussion and conclusions, paper V (manuscript) 

Data in this manuscript stress the importance of the transcription factor dose in normal as 

well as in malignant lymphocyte development. We are particularly interested in dose-

dependency in the context of malignancy where complete lack of a factor is seldom the case, 

but instead mono-allelic deletions are common (Mullighan et al., 2007). Many previous 

studies have focused on the result of a “knock-out” phenotype, and by these means identified 

genes crucial for development of one or the other lineage. There is however another aspect in 

the effect of reduced dose as opposed to a factor being completely absent. 

In this study we have shown that simply a reduced dose of TFs required for proper B cell 

development will make the cells prone to malignant transformation. We have also 

demonstrated that we can take committed B cells and turn these into T cells in vitro by no 

further action than the signaling via Notch-receptor. Previous studies have indeed shown the 

ability of committed cells to regress and take on other lineage fates as a result of TF 

deficiency, for example Pax5-/- cells that upon dedifferentiation to a progenitor stage could 

restore a T cell population in the thymus (Cobaleda et al., 2007). The interpretation of this 

data is however ambiguous since these transplantation assays were performed on a Bcl2-

expressing background, making results of Pax5-deficiency unclear. Notch1 has been 

suggested to regulate Ebf1, potentially at a posttranslational level. Our finding that we could 

transform CD19+CD43+ leukemic B-lineage cells into T-cells upon over expression of ICN 

was of particular interest. In normal function, ICN will upon association with transcription 

factor CSL change the function of CSL from a repressor of genes to an activator of genes. 

Analysis of previously published chip-seq data (Revilla et al., 2012) demonstrate that there 

are binding sites for both Pax5 and EBF1 about 10 kb upstream of Notch1 and  this site could 

potentially be an enhancer based on the presence of H3K4me1 and H3K4me2, which are 

typical enhancer methylation marks. We further wish to evaluate if EBF1 and/or Pax5 might 

is involved in modulating the binding of CSL to its regulatory elements, a function that would 

be disturbed in a TH with low Pax5 and EBF1 levels. 

The results presented in paper V are exciting; however we further need to study the 

mechanism behind the malignancy in these mice. Microarray and qPCR data have shown us 

that the B cell gene programs in these cells are stable however the tumors up regulate genes 
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present in progenitors as well as survival genes. What we do not know as of yet is if there is a 

“key” lesion common for all the tumors, since they are quite heterogeneous. Not all TH mice 

will develop tumors within 40 weeks, and that raises the question of a “third-hit” hypothesis. 

We also do not know when in development these genetic lesions occur. Are they present 

already in the growing fetus, or are they acquired during the lifetime of the mouse? Does it 

have significant meaning that the TH mice develop disease at approximately the same age?  

Is gender a factor? In this relatively small dataset, there is a skewing for the development of 

tumors in female mice, and moreover, the female mice are significantly younger at the onset 

of disease than the male mice. Further studies to unravel the specific molecular mechanisms 

behind the plasticity of Pax5+/-Ebf1+/- cells are underway.  
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OVERALL CONCLUSIONS 

The aim of this thesis has been to study the effect of external signaling factors as well as 

transcription factors in both normal hematopoietic development and disease. In paper I and in 

paper II we focus on cytokines Flt3L and IL7, and their effect on progenitor B cells with 

regard to proliferation and differentiation. In paper III, IV and V (manuscript) the focus shifts 

toward the dose related functions of key transcription factors (Pax5, EBF1 and E2A) in both 

normal and hematopoietic development and disease. 

We have clarified the need of simultaneous signaling, as opposed to sequential, of both 

Flt3-receptor and IL7R in the CLP for expansion of this population. Further, IL7 is essential 

for up-regulation of Ly6D, and signaling via IL7R is crucial for further commitment towards 

the B cell lineage. Proper expansion of progenitor populations is essential for the regeneration 

and population of the entire hematopoietic system. We have also contributed to the general 

knowledge of the importance of major B-lineage transcription factors, not only on phenotypic 

level, but also particularly the functional outcome in cells with reduced TF dose. By 

including the Ly6D surface marker in staining and sorting procedures, and performing both in 

vivo and in vitro analysis we have added to the knowledge about the lineage related functions 

of this marker. Our data support earlier raised questions regarding the traditionally defined 

CLP population as harboring a mix of lineage-biased and restricted cell types.  

We have developed a murine model where B cell malignancies arise spontaneously in 

about 50% of the animals. With continued to studies of this model we aim to elucidate the 

molecular function behind the development of these malignancies. We have reason to believe 

that the dose of key transcription factors and events downstream of, but independent of 

Notch1 gene expression per se are critical for B versus T cell development, and we have 

shown this both in Pax5-/- and Pax5+/-Ebf1+/- cells. Genetic alterations in Pax5, EBF1 and 

TCF3 (E2A) are common in certain types of human lymphocyte neoplasia, and by further 

research we hope to contribute to the understanding of the involvement of improperly 

regulated transcription factor networks and the development of disease.  
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