LUND UNIVERSITY

ELUCIDATING REGULATORY NETWORKS PROMOTING B-CELL DEVELOPMENT

Welinder, Eva

2012

Link to publication

Citation for published version (APA):
Welinder, E. (2012). ELUCIDATING REGULATORY NETWORKS PROMOTING B-CELL DEVELOPMENT.
Section for Immunology, Lund University.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY
PO Box 117

221 00 Lund
+46 46-222 00 00

Download date: 08. Oct. 2022


https://portal.research.lu.se/en/publications/72f00789-2314-4ab8-9eab-ee8141b066c0

ELUCIDATING REGULATORY NETWORKS
PROMOTING B-CELL DEVELOPMENT

Eva Welinder

Section of Immunology
Department of Experimental Medical Science
Faculty of Medicine, Lund University

LUND UNIVERSITY

Faculty of Medicine

With approval of Lund University, Faculty of Medicine
this thesis will be defended 1% of June 2012 at 13.00
in the Fernstrom lecture hall, BMC, Lund, Sweden

Faculty opponent:
Professor Dr. Rudolf Grosschedl
Director of the Max Planck Institute of Immunobiology and Epigenetics
Freiburg, Germany



DOKUMENTDATABLAD enl SIS 61 41 21

Organization Document name

LUND UNIVERSITY DOCTORAL DISSERTATION

. Date of issue
Section for Immunology 2012-04-27

Department of Experimental Medical Science

Sponsoring organization

Author(s)

Eva Welinder

Title and subtitle
Elucidating regulatory networks promoting B-cell development

Abstract

B-cells are an essential part of our adaptive immune system. A network of transcription factors together with
external signals facilitate the gradual developmental progression from progenitor cells towards the B-cell fate.
Several key factors participating in this network have been identified. Among these are the transcription factors
E2A, HEB, EBFI and FOXO1 as well as the IL7 signaling cascade.

The objective of this thesis has been to increase our understanding of the transcriptional network orchestrating
B-lineage specification and commitment. Based on the combined expression of surface markers and transgenic
reporter genes, we have identified three hierarchically related and functionally distinct subpopulations within
the common lymphoid progenitor (CLP) compartment. Using this knowledge, we have re-evaluated previously
characterized knock-out mouse models in order to obtain a higher resolution analysis of critical events in early
B-cell commitment. Based on these studies, we propose a transcriptional hierarchy where the transcription
factors E2A and HEB initiate the B-cell specification program in the LY6D- CLPs through up regulation of
FOXO1. During the transition to LY6D expressing CLPs, E2A and FOXO1 induce EBF1. Subsequently,
FOXO1 and EBF1 generate a feed-forward loop, leading to activation of PAXS, B-cell commitment and the
progression to the CD19+ pro-B cell stage.

Key words: Hematopoiesis, B-cell developmént, common lymphoid progenitor

Classification system and/or index termes (if any):

Supplementary bibliographical information: Language
English
ISSN and key title: ISBN
1652-8220 978-91-87189-08-1
Recipient’s notes Number of pages Price
109

Security classification

Distribution by (name and address) Eva Welinder, Lund
I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant

to all reference source, permissio7 to publish and disseminate the abstract of the above-mentioned dissertation.
o 2012-04-27
Signature ‘4/% — Date

[







Copyright © Eva Welinder

The original papers included in this thesis have been reprinted with the permission of the
respective copyright holder.

Paper [: © American Society of Hematology

Paper II: © National Academy of Sciences

ISSN 1652-8220
ISBN 978-91-87189-08-1
Lund University, Faculty of Medicine Doctoral Dissertation Series 2012-46

Printed by LiU-tryck, Linkoping, Sweden 2012



TABLE OF CONTENTS

TABLE OF CONTENTS
LIST OF ARTICLES AND MANUSCRIPTS
ABBREVATIONS & SYNONYMS
BACKGROUND
INTRODUCTION
HEMATOPOIESIS & THE HEMATOPOIETIC TREE
BONE MARROW B-CELL DEVELOPMENT
Lymphoid primed multipotent progenitors
Common lymphoid progenitors
B220 expression on early lymphoid progenitors
Bone marrow B-lymphoid development beyond commitment
THE B-LINEAGE REGULATORY NETWORK
Identifying network factors promoting the B-cell fate
B-lineage priming
B-lineage specification & commitment
B-lineage commitment & fidelity
Suppressing non B-lineage cell fates
Seeking a place in the B-cell transcriptional network
Epigenetic regulation of B-cell differentiation
SUMMARY AND DISCUSSION OF PAPERS
PAPER I
PAPER 11
PAPER III
POPULARVETENSKAPLIG SAMMANFATTNING
Fran blodstamcell till B-cell
ACKNOWLEDGMENTS
REFERENCES

O 3 D

10

11
14
14
14
17
19
20
20
20
22
27
28
29
31
34
34
36
38
40
40
41
43






LIST OF ARTICLES AND MANUSCRIPTS

This thesis is based on the following articles and manuscripts, referred to in the text by
their roman numbers (I-111).

Paper 1
Mansson R, Zandi S, Welinder E, Tsapogas P, Sakaguchi N, Bryder D, Sigvardsson M

Single-cell analysis of the common lymphoid progenitor compartment reveals functional

and molecular heterogeneity.
Blood. 2010 Apr 1;115(13):2601-9

Paper 11
Welinder E, Mansson R, Mercer EM, Bryder D, Sigvardsson M, Murre C

E2A4 and HEB Act in Concert to Induce the Expression of FOXOI in the Common
Lymphoid Progenitor
Proc Natl Acad Sci U S A. 2011 Oct 18;108:17402-7

Paper 111
Robert Mansson*, Eva Welinder*, Josefine Ahsberg, Yin Lin, Christopher Brenner,

Christopher K. Glass, Joseph Lucas, Mikael Sigvardsson and Cornelis Murre

The Transcriptional Regulators, FOXOI1 and EBF 1, Establish a Feed-Forward Loop to
Orchestrate the B cell Fate

Submitted manuscript

*These authors contributed equally



Listed below are published work performed during my doctorate that are not included in
this thesis.

Lin YC, Jhunjhunwala S, Benner C, Heinz S, Welinder E, Mansson R, Sigvardsson M,
Hagman J, Espinoza CA, Dutkowski J, Ideker T, Glass CK, Murre C.

A global network of transcription factors, involving E2A, EBFI1 and Foxol, that
orchestrates B cell fate.

Nat Immunol. 2010 Jul;11(7):635-43.

Welinder E, Murre C.
Ldbl, a new guardian of hematopoietic stem cell maintenance.
Nat Immunol. 2011 Feb;12(2):113-4.

Tsapogas P, Zandi S, Ahsberg J, Zetterblad J, Welinder E, Jonsson JI, Mansson R, Qian
H, and Sigvardsson M.

IL-7 mediates Ebf-1 dependent lineage restriction in early lymphoid progenitors.
Blood. 2011 Aug 4;118(5):1283-9

Welinder E, Ahsberg J, Sigvardsson M.
B-lymphocyte commitment.: identifying the point of no return.
Semin Immunol. 2011 Oct;23(5):335-40.



ABBREVATIONS & SYNONYMS
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FLT3
FOXO1
GMP
Grl
H3K4mel
H3K4me3
HSC
IgH
IgL
Ikaros
IL7r
Kit

KO

A5

Lin’
LMPP
LRF
LSK
LSK'
LY6C
LY6D
MAC1
Mbl1
MCSFR
MKE

MPP

CD79b molecule, immunoglobulin-associated beta (CD79b)
B-cell leukemia/lymphoma 2

B-cell receptor

B-cell linker

Bone marrow

Bmil polycomb ring finger oncogene

B-cell specific activator protein

Chromatin immunoprecipitation coupled to deep sequencing
Common lymphoid progenitor

Common myeloid progenitor

Chromatin remodeling complex

DNA methyltransferase 1 (cytosine-5)

Early B-cell factor 1

Embryonic stem cell

Early lymphoid progenitor

Early thymic progenitor

FMS-like tyrosine kinase 3

Forkhead box O1

Granulocyte macrophage progenitor
Lymphocyte antigen 6 complex, locus G (Ly6g)
Monomethylation of histone H3 at lysine 4
Trimethylation of histone H3 at lysine 4
Hematopoietic stem cell

Immunoglobulin heavy chain

Immunoglobulin light chain

IKAROS family zinc finger 1 (Ikzf1)
Interleukin 7 receptor

Kit oncogene

Knock-out

Immunoglobulin lambda-like polypeptide 1 (Iglll)
Lineage negative (e.g. lineage marker negative)
Lymphoid primed multipotent progenitor
Leukemia related factor (Zbtb7a)
LIN'SCA1'KIT"

LIN'SCA1'KIT

Lymphocyte antigen 6 complex, locus C
Lymphocyte antigen 6 complex, locus D
Integrin o M (CD11B/CD18)

CD79a molecule, immunoglobulin-associated alpha (CD79a)
Colony stimulating factor 1 receptor (Csflr)
Megakaryocyte-erythrocyte

Multipotent progenitor



NOTCH Notch gene homolog

NuRD Nucelosome remodeling and deacetylase
PAXS Paired box gene 5

PI3)K Phosphatidylinositol 3-kinase

PRC Polycomb repressor complex

PU.1 SFFV proviral integration 1 (Sfpil)
RAG1/2 Recombination activating gene 1/2
SCALl Stem cell antigen-1 (Ly6a)

SWI/SNF Switch/Sucrose NonFermentable

Tdt Deoxynucleotidyltransferase, terminal (Dntt)
TER119 Lymphocyte antigen 76 (Ly76)

TSS Transcriptional start site

Vpreb1/2/3 Pre-B lymphocyte gene 1/2/3

Znf521 Zink finger protein 521

Official gene symbols are indicated in parenthesis when alternative nomenclature has
been used in the text. Molecules usually referred to by their CD number have not been
included in the list of abbreviations. Genes and mRNA products are referred to in the
text by the name written in italics while corresponding protein products are written in
capital letters.
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BACKGROUND

INTRODUCTION

The major task of B-cells is to produce antibodies against foreign antigens so that they
can be recognized and cleared by other cells of the immune system. Extensive research
efforts during the last decades have rendered the B-cell differentiation pathway among
the best understood developmental processes to date. However, we still lack some
fundamental knowledge about this pathway preventing us from fully understanding
underlying causes of pathological conditions and from gaining the ability to treat
immunodeficiency and B-cell related malignancies. Biological developmental processes
are highly complex and tightly regulated. Among elements guiding cells during these
processes are signals from neighboring cells and cytokines, regulation by transcription
factors and factors influencing epigenetic patterning and chromatin structure.

The focus of this thesis has been to improve our understanding of the regulatory
network generated of transcription factors that guides a hematopoietic progenitor cell in
the bone marrow towards a B-lymphoid cell fate. The work adds to previous studies by
refining the scheme for developmental progression towards the B-cell lineage just prior
to B-cell commitment. These novel intermediate developmental stages have, in the
context of transcription factors known to influence B-lymphocyte development, been
studied in detail to fine tune our understanding of early B-cell differentiation.

HEMATOPOIESIS & THE HEMATOPOIETIC TREE

Hematopoiesis is the fundamental biological process during which new blood cells are
being formed. These blood cells mature to participate in highly specialized and essential
functions, such as oxygen transportation (erythrocytes) wound healing through blood
clotting (platelets) and immune defense (lymphocytes, granulocytes and macrophages)
(Figure 1). The majority of the mature blood cells are short-lived (hours to weeks), thus
there is a great need to constantly generate new hematopoietic cells. During steady-state
blood homeostasis, about 10''-10'> new blood cells are generated in an adult human
each day (Ogawa, 1993).

Pioneering work performed during the mid 20" century indicated that the
replacement of blood cells was based on differentiation of hematopoietic stem cells
(HSCs) in the bone marrow (BM) of mice. A series of experiments was performed by
James Till, Ernest McCulloch and colleagues where bone marrow cells were transferred
to irradiated host mice and extensively assayed. These experiments indicated the
presence of cells with potential to reconstitute the entire spectrum of hematopoietic cells
allowing for the establishment of the HSC concept (Becker et al., 1963, Siminovitch et
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al., 1963). The proof-of-existence of a common progenitor for all blood cells was further
developed during the 1980s where retroviral labeling of cells, demonstrated that the
same integration site could be identified in multiple mature lineages (Dick et al., 1985;
Keller ef al., 1985; Lemischka et al., 1986). The formal proof for the existence of a true
HSC was obtained when single cell transplantations confirmed a common ancestry for
the entire hematopoietic system (Osawa ef al., 1996). The HSC activity was early shown
to reside within a population of cells displaying little or no surface expression of linecage
markers found on mature cells and high levels of SCA1 and KIT (LSK) cells
(Spangrude et al., 1988, Tkuta and Weissman, 1992). Extensive characterization of the
LSK-population has demonstrated it to be highly heterogeneous and several additional
surface markers including CD34, CD150 and FLT3 has been added to the scheme to
further enrich for or exclude stem cell activity (Osawa et al., 1996, Christensen and
Weissman, 2001, Adolfsson et al., 2001, Kiel et al., 2005). Recently, “true” HSCs have
been suggested to be heterogeneous, containing epigenetically primed subsets of
myeloid or lymphoid biased cells (reviewed by Schroeder, 2010). In order to maintain
homeostasis the HSCs are constantly in a balance between quiescence, self-renewal and
differentiation.

Megakaryocyte & Erythrocyte
B & NK °°".,° - lineages
- lineages ‘ °o
o

Granulocyte & Macrophage
- lineages

FIGURE 1. Schematic representation of the hematopoietic tree. HSC: hematopoietic
stem cell, MPP: multipotent progenitor, MKEP: megakaryocyte and erythrocyte
progenitors, GMP: granulocyte-macrophage progenitor, LMPP: lymphoid-primed
multipotent progenitor, CLP: common lymphoid progenitor; T: T-cell, B: B-cell, NK:
natural killer cell.
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The most immature differentiated progeny are referred to as multipotent progenitors
(MPPs) and they have lost the ability to self-renew but remain potent to short term
reconstitution of the entire hematopoietic system (Morrison et al., 1997). As the MPPs
divide and differentiate further the daughter cells gradually lose the potential to generate
progeny of multiple lineages and finally commit to a certain cell fate. The classical
model of hematopoiesis proposed a mechanism where the MPPs give rise two lineage
restricted populations named common myeloid progenitor (CMP) and common
lymphoid progenitor (CLP) (Kondo et al., 1997a, Akashi et al., 2000). This suggests a
strict and early separation of the myeloid and lymphoid differentiation pathways
(summarized by Reya et al., 2001).

The routes of the lineage restriction events of the MPPs is however a topic under
constant development and debate. Throughout the years several models have been
proposed and the classical model was most recently challenged by the identification of a
lymphoid primed multipotent progenitor (see below) showing combined lymphoid and
myeloid potential (reviewed by Kawamoto and Katsura, 2009 and Ceredig et al., 2009).
In addition, the CMP population has been shown to be highly heterogeneous, appearing
to consist of a mixture of cells representing various developmental stages of cells from
several cell lineages (Pronk et al., 2007).
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BONE MARROW B-CELL DEVELOPMENT

Lymphoid primed multipotent progenitors

The first cells appearing en route towards a lymphoid cell fate can be found within a
fraction of LSK cells expressing high surface levels of the fms-like tyrosine kinase 3
(FLT3) (Adolfsson et al., 2005, Mansson et al., 2007). The upregulation of FLT3 occurs
in MPPs and coincides with loss of self-renewing properties and FLT3"" cells have lost
the ability to properly reconstitute the megakaryocyte and erythrocyte (MKE) lineages
(Christensen and Weissman, 2001, Adolfsson et al., 2001, Adolfsson et al., 2005, Lai
and Kondo, 2006). These FLT3"#" cells were referred to as lymphoid primed multipotent
progenitors (LMPPs) and exhibited lineage priming with low transcriptional expression
of lymphoid-associated genes such as 7dt, Ragl and Rag2. While these cells expressed
common lymphoid genes no expression of B or T cell specific genes could be detected
(Adolfsson et al., 2005, Mansson et al., 2007). Even though the exact role of FLT3
signaling in lineage restriction events remains unclear the importance of proper FLT3
signaling for development of lymphoid cells is stressed by the notion that lymphoid
progenitors are reduced in mice lacking FLT3 signaling (Mackarehtschian et al., 1995,
McKenna et al., 2000, Sitnicka et al., 2002).

The link between transcription of lymphoid genes and lymphoid lineage
restriction was also supported by analysis of the LSK compartment in a RAG1-GFP
reporter mouse. This allowed for the isolation of a small GFP-expressing population of
cells composing about 3-5% of the total LSKs (Igarashi et al., 2002). These cells are
rarer than the LMPPs that represents about 25% of the LSK-compartment. However,
these cells showed lymphoid lineage priming and had limited myeloid-erythroid
potential but could readily give rise to B, T and NK cells. These cells where denoted
early lymphoid progenitors (ELPs) and most likely represents a more mature lymphoid-
differentiated LMPP population. Recently, a cell population with LMPP-like features
was identified in human hematopoiesis as well suggesting that the basic structures for
the hematopoietic tree is similar in mouse and humans (Doulatov et al., 2010).

Common lymphoid progenitors

Subsequent differentiation of LMPPs towards a lymphoid cell fate likely results in the
development of the common lymphoid progenitor (CLP) population (Adolfsson et al.,
2001). The CLPs were originally identified as lineage negative, SCA1'", KIT",
Interleukin-7 receptor a (IL7r) expressing cells with the ability to generate B, T and NK
cells with limited myeloid potential (Kondo et al., 1997). This CLP population was
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further refined using a combination of the surface receptors IL7r and FLT3 (Karsunky et
al., 2008). Both FLT3 and IL7r signaling are independently necessary for the normal
generation of B-cell precursors. Further, the combined loss of both signaling pathways
results in a more severe phenotype as compared to the loss of either of these alone,
indicating that these cytokines may act in a collaborative manner in the generation of
lymphoid precursors (Veiby et al., 1996, Sitnicka et al., 2003, Ahsberg et al., 2010).

In order to explore the B-lineage pathway from the CLP, a reporter strain
carrying human CD25 under the regulatory regions of the surrogate light chain gene
immunoglobulin lambda-like 1 (Iglll, also known as A5) locus has been utilized. This
reporter was demonstrated to specifically mark early B-lineage progenitors (Martensson
et al., 1997). However, within the CLP compartment, a small reporter positive
population, lacking both the surface markers CD19 and B220, displayed in vitro
commitment to the B-cell lineage (Mansson et al., 2008). The A5 reporter was further
crossed into the RAGI-GFP reporter strain previously used to identify the ELP-
population (Igarashi et al., 2002). Combining the reporters, the CLP compartment could
be divided into three hierarchically related and functionally distinct populations. Cells
lacking expression of both reporters possessed T, NK as well as B-lineage potential,
while expression of the RAG1 reporter was associated with a loss of NK-cell potential.
The A5 reporter gene was only expressed in a subpopulation of the RAG1 expressing
cells and represented cells largely restricted to B-lineage development. The lineage
potentials of these populations suggests that lymphoid lineage restriction involves a
sequential loss of first NK- and then T-lineage potential coupled with progressively
faster kinetics for the generation of CD19" B-cells (Paper I). Transcriptional profiling of
these three populations identified the surface marker LY6D to be enriched in the RAGI
expressing CLPs and FACS analysis verified that surface expression of LY6D marks
cells with limited NK lineage potential (Paper I). Around the same time Inlay and
colleagues independently reported that surface expression of LY6D could divide the
CLP compartment into two functionally distinct populations, where the LY 6D positive
cells represented cells preferentially generating B-lineage cells after transplantation
(Inlay et al., 2009). Further, using a fate-mapping model where cells with a history of
RAGTI expression where permanently marked through the expression of Cre under the
regulatory elements of RAGI1, the CLP compartment, as expected, showed
heterogeneous labeling (Welner et al., 2009). Marked CLPs were less likely to produce
natural killer (NK) and dendritic cells (DC) than unmarked CLPs in in vitro cell cultures
and labeled CLPs developed faster into CD19" cells (Welner ef al., 2009). All-in-all this
suggests that the CLP population is highly heterogeneous, containing several related
developmental stages as well as cells already committed to the B-cell lineage.

The CLPs in vivo contribution to non B-lymphoid cells has been questioned. It is
not well understood which progenitor population(s) from the bone marrow that seed the
thymus. It is, however, clear that CLPs can readily generate T-cells in stromal cell co-
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culture in the presence of Notch-signaling and when transplanted into irradiated hosts
(Schmitt and Zuniga-Pflucker, 2002, Serwold et al., 2009, Paper I). The earliest T-cell
progenitors identified in the thymus are referred to as early thymic progenitors (ETPs).
This population possesses T, NK and myeloid potential and displays reduced B-cell
potential (Allman et al., 2003, Bell and Bhandoola, 2008, Wada et al., 2008). In support
of the thymus being seeded by a precursor with combined myeloid and T-cell potential,
such a bi-potent population was recently demonstrated at the single cell level in fetal
thymus (Luc et al., 2012). Since the ETPs possess myeloid potential, they are postulated
to arise from a progenitor pool upstream of the CLP compartment. However this
progenitor with combined myeloid and T-lymphoid potential has been questioned.
Lineage tracing experiments where cells with a history of IL7r-expression are labeled,
indicated that the majority of early T-cell progenitors, despite the majority not
expressing //7r mRNA, had a history of Il7r expression in support for the CLP as a
source of in vivo thymus settling cells (Schlenner et al., 2010). Throughout the years,
several laboratories have tried to identify the earliest T-cell progenitors with
contradictory results (reviewed by Schlenner and Rodewald, 2010 and Zlotoff and
Bhandoola, 2011). In sum, our understanding of early T-cell progenitors in the bone
marrow is far from complete. Even though a fraction of the CLP compartment possesses
T-cell potential its role as an in vivo steady-state source for thymus settling cells remains
debated.

In addition to an ability to generate B and T-lineage cells, the early CLPs can
give rise to NK-cells both in vitro and in vivo (Welner et al., 2009, Paper I). Recently,
using ID2-reporter mice, an elegant study identified two populations of NK-precursors
denoted pre-pro NKa and pre-pro NKb (Carotta et al., 2011). The pre-pro NKa
population could potentially represent a lineage restricted progenitor directly
downstream of the LY6D™ CLPs since both populations expressed IL7r, SCA1 and KIT
at similar levels. Furthermore, LY6D™ CLPs express higher levels of /d2 than LY6D"
CLPs (Paper II). Independently, a population termed pre-NKP was identified and was
suggested to be downstream of the CLPs (Fathman et al., 2011). These populations
share some surface markers and characteristics, but their exact relationship with the CLP
and each other remains to be resolved.

A physiological CLP contribution to the dendritic cell (DC) lineages remains
elusive. The DCs are a heterogeneous group of cells with subsets suggested to originate
from both early myeloid and lymphoid pathways (reviewed by Belz and Nutt, 2012).
Similar as CLPs, DCs rely on FLT3 signaling during development. CLPs have been
shown to generate CD11C" cells both in vitro and in vivo (Izon et al., 2001, Fancke et
al., 2008). Using the previously mentioned RAG1 fate mapping approach, some DC
subsets were labeled, suggesting that these cells are derived through a RAGI expressing
cell stage (Welner et al., 2009). In addition to the need of FLT3 signaling, macrophage
colony stimulating factor (MCSF) can stimulate DC development and the MCSF-
receptor (CD115) is expressed at low levels on the surface of the CLP population
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(Fancke et al., 2008). Thus this data indicates that a part of the CLP compartment can
respond to two key cytokines necessary for DC development. Further CLPs stimulated
in vitro with ligands for the Toll-like receptors 2 and 4 preferentially generated CD11C"
dendritic cells (Nagai et al., 2006).

The CLP population was originally described as lacking myeloid potential
(Kondo et al., 1997). However, although not as robust as in upstream progenitors like
the LMPP, some restricted myeloid potential has been demonstrated to remain in CLPs
and B220" CLP-like populations (Balciunaite ez al., 2005, Rumfelt ez al., 2006, Paper I).

Although current literature clearly indicates that B-cell development occurs
through a CLP intermediate, alternative routes have been described and question
whether the CLP is the only route for B-cell differentiation. Within the LSK™ population,
cells with similar characteristics as the CLPs have been identified (Harman et al., 2008,
Kumar et al., 2008). Some of these LSK™ cells exhibited surface expression of both
FLT3 and IL7r and lymphoid restriction (Harman et al., 2008, Kumar et al., 2008).

In summary, the current literature suggests that the CLP compartment contains
cells that can give rise to all the lymphoid lineages. It is likely a major source of
downstream B-cells and contains cells already committed to the B-cell lineage. Current
controversies regarding the contribution of the CLPs (as well as other progenitor
populations) to specific lineages most likely arise from the use of similar but not
completely identical cell isolation protocols as well as in vitro and in vivo assays.
Further there is a need to distinguish between cell fates still experimentally possible and
likely in vivo physiological cell fates. In the end, the importance of proper and optimal
isolation of progenitor cells can not be stressed enough. Cell isolation is the fundamental
basis of all these experiments. Thus, the quality of the data is directly limited by the
quality of the isolation. In addition, the age, strain and sex of the research animals might
affect surface marker expression and assay read out.

B220 expression on early lymphoid progenitors

Experiments in the early 1980s identified the surface marker B220 as being expressed on
bone marrow B-cells (Coffman and Weissman, 1981). Combining B220 expression with
the surface markers CD43 (S7), BP1 and HSA (CD24) allowed for the identification and
separation of several subsets of early B-cell progenitors before the onset of surface
immunoglobulin (Ig)-expression (Hardy et al., 1991). In this scheme the earliest
identifiable B-cell progenitor population was denoted as fraction A (fr. A) or pre-pro B
cells (Hardy et al 1991, Philadelphia nomenclature). In parallel, an alternative
classification model “The Basel nomenclature” was developed (summarized by Osmond
et al., 1998). These developmental schemes were further refined through the addition of
CD93 (AA4.1) as a marker to segregate for the earliest B-cell progenitors (Li et al.,
1996). However, subsequent experiments demonstrated the presence of B220 on the cell
surface of non B-lineage cells and the bone marrow B220°CD43" populations were

17



shown to be highly heterogeneous with regard to the potential to generate B-cells,
limiting the use of B220'CD43" as markers to define early B-cell progenitors (Rolink et
al., 1996, Nikolic et al., 2002, del Hoyo et al., 2002, Balciunaite et al., 2005).

Since this early scheme for identification of B-cell progenitors relied on a
different set of markers than what was used for the identification CLPs, fully reconciling
the two schemes was initially technically challenging. Recent advances in flow
cytometry have allowed for combining CLP markers (KIT, SCA1, IL7r and FLT3) with
classical fr. A/pre-pro B cell markers (B220, CD43 and AA4.1) in addition to an
extensive array of lineage markers (MACI, GR1, TER119, CD3e, NKI1.1, LY6C,
CDI11C, CD19). These studies illustrated that CLPs and fr. A/pre-pro B cells displayed
the same surface phenotype with the exception of low expression of B220 on what
classically was referred to as fr. A/pre-pro B cells (Rumfelt et al., 2006, Inlay et al.,
2009, Paper I). Thus, fr. A/pre-pro B cells could be viewed as B220" CLPs (Rumfelt ez
al., 2006, Inlay et al., 2009, Paper I). One could then envision that the B220" CLPs
would represents the more B-lineage restricted CLPs. But the picture is complex since
basing the analysis on expression of a A5 reporter gene, it became obvious that B220'A5"
cells were found to be in vitro B-cell committed (all A5 CLPs are LY6D") (Mansson et
al., 2008). Furthermore a B220" CLP-2 population displayed robust in vitro and in vivo
T-cell potential (Martin et al., 2003).

HSC MPP LMPP CLP Pro-B
| Jad( Jad( Jod Jod _
CD150 ——
SCA1
KIT
FLT3
IL7Ro.
CD93 ——
CD43(S7)
B220 e
LY6D
CD19 —

FIGURE 2. Surface markers used to distinguish early hematopoietic progenitor
populations. HSC; Hematopoietic stem cell, MPP; Multipotent progenitor, LMPP;
Lymphoid primed multipotent progenitor, CLP; common lymphoid progenitor, Pro-B;
committed B-cell progenitor.
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Using expression of the A5 reporter it appears as if B220" cells within the CLP
compartment are enriched for B-lineage biased cells, although B220 expression neither
correlats directly with B-cell commitment nor a specific developmental stage in B-cell
development (Paper I). However, combining B220 with LY6D (most but not all B220"
CLPs are also LY6D") could allow for segregation of a “true” B-linage biased
progenitors. The B220'LY6D" CLP/fr A. population most likely represents the direct
population upstream the first CD19" B-cells, since a) the CLP and fr. A populations
have overlapping surface phenotypes except for B220 expression, b) the
CDI19'KIT"/CD43" (often referred to as pro-B cells) express low levels of the CLP
markers FLT3 and IL7r and c) about 50% of the pro-B cells express LY6D before
surface expression is lost in pre-B cells (Welinder et al, unpublished observations).

Bone marrow B-lymphoid development beyond commitment

As the CLPs differentiate along the B-cell pathway, the next discretely defined
developmental stage generated is referred to as pro-B cells. These cells display surface
expression of CD19 together with KIT and CD43 while still lacking IgM and IgD
expression (summarized in Osmond et al., 1998). To generate a functional B-cell
receptor (antibody) an ordered process called V(D)J-recombination takes place as B-cell
development progresses. While IgHp.; rearrangement is initiated in the CLP
compartment, it is completed in pro-B cells and subsequently IgHy.p; rearrangement is
initiated (Ehlich et al., 1994). A successfully rearranged and assembled heavy chain will
come together with the surrogate light chains AS and VpreB and the Ig-associated
proteins CD79a and CD79b encoded by the Mb1 and B29 genes respectively to form the
pre-B cell receptor complex (pre-BCR). Deposition of the pre-BCR at the cell surface
will initiate antigen independent signaling cascades driving the cells to a highly
proliferative pre-B cell state (reviewed by Melchers, 2005 and Geier and Schlissel,
2006). Upon attenuation of the pre-BCR signaling, which causes cessation of
proliferation, the Ragl/2 genes are re-induced to allow for IgLy. rearrangement.
Successfully rearranged IglL will replace A5 and VpreB and together with the IgH form a
B-cell receptor (BCR). Deposition of the BCR on the cell surface demarcates the
generation of surface IgM " immature B-cells (reviewed by Hardy and Hayakawa, 2001).
The immature B-cells will then pass through negative selection, where autoreactive cells
are depleted or allowed to undergo receptor editing (allowing the formation of a new
BCR). B-cells passing this checkpoint exit the bone marrow and migrate to the spleen
and secondary lymphoid organs. Here they further mature to form an integral part of the
immune system (Hardy and Hayakawa, 2001).
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THE B-LINEAGE REGULATORY NETWORK

Identifying network factors promoting the B-cell fate

During the 1990s, a series of knock-out mouse models were generated that upon
characterization seemed to more or less completely lack B-cells. These included the
knock-outs of the transcription factors PU.1, IKAROS, E2A, BSAP (PAXS5) and EBF1
(Scott et al., 1994, McKercher et al., 1996, Georgopoulos et al., 1994, Zhuang et al.,
1994, Bain et al., 1994, Urbanek et al., 1994, Lin and Grosschedl, 1995). In addition, the
necessity for proper IL7 signaling was established (Peschon et al., 1994, von Freeden-
Jeffry et al., 1995). More recently FOXO1 has been added to the list of transcription
factors crucial during early B-cell development (Dengler ef al., 2008).

The generation of these mouse strains and the characterization of them represent
state of the art science that created the foundation for our current understanding of
regulatory events in early B-cell development. The later addition of more surface
markers and development of novel technologies have enabled us to order these factors
into a regulatory network that promote and drive B-lymphoid development.

B-lineage priming

Mice lacking expression of PU.1 die at embryonic day 18.5, with severely reduced
numbers of B, T and myeloid cells, whereas MKE development remains largely
unaffected (Scott et al.,1994). This observed developmental block would indicate a
necessity for PU.1 activity at a common developmental stage such as the LMPP or
alternatively in early lineage specific progenitor cells. Previously, it has been shown that
PU.1 can interact with and thereby prevent the ability of GATA1 to drive cells towards
an erythroid cell fate (Rekhtman et al., 1999, Zhang et al., 2000). Thus, PU.1 appears to
actively promote cell fate choices in uncommitted progenitors. Recently it has been
shown that PU.1 directly regulates the expression of Fl¢3, hence being essential for the
proper formation of LMPPs (Carotta et al., 2010). In support for a mechanistic role of
PU.1 in a common progenitor population, experiments applying increasing levels of
PU.1 promoted macrophage development at the expense of B-lymphoid development
(DeKoter and Singh, 2000). Furthermore, PU.1 has been shown to be involved in
dictating macrophage and B-lymphoid cell fates by laying down a proper epigenetic
landscape and to associate with cell type specific factors (Heinz et al., 2010). Hence,
careful regulation of PU.1 levels and activity is essential to generate early lymphoid
progenitors.
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PU.1 positively autoregulates its own gene expression potentially driving cells towards a
myeloid fate (Okuno et al., 2005, Leddin et al., 2011). In order to break this regulatory
circuit and allow for lymphocyte development, GFI1 has been suggested to directly
interact with and repress the Sfpil promoter (the gene encoding for PU.1) (Spooner et
al., 2009). This regulatory loop needs to be delicately balanced since PU.1 participates
in the regulation of 1/7r expression which is necessary for the developmental progression
from the LMPP stage to the CLP stage (DeKoter et al., 2002, Dakic et al., 2005).
However, deterministic actions correlated to PU.1 levels have been questioned. Reporter
mice constructed to report PU.1 transcription without altering PU.I mRNA expression
levels (through the insertion of ires-GFP downstream in the Sfpi/ locus) showed similar
levels of GFP expression in uncommitted hematopoietic progenitors as well as in the
earliest myeloid and lymphoid progenitor populations and conditional deletion of PU.1
in adult progenitors resulted in enhanced generation of granulocyte-like cells (Nutt ef al.,
2005, Dakic et al., 2005).

Another transcription factor suggested to be involved in lymphoid specification
is IKAROS. Bone marrow ablated for IKAROS expression lack B-cells and exhibits
limited T-cell development while erythroid and myeloid cell lineages are present
(Georgopoulos et al., 1994, Wang et al., 1996). Hence these animals display a
phenotype resembling that observed in PU.1 knock-out animals. PU.1 is expressed in
IKAROS deficient cells and 7karos mRNA can be detected in PU.1 deficient progenitor
cells, suggesting that these factors do not initiate each other’s expression (Scott et al.,
1994, Spooner et al., 2009). Further in line with a PU.1-like phenotype, IKAROS
deficient mice lack detectable LMPPs in the bone marrow and IKAROS has been
implicated in the regulation of the Fi¢3 gene (Ng et al., 2009). However, upon crossing
IKAROS ablated mice with reporter mice expressing GFP under the regulatory regions
of the IkzfI locus, progenitor cells with deficient MKE potential resembling LMPPs
could be identified (Yoshida et al., 2006). These LMPPs lacked proper lymphoid
priming and could not differentiate further along the B-lymphoid pathway (Yoshida et
al., 2006).

In terms of promoting B-lineage priming, IKAROS directly regulates Gfil
thereby lowering PU.1 levels (Spooner et al., 2009). In addition, IKAROS binds specific
Sfpil regulatory elements in myeloid and lymphoid lineages, thus both directly and
indirectly regulate PU.1 activities allowing for lymphoid differentiation (Zarnegar and
Rothenberg, 2012). Further IKAROS is involved in regulating the expression of an
extensive set of lymphoid and myeloid related genes (Ng et al., 2009). In addition to
promoting cell fates, another line of action for IKAROS in lymphoid priming is to
suppress the “stemness* gene signature in precursors cells to support differentiation (Ng
et al.,2009).

Hence both PU.1 and IKAROS participate at the very earliest progenitor stages
where B-lineage priming is first initiated.
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B-lineage specification & commitment

The transcription factors E47 and E12 (commonly referred to as E2A), both encoded by
the tcf3(tcfe2a) gene, are indispensable for development of normal numbers and proper
lineage priming in LMPPs (Dias et al., 2008). In contrast to PU.1 and IKAROS deficient
MPPs which cannot differentiate further, CLPs are present in the absence of E2A. These
CLPs are severely reduced in numbers and display reduced surface expression of IL7r
(Borghesi et al., 2005, Inlay et al., 2009, Paper II). Further, no expression of LY6D can
be detected on the surface of E2A deficient CLPs, suggesting that the developmental
block occurs prior to B-cell specification and commitment (Inlay ez al., 2009, Paper II).
The lack of B-cell commitment in these CLPs is striking, since E2A-deficient
progenitors are multipotent and can reconstitute the T and NK lineages as well as
erythroid-myeloid lineages even after weeks of B-cell promoting cultures and despite the
initiation of Dy-Jy rearrangement in these cultures (Ikawa et al., 2004). Interestingly, a
report where the roles of E47 and E12 were separately analyzed revealed that early B-
lymphoid priming and specification was fulfilled by E47 and that E12 is dispensable for
B-cell commitment (Beck et al., 2009).

E2A belongs to the E-protein family, a basic helix-loop-helix (HLH)
transcription factor family with the additional family members HEB and E2-2 (reviewed
by Kee, 2009). The E-proteins hetero- or homodimerize in order to bind DNA and the
protein activity can be inhibited by Inhibitor of DNA binding (ID) proteins (Kee, 2009).
E2A is the best characterized member, in part due to HEB and E2-2 deficiencies being
associated with neonatal lethality (Zhuang et al., 1996). The generation of transgenic
mice carrying floxed HEB/E2-2 alleles has circumvented this issue and unique roles for
HEB in NKT-cell development and E2-2 in pDC development have been described
(Bergqvist et al., 2000, Wojciechowski et al., 2007, D’Cruz et al., 2010, Cisse et al.,
2008). Although possessing unique functions, redundancy and dose dependency among
the family members has been documented (Zhuang et al., 1996, Zhuang et al., 1998,
Seet et al., 2004). This concept was further supported by a report where the roles of
HEB were carefully examined in early hematopoietic progenitor populations (Paper II).
Compared to E2A deficiency, ablation of HEB in early lymphoid progenitor populations
results in a similar but milder phenotype with a partial block in the transition to LY6D"
CLPs (Paper II).

What then is the underlying cause of the B-cell developmental block observed in
E2A/HEB deficient CLPs? Early reports suggested that the transcription factor early B-
cell factor 1 (EBF1) acts downstream of E2A in the transcriptional hierarchy. Therefore
it could be the key target of E2A activity needed for continued development towards the
B-cell lineage. This was supported by the findings that a) EbfI expression cannot be
detected in E2A knock out cells, b) ectopic expression of E2A can induce Ebf]
expression and c) expression of Ebf] partially circumvents the B-cell developmental
block in the absence of E2A (Bain et al., 1997, Kee and Murre, 1998, Seet ef al., 2004).
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Within the hematopoietic system, EBF1 is uniquely expressed in the B-lymphocyte
lineage, except in plasma cells (Hagman et al., 1993). The essential need for EBF1
during B-cell specification and commitment is further stressed by the finding that
enforced expression of EBF1 can not only rescue B-cell development in E2A deficient
cells but also partially rescues the developmental arrest observed in IKAROS, PU.1 and
IL7/IL7r deficient progenitor cells (Reynaud et al., 2008, Medina et al., 2004, Dias et
al., 2005, Kikuchi et al., 2005). Once expressed, E2A and EBF1 have been suggested to
synergistically activate a set of critical early B-cell genes such as A5, VpreB, Mbl, B29
and Pax5 (Sigvardsson et al., 1997, O’Riordan and Grosschedl, 1999, Sigvardsson,
2000, Lin et al., 2010). Recent EBF1 and E2A chromatin immunoprecipitation assays
followed by genome wide deep sequencing (ChIPseq) permitted further insight into how
this combinatorial action is achieved (Lin et al., 2010, Treiber et al., 2010). These
studies found collaborative binding of these two factors to be enriched in regulatory
regions of genes expressed in pro-B cells (Lin et al., 2010, Treiber et al., 2010). Hence,
lack of EBF1 expression in E2A deficient progenitors emerged as a potential
explanation for the developmental block. However, when EBF1 deficient lymphopoiesis
was assessed in detail, LY6D ™ CLPs were found to be present in close to normal
numbers (Zandi et al., 2008, Tsapogas et al., 2011, Vilgos et al., 2012). Although these
LY6D" CLPs lacked B-lineage restriction and expression of the B-cell gene program the
developmental arrest seemed to be downstream of the phenotype observed in the
absence of E2A (Tsapogas ef al., 2011).

To further explore the mechanisms behind E2A mediated initiation of B-cell
specification, sorted CLPs lacking E2A were profiled for gene expression signatures.
Surprisingly few genes with a B-lymphoid connection were affected (Paper II).
Interestingly, the transcription factor FOXO1 was included among the genes whose
expression was downregulated. Previous studies have demonstrated critical roles for
FOXOI1 in B-cell differentiation (Dengler et al., 2008). FOXO1 has also been
extensively characterized as a modulator of the Rag-genes and timely rearrangements of
the IgH and IgL chains (Dengler ef al., 2008, Amin and Schlissel, 2008, Herzog et al.,
2008, Alkhatib et al., 2012, Schultz et al., 2012, Ociai et al., 2012). In addition, genome
wide occupancy of FOXO1 in pro-B cells identified preferential binding of FOXO1 in
proximity to E2A in putative regulatory regions (Lin et al., 2010). Interestingly, these
FOXOI1 bound elements were not highly enriched for EBF1 occupancy suggesting that
FOXOI1:E2A and EBFI1:E2A mainly act at separate regulatory elements (Lin et al.,
2010). Since E2A and FOXOI1 are active prior to EBF1, one can speculate that these
FOXOI1:E2A control elements are already activated during the earliest stages of B-cell
specification (Lin et al., 2010). Finally, a role for FOXOI1 during B-cell commitment
was established when FOXOI1 deficient bone marrow was shown to exhibit a
developmental defect and accumulation of cells in the LY6D™ CLP/fr. A (Paper III).

23



Consensus binding site

Ets DBD
PU.1 -GAGGAA-
TA PEST wHTH
B Dimerization
IKAROS -GGGAAT-
DNA binding TA
C
E47 -CAnNnTG-
E2A ’ TA | TA Il bHLH
E12
TA TAl bHLH
HEBcan (IS  HEEEN 00 )
HEB ‘ TA | TAll bHLH
HEBalt
TAl bHLH
E2-2can
E2-2 ‘ TA TAl bHLH
E2-2alt
TAl bHLH
D Zn-finger
EBF1 :ﬁ [ET ) -TCCCnnGGGA-
DNA binding HLH  TAIl
E
FOXO1 [ — EEEm  -TATTTAC-
FKH NLS NES TA
F
~(C1a)G(CIp)AT (CI)A(R)
BSAP (PaxS) (N[ [ GG (7/0),) (o))

24



FIGURE 3. Schematic drawings of key transcription factors, their functional domains
and major splice variants identified. Proteins and domains are not drawn to scale.

(A) PU.1: A N-terminal transactivation domain (TA) is followed by a PEST-domain and
the Ets domain. The Ets domain is responsible for DNA binding and protein:protein
interactions and includes a winged helix loop helix region (WHLH).

(B) The Ikzf1 gene encodes eight isoforms of IKAROS, depicted here is the largest, Ik-1.
Darker brown regions indicate the location of zinc finger domains involved in DNA-
binding and protein:protein dimerization. Located in between these regions is the
transactivation domain (TA).

(C) The E-protein family consists of E2A HEB and E2-2. The two isoforms of E2A
(differing in the basic region) is generated through alternative splicing. In contrast, the
isoforms of both HEB and E2-2 are generated through alternative promoter usage. The
helix-loop-helix (HLH) region mediates protein:protein interactions and the basic (b)
region is required for DNA-binding at E-box sites. All the E-proteins share a great
degree of sequence overlap in the bHLH region and the two upstream activation
domains (AD).

(D) DNA-binding by EBF1 is mediated by a Zn finger coordinating domain while the
helix loop helix (HLH) promotes protein dimerization. The C-terminal (blue box) area
contains the transactivation domain (TA).

(E) FOXOI1 contains the following domains (in order from the N-terminal), a forkhead
DNA binding domain (FKHR), followed by a nuclear localization signal (NLS), a
nuclear exportation sequence (NES) and a C-terminal transactivation domain (TA).

(F) B-cell-specific activator protein (BSAP) encoded by the Pax5 gene. A paired box
domain (PD) mediates DNA binding, the succeeding octapeptide motif (OP) is
implicated in gene activation and repression and is followed by a partial homeodomain
(HD) participating in protein-protein interactions and finally a transactivation domain
(TA) and an inhibitory domain (ID) both regulating transcription.

Specifically, FOXO1 ablated CLPs initiated, but did not complete Dy-Ji rearrangements
and readily developed into NK1.1" and/or CD11C" cells in vitro, resembling the
abnormalities in B-cell development observed in EBF1 deficient bone marrow (Zandi et
al., 2008, Tsapogas et al., 2011, Paper III). In addition, the transcriptional profiles of
FOXO1 and EBF1 deficient LY6D™ CLPs were highly overlapping. FOXO1 has
previously been suggested to be a direct target of EBF1 activity (Zandi et al., 2008, Lin
et al., 2010). Interestingly, the transcriptome of FOXO1 ablated CLPs displayed reduced
Efbl expression suggesting that these two factors directly cross regulate each other,
generating a feed-forward loop to specify the B cell fate (Paper III).

The timed expression of EbfI1 appears to be key for initiating downstream events
leading to B-cell commitment. Premature activation would be detrimental since ectopic
expression of EbfI in multipotent progenitors skews development to the B-cell fate at
the expense of other lineages (Zhang et al., 2003, Pongubala et al., 2008). As described
for the E2A proteins, FOXO1 is active in early multipotent compartments but these
factors do not induce Ebf1 until the CLP cell stage (Semerad et al., 2009, Yang et al.,
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2009, Dias et al., 2007, Tothova et al., 2007). E2A and FOXO1 are by no means the sole
factors regulating EbfI. The identification of two EbfI promoter regions revealed a
delicate interplay between factors regulating EbfI1 expression. The distal (o) promoter is
regulated by STATS, E2A and EBF1 and the proximal (f3) promoter by PAXS, PU.1 and
ETS1 (Smith et al., 2002, Roessler et al., 2007). Hence this promoter analysis identified
a cross regulatory loop between EBF1 and PAXS.

Since EBF1 autoregulates its own expression, inhibiting EBF1 at the protein
level indirectly suppresses Ebf1 transcription. Reduced DNA binding by EBF1 is
induced by NOTCH-signaling (Smith ez al., 2005). The exact mechanism remains
elusive, but post translational modifications leading to degradation or outcompeting by
NOTCH intracellular DNA-binding partner CSL (which has overlapping DNA-binding
sequence with EBF1) has been proposed (Smith et al., 2005). In addition, the early
hematopoietic zinc finger protein Znf521 has been suggested to modulate developmental
progression by binding and antagonizing EBF1 (Mega et al., 2011). Recently, genome
wide chromosome conformation capture analysis revealed that the EbfI locus is
repositioned from a repressive to an active chromatin state during differentiation from
multipotent to committed B-cells. This data indicate that factors actively changing the
topology of chromatin compartments have fundamental roles in promoting FEbfI1
activation and thereby controlling B-cell differentiation.

STATS is a mediator of IL7-signaling (Goetz et al., 2004). The notion from the
EBF1 promoter analysis that constitutively active STATS could activate the o promoter
further added to the reports suggesting that Ebf1 is directly regulated by IL7-signaling
(Dias et al., 2005, Kikuchi et al., 2005). Hence linking IL7-signaling as actively
promoting the B-cell fate. B-cell development in the absence of IL7-signaling is blocked
in the transition from LY6D to LY6D'" CLPs (Tsapogas et al., 2011). During
downstream B cell development, IL7 signaling mainly induces survival and proliferation
and prevents the premature rearrangement of the IglL chains, whereas a lineage
instructive role in uncommitted progenitors is debated (reviewed by Milne and Paige,
2006, Johnson et al., 2008, Malin et al., 2010). T-cell development is disturbed in IL7-
signaling deficient mice, however this can partially be circumvented by transgenic
expression of Bcl2, suggesting a permissive role in lymphocyte development (Akashi et
al., 1997, Kondo et al., 1997, Marakovsky et al., 1997). However, deploying the same
strategy, B-cell development from IL7 deficient LY6D™ CLPs could not be rescued
arguing for the possibility of a more direct role in orchestrating the B-lineage fate
(Kondo et al., 1997, Marakovsky et al., 1997, Sigvardsson lab, unpublished
observations).
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B-lineage commitment & fidelity

Once activated, E2A, EBF1 and FOXO1 will in concert induce expression of the
transcription factor Pax5 (Pongubala et al., 2008, Decker et al., 2009, Lin et al., 2010,
Treiber et al., 2010, Paper III). Progenitor cells deficient of PAXS5 can generate
AS'LY6D" CLPs but fail to develop further into CD19" B-cells (Urbanek et al., 1994,
Zandi et al., submitted manuscript). However, it has been challenging to pinpoint to the
precise block in B-cell development since CD19 expression relies on PAXS activity
(Kozmik et al., 1992). PAXS ablated cells express basal levels of several B-linecage
associated factors and can Dy-Jy rearrange and induce proximal Vy-Dyly rearrangement
of the IgH locus (Nutt et al., 1997, Fuxa et al., 2004, Zandi et al., submitted). All
together, these results position PAX5 downstream of E2A, EBF1 and FOXOI1 in the
transcriptional hierarchy. Although properly B-cell specified, PAXS deficient cells lack
normal B-lineage commitment and retain (even after prolonged culture in B-cell
promoting conditions) the ability to give rise to cells of multiple other lineages (Nutt et
al., 1999, Rolink et al., 1999). Strikingly, even deactivation of Pax5 in committed
progenitors allow for dedifferentiation and development into a non B-cell lineage fate
(Mikkola et al., 2002, Cobaleda et al., 2007). Taken together, this data indicates that
sustained PAXS5 activity is essential to maintain fidelity to the B-lineage fate. Like Ebf1,
Pax5 expression is exclusive to the B-lineage branch of the hematopoietic tree and
several B-lineage associated transcription factors participate in the regulation of the
Pax5 locus (Fuxa et al., 2007, Decker et al., 2009). Detailed analyses of target genes has
suggested that PAXS share B-cell target genes with E2A and EBF1 (Sigvardsson ef al.,
2002, Schebesta et al., 2007, Treiber et al., 2010). Ebf1 expression in PAXS deficient
cells is sufficient to promote these cells to CD19" B-cell progenitors (Pongubala et al.,
2008). This suggests the Ebf1 promoting function to be one of the key roles for PAXS,
effectively creating a stable autoregulatory loop.

Although PAXS and EBFI1 are tightly wired in promoting specification and
commitment, they seem to act in both overlapping and parallel circuits since comparison
of gene expression patterns derived from PAXS and EBF1 deficient CLPs revealed
differential sets of target genes (Zandi et al., submitted manuscript). In further support
for non-redundant roles, in vivo ectopic Pax5 expression cannot compensate for the loss
of EBF1 in EBF1 deficient progenitors nor can in vivo EbfI expression rescue the
inverse situation (Vilagos et al., 2012).

However the issue of commitment is more complex than simply just inducing
and maintaining a B-lineage specific program of gene expression. For stable
commitment, alternative cell fate options must actively be prevented and permanently
closed. This is manifested in “EBF1-rescued” IKAROS deficient CD19" B-cells, where
despite expressing normal levels of EbfI and Pax5 these cells maintain myeloid lineage
potential and aberrant myeloid lineage priming (Reynaud et al., 2008).
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FIGURE 4. Schematic representation of early B-lymphopoiesis displaying B-linecage
developmental arrests observed in mice lacking indicated factor.

Suppressing non B-lineage cell fates

Several of the factors in the B-cell promoting network act through dual roles,
participating both in initiation and enhancement of expression of B-lineage associated
genes in addition to restricting and suppressing genes associated with other cell lineages.

During the transition from the LMPP to the CLP stage, cells largely lose their
myeloid potential. As mentioned above, IKAROS deficient progenitors are unable to
progress to the CLP stage in addition to being incapable of restraining gene signatures
associated with myeloid cell lineages. Hence, indicating a role for IKAROS in dictating
the lymphoid versus myeloid cell fate (Yoshida et al., 2006, Reynoud et al., 2008, Ng et
al., 2009). Further, E2A deficient MPPs and LMPPs seem to preferentially adopt a
myeloid cell fate upon culturing, implicating E2A in myeloid restriction (Dias et al.,
2008). This ability was later assigned to the N-terminal transactivation domain of E2A
(Bhalla et al., 2008). Since IL7 signaling is initiated during the transition from LMPPs to
LY6D™ CLPs, one could hypothesize that this would have a critical role in suppressing
myeloid cell fate options. However, no such mechanism appears to exist (Tsapogas et
al.,2011). Like IKAROS knock-out cells, PAXS deficient B-cell progenitors possess the
ability to differentiate into myeloid cells and PAXS5 can directly suppress some myeloid
associated genes including Mcsfr (Tagoh et al., 2004, Tagoh et al., 2006). However,
LY6D™ CLPs do not express Pax5 at a significant level, hence the myeloid fate option
must be closed in a developmental window occurring before stable Pax5 expression is
established (Paper I). This myeloid suppressing activity of PAXS5 could be part of a B-
lineage fidelity mechanism rather than actively promoting myeloid versus lymphoid
lineage choices. In support of this notion, enforced expression of PaxJ5 in progenitors did
not disturb myeloid development (Souabni et al., 2002, Cotta et al., 2003). However,
applying a similar strategy, ectopic EbfI expression efficiently perturbed myeloid

28



differentiation and ectopic expression of EbfI in PAXS deficient cells suppressed their
T-lymphoid and myeloid potential and antagonized deviant expression of myeloid-
associated genes such as Cebpa and PU.I (Zhuang et al., 2003, Pongubala et al., 2008).
Further, a substantial fraction of the CLPs express EbfI in line with EBF1 participating
in eliminating the residual myeloid developmental potential in this population (Paper I).

Using RAGI1-transgenic mice strains (discussed in an earlier section), the NK
potential of the CLP compartment was assigned to the RAG1"Y LY6D™ CLP population
and this potential is largely lost in LY6D" cells (Welner et al., 2009, Paper I).
Independent reports have indicated EBF1 as a repressor of the NK-associated /d2 gene
and Ebf1 heterozygous B-cell progenitors maintain priming of several genes connected
to NK development (Pongubala et al., 2008, Thal et al., 2009, Lukin et al., 2011). In
further support for a role in suppressing NK-cell development, enforced expression of
Ebfl efficiently blocked NK development while NK-cell development progressed
normally in the presence of PAXS (Zhuang et al., 2003, Cotta et al., 2003).

However, PAXS supports EBF1 in suppressing the T-cell fate since Pax5
expression efficiently impeded T-cell development (Souabni et al., 2002, Cotta et al.,
2003, Fuxa et al., 2004, Treiber et al., 2010). Some LY6D" cells still exhibit in vitro T-
cell potential and a fraction of this population expresses Pax5 at the single cell level
(Paper I). However, expression of Pax-5 message correlates with AS expression and in
vitro B-cell commitment (Paper I). As a mediator suppressing the T-cell lineage fate,
PAXS has been shown to repress Notchl transcription (Souabni et al., 2002). Further,
both Mscf'and Flt3 are suppressed by PAXS, suggesting that PAXS5 actively suppresses a
DC fate (Tagoh et al., 2004, Tagoh et al., 2006, Holmes et al., 2006). Recently it was
shown that the Flt3 gene lacked proper repression during EBF1-deficient B-cell
development, thus again wiring PAXS5 and EBF1 action (Gyory et al., 2012).

Since EBF1 and FOXOI act in concert to promote B-cell commitment, one could
envision an active suppressor role for FOXO1. FOXO1 ablated LY6D" CLPs exhibit
abnormal expression of some T-lineage related genes such as Thyl.l, Scal and CD28
(Paper III). In addition a modest increase in GMPs can be observed in the bone marrow,
which is in line with the increased output of myeloid cells observed in the periphery
(Thotorova et al., 2007, Murre lab unpublished observations).

Seeking a place in the B-cell transcriptional network

The previous pages have covered current understanding of the best characterized factors
and how they act in concert to orchestrate B-cell development. In addition, several other
factors have been identified that participate in promoting early B-cell differentiation.
Some of them are well characterized in other cellular contexts or as dysregulated during
leukemias. However their roles in the transcriptional network that promote B-cell
specification and commitment are less well understood.
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The MADS-box transcription factor encoded Mef2c has been implicated in myeloid
versus lymphoid lineage choices since Mef2c deficiency results in disrupted
lymphopoiesis while myelopoiesis is enhanced (Stehling-Sun et al., 2009). Mef2c
transcription has been suggested to be regulated by PU.1 but direct downstream B-cell
related target genes remain unknown (Stehling-Sun ef al., 2009).

RUNX proteins have been extensively studied in several developmental systems.
During de novo motif analyses, putative RUNX sites were found to be highly enriched in
close proximity to E2A and/or EBF1 occupancy in pro-B cells (Lin et al., 2010, Treiber
et al., 2010). Runx1 is expressed in early lymphoid progenitors and has been suggested
to functionally cooperate with EBF1 (Maier et al., 2004, North et al., 2009, Blyth et al.,
2009, Lukin et al., 2010). Conditional inactivation of Runx/ results in a loss of early
lymphoid progenitors. However contradictory to these findings overexpression of Runx/
was shown to result in a block in B-cell development (Growney et al., 2005, Blyth et al.,
2009). Hence the detailed mechanisms of action for RUNXI1 during B-cell
differentiation remain elusive.

Mizl deficient mice exhibit an early B-cell developmental block possibly caused
by an impaired response to IL7 signaling (Kosan et al., 2010). In line with this, CD19"
cell development was partially rescued in Mizl deficient cells upon combined Bc/2 and
Ebf1 expression (Kosan et al., 2010).

Another factor implicated in promoting B-cell differentiation at the CLP stage is
c-Myb (Greig et al., 2010). c-Myb is suggested to directly regulate the expression of
IL7r, however enforced expression of IL7r did not rescue B-cell development suggesting
this factor to be involved in B-cell differentiation at multiple levels (Greig et al., 2010).

Bcllla deficiency results in embryonic lethality. Upon transplantation, Bcllla
ablated progenitor cells did not properly support B-cell development and showed T-cell
developmental abnormalities (Liu et al., 2003). These cells lacked expression of Ebf]1
and Pax5 transcripts and consequently did not have the ability to induce the B-cell gene
program and suppress T-lineage development. Further ChIPseq analyses identified a
putative Bcllla control element occupied by both E2A and FOXO1 in pro-B cells. All-
in-all, these results suggest that Bcllla is an important member of the B-cell network
(Lin et al., 2010).

The need for SOX4 in developing B-lymphocytes was established during the
1990s when transplanted SOX4 deficient progenitors failed to properly reconstitute the
B-cell lineage (Schilham et al., 1996). Sox4 has been suggested to be activated by
IKAROS and displays correlated expression with Ebf1 in B-cells (Mansson et al., 2004,
Ng et al., 2009). Further, SOX4 binds and activates a A5-VpreB enhancer during ESC
differentiation and thus it appears to actively promote the B-cell fate (Liber ef al., 2010).

In the B versus T-lineage choice, LRF is actively blocking NOTCH signaling to
allow for B-lymphoid development (Maeda et al., 2007). Progenitor cells lacking LRF
displayed increased activation of several genes downstream of NOTCH and ectopic
expression of EbfI could not rescue the phenotype (Maeda et al., 2007).
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Irf8 is a suggested PAXS target with established functions during several stages of B-
cell differentiation. Specifically IRF8 was shown to activate PU.I and EbfI expression
and promote the pre-B to mature B-cell transition (Schebesta et al., 2007, Lu et al.,
2006, Wang et al., 2008). Interestingly, IRF8 was recently found to bind a Pax$
enhancer element providing yet another a feed forward loop promoting B-cell linecage
identity (Decker ef al., 2009).

Cells unable to properly contract and rearrange IgH are developmentally blocked
at a CD19" pro-B cell stage. A vast majority of the classical B-cell promoting
transcription factors have been implicated in IgH locus contraction and remodeling to
facilitate recombination (reviewed in Bossen et al., 2012). In addition, several factors
with knock out models displaying pro-B cell related developmental blocks are
implicated in regulating IgH locus accessibility, contraction and rearrangement. Among
these are Ezh2 (Su et al., 2003), Foxpl (Hu ef al., 2006), YY1 (Liu et al., 2007) and the
YY1 binding factor Gon4-like (Lu et al., 2011). It will be important to ultimately
integrate the entire ensemble of the aforementioned factors into a global network to
describe the B cell fate in mechanistic terms.

Epigenetic regulation of B-cell differentiation

The chromatin structure and epigenetic status of DNA is closely associated with its
transcriptional state. Actively transcribed regions share structural and epigenetic features
with other active regions. While a promoter is located adjacent to the TSS, enhancers are
regulatory regions that can be both proximally and distally located upstream,
downstream or within their target genes (reviewed by Visel et al., 2009). Chromatin
remodeling complexes (CRCs) are recruited to regulatory elements in order to access
and facilitate transcriptional initiation or to repress target genes. Two of the most widely
characterized CRCs are the SWI/SNF and NuRD complexes. SWI/SNF protein
complexes can directly open up the chromatin through repositioning of nucleosomes
thereby making DNA accessible for activation. NuRD complexes are thought to mainly
act in a repressive manner through chromatin compaction (reviewed by Ho and Crabtree,
2010). The histones in the nucleosomes as well as DNA can be directly modified. These
modifications includ, but are not limited to, direct methylation of cytosines as well as
methylation and acetylation of histone lysines (reviewed by Kouzarides, 2007). Several
co-factors associated with the CRCs participate in establishing and changing these
modifications. Recent reports suggest that enhancers are marked by the acetylation of
multiple H3 and H4 residues as well as monomethylation of histone H3 at lysine 4
(H3K4mel). On the other hand, enhancers lack trimethylation of H3K4 (H3K4me3),
which is associated with active promoters (Heintzman et al., 2009). Hence, reading the
epigenome can directly indicate whether a certain promoter or regulatory region is
poised, actively transcribed or kept silent and several studies have reported changes in
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epigenetic patterns associated with lineage restriction during hematopoietic
differentiation (Attema et al., 2007, Weishaupt et al., 2010, Ji et al., 2010).

Knock-out models of components of polycomb repressor complexes (PRC)
involved in maintaining methylation patterns has been shown to display lineage
differentiation biases. Mice lacking functional expression of Bmil, a component of
PRCI1, showed increased Ebf1 and Pax5 expression and increased numbers of lymphoid
progenitors (Oguro et al., 2010). The premature expression of Ebf1 and Pax5 is likely, in
part, caused by a lack of suppression of lkaros in Bmil deficient progenitors (Arranz et
al., 2012). Further, epigenetic marks maintained by the PCR1 component Dnmt]1 has
been suggested to suppress myeloid-erythroid potential to allow for lymphoid
development (Broske et al., 2009). Recently it was shown that deficiency of the histone
H2A deubiquitinase MYSMI resulted in an early B-cell developmental block and an
underlying factor behind the arrest was suggested to be a lack of proper activation of the
Ebf1 locus (Jiang et al., 2011).

The question that arises is whether transcriptional regulators such as transcription
factors act to open up the chromatin, thus allowing for epigenetic patterns to change or if
changes in chromatin subsequently allow specific transcription factors to access the
chromatin? B-lineage associated genes have been shown to have pre-established active
marks already in uncommitted progenitors, potentially as a consequence of low levels of
expression of lineage associated transcription factors (Walter ef al., 2008, Mercer et al.
2011). Further, a recent report has suggested that the changes in epigenetic patterning
can be a consequence of PU.1 acting as a pioneer factor to promote or maintain certain
chromatin states and thereby allowing or inhibiting differentiation and lineage choices
(Heinz et al., 2010). In line with this observation, expressing E47 in E2A deficient cells
rapidly induced a change in the H3K4mel pattern (Lin et al., 2010). E2A occupancy is
closely linked to enhancer regions and p300, a known co-activator and histone acetyl-
transferase, which E2A can directly interact with (Bradney et al., 2003, Lin et al., 2010,
Lin et al., submitted). Further, IKAROS has been suggested to perform the majority of
its transcriptional effects through interactions with CRCs. In T-lymphocytes, IKAROS is
often found associated to NuRD and to lesser degree SWI/SNF-complexes. In line with
a transcription factor instructive role, IKAROS was recently shown to directly alter the
functions of NuRD complexes (Zhuang et al., 2011).

EBF1 has been shown to be able to, in a dose dependent manner, effect
localization of a gene to either hetero- or euchromatin (Lundgren et al., 2000). In
addition, numerous reports have shown that both EBF1 and PAXS5 to modulate the
chromatin status and potentially recruit CRCs and their coactivators (Zhao et al., 2003,
Walters et al., 2008, Decker et al., 2009, Treiber et al., 2010, McManus et al., 2011).
Their sequential and combinatorial activation of the Mb/ promoter is a carefully studied
example (Maier et al., 2004, Gao et al., 2009). Chromatin remodeling by FOXOI is less
well characterized, however recombinant FOXO1 can in vitro disrupt histone:DNA
interactions and other FOX-family factors have been shown to influence higher order
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chromatin organization (Hatta and Cirillo, 2007, Scott and Plon, 2005, Yan et al., 2006,
reviewed by Friedman and Kaestner, 2006).

Taken together, the vast majority of critical transcription factors seem to directly
interact with CRCs and thereby influence chromatin status and transcription but exact
mechanisms are still to be determined.
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SUMMARY AND DISCUSSION OF PAPERS

PAPER

Single-cell analysis of the common lymphoid progenitor compartment reveals
functional and molecular heterogeneity.

Summary

Previously work performed in the Sigvardsson laboratory has demonstrated that a AS-
reporter could be utilized in order to identify cells committed to the B-lineage prior to
the onset of CD19 surface expression (Mansson et al., 2008). To further expand upon
this finding and to study early B-cell developmental, mice carrying AS-reporter were
bred with RAGI-GFP reporter mice. In mice, carrying both reporters, the CLP
compartment and pre-pro B-cells could be subdivided into three distinct populations
GFP"A5", GFP""\5" and GFP"#"\5".

Through in vitro assays we could show that these subpopulations constitute of a
hierarchal organization where lineage potentials are gradually lost before cells commit to
the B-cell lineage. On a single cell level, GFP'" cells could give rise to B, T and NK
cells whereas the GFP"#"\5™ cells were restricted in their NK-cell potential. Further,
while the GFP"€"\5 still generated both B and T-cells the GFP"#"\5" displayed a high
level of commitment to the B-cell lineage. Through transcriptional profiling of these
populations we identified the surface marker LY6D as being expressed in the latter two
populations and its upregulation highly correlated with the loss of NK-cell potential.

Discussion and future directions

In a report preceding Paper I by just a few months, Inlay and colleagues reported that the
CLP compartment could be divided into two populations based on the surface marker
LY6D (Inlay et al., 2009). LY6D' CLPs were shown to be more specified towards the
B-cell lineage further supporting the conclusions from Paper I. However our in vitro
data do not fully support B-lineage restriction in the LY6D ™ CLPs. This discrepancy can
be potentially accounted for through methodological choices. Inlay and colleagues relied
on bulk transplantations assays while the concussions in Paper I were based on in vitro
single cell assays.

Assigning lineage potential is a challenging task and depending on the assay
applied, the outcome might vary (Riche Ehrlich ez al., 2010). In vivo assays obviously
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have the advantage of being in vivo. However, they have several limitations that must be
considered which raise the question as to how close to a normal in vivo setting
transplantation experiments actually are? To reach their native environment,
transplanted progenitor cells need to express the correct surface receptors in order to
migrate to the correct microenvironment. Further, when assaying progenitors lacking
long-term reconstitution potential, timing of the read out is critical since various lineages
display different half-lives. In addition, the more limited proliferative potential a
progenitor displays, the more progenitor cells need to be transplanted to allow for
detection of progeny in vivo. In vitro assays display a different set of limitations. They
provide signals from an artificial environment likely sometimes far from an actual
physiological condition. Further the quality of the assay will heavily influence the
outcome, as will the assays chosen per se as different conditions can yield different
readouts There are however benefits using in vitro assays in that they can be used to
study single cells. One should further consider the differences between the physiological
steady-state contribution of a progenitor and its lineage potential. Indeed the LY6D"
CLPs might be more likely to generate B-lineage cells in vivo, even if they still retain T-
cell lineage potential. This is supported by the identification of the developmental block
in E2A-deficent mice, where no LY6D" cells are formed, but all other lymphoid lineages
except B-cells are present. Together, the two reports beyond doubt, show that the
LY6D" cells represent a more lineage restricted population en route to B-lymphoid
development. In addition to LY6D, the CLP compartment displays heterogeneous
expression of other surface markers, hence it should be possible to further subfractionate
the lymphoid developmental pathway in the future.

Further both Inlay et al., 2009 and Paper I address the definition of the fr. A/pre-
pro B population and show through multicolor flow cytometry that this fraction of cells
correctly is represented by B220'LY6D" CLPs. A similar conclusion has been suggested
in a previous report in 2006 by Rumfelt ez al.,.
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PAPERII

E2A and HEB Act in Concert to Induce the Expression of FOXO1 in the Common
Lymphoid Progenitor

Summary

Together, E2A, HEB and E2-2 constitute the E-protein family. Several lines of evidence
suggest a functional redundancy amongst these proteins though they display different
patterns of expression. Here we first identify HEB expression in several hematopoietic
progenitor populations, which prompted us to further investigate the role of HEB in
hematopoietic development. In contrast to E2A-deficient animals, mice with HEB
ablated bone marrow showed a normal number of HSCs, MPP and myeloid-erythroid
progenitors. Further characterization identified a slight reduction of LMPPs and a partial
block in the developmental transition from LY6D™ to LY6D" CLPs. Thus this transition
is affected in a similar manner to what is observed in E2A-deficient mice. Further, in
vitro differentiation assays revealed that these LY6D™ CLPs had reduced B-cell potential
but developed into early T-cells at expected ratios. HEB ablated LY6D" CLPs exhibited
normal Dy-Jy rearrangements and downstream progenitors developed at normal ratios.
Transcriptional profiling of E2A and HEB deficient LY6D™ CLPs displayed a substantial
overlap, where the B-cell related transcription factor Foxol was one of the down
regulated genes.

We further identify an E-box in a 3’ putative enhancer element of the FOXO1
locus, which was shown to be relevant for in vitro transcriptional activity. All-in-all this
suggests that E-proteins may directly regulate Foxol expression and that HEB supports
E2A in promoting the B-cell fate in the LMPP and LY6D™ CLP compartment.

Discussion and future directions

HEB has previously primarly been studied in the context of T-cell development, where
HEB and E2A act together during developmental checkpoints. In addition a role in pro-
B cell maintenance has been described. In Paper II we assign HEB a supporting role to
E2A during early B-cell specification. Here, HEB and E2A appear to act in the same
pathway. This is supported both by a similar in vivo phenotype as well as an overlapping
dysregulation of gene expression in ablated mice. The actions of E2A and HEB can
simply be explained in terms of E-protein dose dependency. Simplified we can
extrapolate one allele of E2A as being equal to two alleles of HEB which would fit
mRNA expression levels observed. However, obviously such speculation does not take
into account factors such as protein stability and posttranslational modifications.
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Several questions pertaining to this study remains to be answered. This includes if the
target genes of E2A and HEB are exactly overlapping, if E2A and HEB bind the same
E-boxes and if E2A and HEB are binding DNA as homo- or heterodimers? In order to
answer these questions we attempted to perform HEB ChIPseq. However with the
currently available commercial antibodies raised against HEB we were not able perform
ChIPseq on early B-cell progenitors.

Another intriguing question that remains to be resolved is the issue as to what
drives the specific B-cell promoting properties of E2A? And further, what is the
underlying cause of the developmental block observed in E2A ablated mice? As
reported in Paper II £24 mRNA levels do not change between the LMPP, LY6D™ and
LY6D" CLP populations to any significant degree, nor is there any remarkable change in
the expression of the inhibitors /d2 and /d3. E2A has been suggested to heterodimerize
with the bHLH proteins TAL and LYL1 in hematopoietic progenitors (Hsu ef al., 1991,
Miyamoto et al., 1996). Both TAL and LYL1 have limited abilities to homodimerize
and have been suggested to prefer heterodimerization with E-proteins (Hsu et al., 1991,
Miyamoto et al., 1996). Since E2A had been suggested to drive B-cell differentiation as
a homodimer, one could hypothesize that if levels of TAL and LYL1 decline as a cell
differentiates, E2A would be allowed to homodimerize and activate B-cell specific
targets. However, overexpression of E47 in progenitor does not appear to enhance B-cell
development (Pongubala et al., 2008). The data in Paper II also opens up a participation
of possible heterodimers of E2A and HEB, similarly as observed during T-cell
development (Barndt ef al., 2000).

Our aim was to provide important clues about underlying cause of the
developmental block observed in E2A deficient cells. Few genes changed in the
microarrays had known B-cell relevance. FOXO1 and EBF1 (discussed in Paper III) are
necessary for proper B-cell commitment. However, the developmental block observed
cannot be accounted for by the lack of these factors since LY6D" cells develop in their
absence. We cannot rule out that E2A drives the expression of LY6D, however, the
LY6D" compartment is drastically reduced and the transcriptional profiles of E2A and
FOXOI1/EBF1 ablated CLPs are not overlapping. A previous report has suggested the
impaired B-cell development to be, in part, due to a lack of proper IL7-signaling
response (Seet et al., 2004). Indeed we saw reduced expression of IL7r but the recently
characterized IL7-developmental block would argue against this as a sole explanation
(Tsapogas et al., 2011).

37



PAPER I

The Transcriptional Regulators, FOXO1 and EBF1, Establish a Feed-Forward
Loop to Orchestrate the B cell Fate

Summary

The Murre lab has recently reported genome-wide occupancy of E2A, EBF1 and Foxol
in pro-B cells demonstrating that FOXO1 is an essential part of the early B-cell
regulatory program (Lin et al., 2010). This together with our findings in Paper II
prompted us to further explore the role for FOXO1 in B-cell specification and
commitment. To achieve this objective mice deficient for FOXO1 were characterized. A
near complete block in B-cell development was observed at the LY6D" CLP cell stage.
The transcriptome of these LY6D' cells exhibited a lack of B-cell related genes
(normally expressed at this stage of development), including most notably FEbfI.
Additional analysis of LY6D" cells ablated for FOXO1 showed striking similarities with
EBF1 deficient LY6D" CLPs. Foxo! has previously been shown to be a target of EBF1
activity. Together this data suggests that FOXO1 and EBF1 act to positively cross
regulate each other. Upon careful examination of the reported ChIPseq data for FOXO1
and EBF1 we identified putative FOXO1 binding in putative EbfI enhancer regions and
vice versa. Further, we generate a global network that is based on transcription factor
signatures of FOXO1 and EBF1-deficient B cell progenitors, genome-wide interactions
between promoter and enhancer elements involving FOXO1 and EBF1 occupancy. All
together this suggests that EBF1 and FOXO1 generate a feed-forward loop, thus, locking
cells into the B-cell fate.

Discussion and future directions

In Paper III we are able to pinpoint the importance of FOXO1 in the transcriptional
network that promotes B-cell commitment (together with EBF1) in the LY6D" CLP
compartment. In light of previously published data these findings lead us to suggest a
model for the transcriptional control of early B-cell development where E2A activate the
expression of FOXO1 and EBF1 to specify the B-cell fate. Since uncommitted B-cell
primed progenitors already have established a B-cell poised chromatin state, one could
hypothesize that once EBF1 and FOXOI1 activity reaches a critical level they reinforce
each other to a level where they override all other fate options.

The identification of a critical role for FOXO1 at a cellular stage relying on
proper FLT3 and IL7 signaling might seem contradictory. The activity of the FOXO
protein family is extensively controlled through post-translational modifications
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(reviewed by Hedrick, 2009). Among the mechanisms that regulate FOXO activity is
PI(3)K-AKT mediated phosphorylation, which results in inactivation through exclusion
from the nucleus (Hedrick, 2009). The main action of IL7 signaling at the CLP stage has
been suggested to be activation of STATS rather than through the activation of AKT
(Kikuchi et al., 2005, Ahsberg et al., 2010, Johnson et al., 2008). Thus, it might rather be
that FLT3 signaling activates the PI(3)K pathway at this stage of development and until
the receptor is downregulated at later developmental stages by PAXS5 (Holmes et al.,
2006). However modulators of the PI(3)K pathway such as Pten, Blnk and Pik3ipl
appears to be regulated by E2A, FOXO1 and EBF1. This suggests that these cells are
primed by E2A initially to allow for FOXO1 activity and this is further enhanced by
FOXO1 itself once activated.
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POPULARVETENSKAPLIG SAMMANFATTNING

Fran blodstamcell till B-cell

Vért blod bestar av flera olika specialiserade typer av celler. Dessa utfor allt fran
transport av syre (roda blodkroppar) och sarldkning (blodpléttar) till att utgdra vart
immunsystem (vita blodkroppar). Vart immunforsvar kommer sténdigt i kontakt med
virus, bakterier och sjuka celler som maste kénnas igen och bekdmpas. Darfor finns det
ett kontinuerligt behov av att bilda nya vita blodkroppar. Nybildningen av dessa sker
frdn blodstamceller 1 benmédrgen. Stamcellerna kan nér de delar sig bade ge upphov till
nya stamceller (sjdlvfornyelse) eller till dotterceller som sedan kan ge upphov till alla
typer av blodceller. Dottercellerna som bildas gar igenom flera utvecklingsstadier dir de
gradvis specialiseras mot att bli en specifik typ av blodcell. Slutligen ar cellen sé
specialiserad att den bara kan ge upphov en specifik celltyp. Dérefter utvecklas de vidare
for att kunna utfora sin specifika uppgift. De olika utvecklingsstadierna kan man
sdrskilja med hjdlp av proteiner pa cellernas yta si kallade ytmarkorer. Vad som styr
stamcellerna till att bilda en viss celltyp ar ett avancerat samspel mellan proteiner inuti
cellen och yttre signaler fran proteiner i1 cellens omgivning. Av stor vikt &ar
transkriptionsfaktorer. Nar denna grupp av proteiner binder till arvsmassan (DNA) kan
de aktivera eller stdinga av gener. Pa detta sdtt paverka transkriptionsfaktorerna hur
mycket av en viss gen som ska uttryckas och ge upphov till protein och dirmed styr hur
cellen utvecklas och beter sig.

I den hér avhandlingen har vi studerat ndrmare hur blodstamceller ger upphov till
den speciella typ av vita blodkroppar som kallas B-celler. I Arbete I har vi identifierat
nya utvecklingsstadier av celler som dr pd vdg att bli B-celler. Vi fann att ytmarkoren
LY6D kunde dela upp ett tidigare beskrivet utvecklingsstadie och att celler med LY6D
pa cellytan var mer mogna och specialiserade for att bli B-celler. Fortsattningsvis har vi
studerat dessa tva nya utvecklingsstadier for att forstd hur transkriptionsfaktorer och
signaler frdn den omgivande miljon i benmérgen samverkar for att styra dessa celler till
att bli B-celler (Arbete II-III). Vi kunde visa att transkriptionsfaktorerna E2A och HEB
1 de tidiga cellerna som inte har LY6D pa cellytan, aktiverar transkriptionsfaktorn
FOXOI, som é&r viktigt for B-cellsutvecklig (Arbete IT). I utvecklingsdvergéngen till
stadiet diar LY6D finns pa cellytan aktiverar E2A och FOXOIl en annan
transkriptionsfaktor som é&r kritisk for B-cells utveckling och som kallas EBF1. Slutligen
foreslar vi att EBF1 och FOXOI1 aktiverar varandra och att denna sjdlvforstarkande
cirkel resulterar 1 att cellerna specialiserar sig till den grad att de blir lasta till att fortsétta
utvecklas mot att bli B-celler (Arbete IIT).

40



ACKNOWLEDGMENTS

This might be my thesis but during the years to generate the work it covers, I have by no
means been working alone. It’s been a journey in teamwork covering three lab-settings
at two different continents. I have met and interacted with fantastic collaborators and
gained friends for life, thank you all!

Especially I would like to thank:

My supervisors, Profs. David Bryder, Mikael Sigvardsson & Cornelis Murre. To
have tree supervisors located at three different universities could indeed have been
challenging to coordinate. Luckily, these three excellent scientists and gentlemen
provided me with a lot of scientific freedom, allowing me to go in my own direction
while at the same time always being here when helping hands, scientific advice or
encouragement was needed.

THANK YOU!

David: You personalize science in perfection!

Micke: Thanks for providing solutions when everything just seems impossible.

Kees: I have never met someone as optimistic about (crazy) scientific projects, you’re a
true inspiration making everything seem possible.

My inofficial supervisor Robert Mansson. You are a fantastic scientist and partner in
crime — but most importantly, you are “det finaste som finns, finaste i virden”.

Lymphocyte lab mates & collaborators through out the years:

The Swedish team: Gerd Sten, Hong Qian, Panos Tsapogas, Sasan Zandi, Jenny
Stjernberg, Lotta Lenner & Josefine Ahsberg (bista Joss, ir si glad att vi ska jobba
thop igen). The San Diegans: Kristina Beck, Susan Andre, Claudia (Hi C) Bossen,
Kazuko Miyazaki, Masaki Miyazaki, Rob Teachenor, Yin Lin, Suchit
Jhunjhunwala, Vivek Chandra, Alysia Birkholz, Marcos Arribas-Layton, Marty
Flores, Joe Lucas, Mandy Peak, Elinore McClelland Mercer, Caroline Murre,
Annamaria Kauzlaric, Amanda Herman Johnson, Shuwen Chen, Roy Riblet &
Chris Benner - Besides excellent scientific contributions, thank you for friendship,
lunches, dinners, late nights and coffee cart time outs. Without you, the last couple of
years would have been a lot less fun (and productive).

Neighbouring lab dudes in the Jonsson (and the rest of Lab 1), Hedrick & Goldrath
labs. Thanks for creating such great floor environments and for always being there with
a helping hand or scientific advice. A special thanks to Stephen Hedrick, Carol
Katayama, Yann Kerdelis & Erica Stone for all your FOXO-expertise.

41



My BMC Cl12-family: Mondays without “bulle” at the 10am coffee are not proper
Mondays! Profs. Dick Heinegird & Anders Aspberg for introducing me to the world
of matrix biology. Viveka Tillgren & Karin Lindblom, for endless patience with my
mistakes during early days and off course Alexander Kvist, who introduced me to the
bittersweet dos n’ don’ts of a PhD-student, with great wisdoms like “you never wash
your coffee cup”!

My coffee break buddies during early days at BMC, Christine Karlsson & Lena
Eroukhmanoff.

Prof. Anders Malmstrom & Co at Lund Graduate School of Biomedical research — for
providing a great start and networking opportunities for a future PhD-student. This
networking didn’t just include scientific discussions but also late night partying and
acquiring of great friends. Pontus Nordenfelt & Karoline Benktander (with families),
you have been missed by the other sunshine girl while she’s been in the states.

Prof. Ulf Ellervik for letting me take my first trembling scientific steps in your lab.

Everyone (@ HERM, Karolinska Institute for letting me hang around while writhing this
thesis. Especially Johanna Ungerstedt for allowing me crash on your desk!

Jonas Ungerbick, Josefine Ahsberg, Marty Flores & Joe Lucas for spending part of
their Easter holiday proofing this thesis.

The fish sticks: Anna Andrys, Anna Persson, Hanna Sandvall, Tina Ljunggren &
Agata Andersson (including respektive-klubben), Thank you for your friendship and
despite my tendency to move away every now and then, you’re always welcoming me
back with open arms!

Therese Segerstein — it takes a lot more than the Atlantic pond to ruin our friendship
(11 stop moving to the US now, I promise)

The San Diego dudes: Kalle Bacos, Claire Hu, Matthew Locke, Diann Delcino,
Karin Staflin, Ryan Kelly, Marcus Roupé, Linnea Roupé, Liv Roupé, Elin Edin,
Jorg Wegener & Emma Leire. Thank you for providing such a healthy distraction
from science. Miss the brunches, foovies, SD excursions & beer n’ burgers. Hope to see
you all soon!

Virdens bista Mamma, Pappa & Bettan for always being there, sharing ups n’ downs
with never ending love and support.

42



REFERENCES

Adolfsson J, Borge OJ, Bryder D, Theilgaard-Monch K, Astrand-Grundstrom I, Sitnicka E, Sasaki Y, Jacobsen SE.
Upregulation of Flt3 expression within the bone marrow Lin(-)Scal(+)c-kit(+) stem cell compartment is accompanied
by loss of self-renewal capacity. Immunity. 2001 Oct;15(4):659-69.

Adolfsson J, Mansson R, Buza-Vidas N, Hultquist A, Liuba K, Jensen CT, Bryder D, Yang L, Borge OJ, Thoren LA,
Anderson K, Sitnicka E, Sasaki Y, Sigvardsson M, Jacobsen SE. Identification of Flt3+ lympho-myeloid stem cells
lacking erythro-megakaryocytic potential a revised road map for adult blood lineage commitment. Cell. 2005 Apr
22;121(2):295-306.

Ahsberg J, Tsapogas P, Qian H, Zetterblad J, Zandi S, Mansson R, Jonsson JI, Sigvardsson M. Interleukin-7-induced
Stat-5 acts in synergy with Flt-3 signaling to stimulate expansion of hematopoietic progenitor cells. J Biol Chem. 2010
Nov 19;285(47):36275-84.

Akashi K, Kondo M, von Freeden-Jeffry U, Murray R, Weissman IL. Bcl-2 rescues T lymphopoiesis in interleukin-7
receptor-deficient mice. Cell. 1997 Jun 27;89(7):1033-41.

Akashi K, Traver D, Miyamoto T, Weissman IL. A clonogenic common myeloid progenitor that gives rise to all
myeloid lineages. Nature. 2000 Mar 9;404(6774):193-7.

Alkhatib A, Werner M, Hug E, Herzog S, Eschbach C, Faraidun H, Koéhler F, Wossning T, Jumaa H. FoxO1 induces
Ikaros splicing to promote immunoglobulin gene recombination. J Exp Med. 2012 Feb 13;209(2):395-406.

Allman D, Sambandam A, Kim S, Miller JP, Pagan A, Well D, Meraz A, Bhandoola A. Thymopoiesis independent of
common lymphoid progenitors. Nat Immunol. 2003 Feb;4(2):168-74.

Amin RH, Schlissel MS. Foxol directly regulates the transcription of recombination-activating genes during B cell
development. Nat Immunol. 2008 Jun;9(6):613-22.

Arranz L, Herrera-Merchan A, Ligos JM, de Molina A, Dominguez O, Gonzalez S. Bmil is critical to prevent Ikaros-
mediated lymphoid priming in hematopoietic stem cells. Cell Cycle. 2012 Jan 1;11(1):65-78.

Attema JL, Papathanasiou P, Forsberg EC, Xu J, Smale ST, Weissman IL. Epigenetic characterization of
hematopoietic stem cell differentiation using miniChIP and bisulfite sequencing analysis. Proc Natl Acad Sci U S A.
2007 Jul 24;104(30):12371-6.

Bain G, Maandag EC, Izon DJ, Amsen D, Kruisbeek M, Weintraub BC, Krop I, Schlissel MS, Feeney J, van Roon M,
van der Valk M, te Riele HPJ, Berns A, Murre C. E2A proteins are required for proper B cell development an
initiation of immunoglobulin gene rearrangements. Cell 1994;79(5):885-892

Bain G, Robanus Maandag EC, te Riele HP, Feeney AJ, Sheehy A, Schlissel M, Shinton SA, Hardy RR, Murre C.
Both E12 and E47 allow commitment to the B cell lineage. Immunity. 1997 Feb;6(2):145-54.

Balciunaite G, Ceredig R, Massa S, Rolink AG. A B220+ CD117+ CD19- hematopoietic progenitor with potent
lymphoid and myeloid developmental potential. Eur J Immunol. 2005 Jul;35(7):2019-30.

Barndt RJ, Dai M, Zhuang Y. Functions of E2A-HEB heterodimers in T-cell development revealed by a dominant
negative mutation of HEB. Mol Cell Biol. 2000 Sep;20(18):6677-85.

Beck K, Peak MM, Ota T, Nemazee D, Murre C. Distinct roles for E12 and E47 in B cell specification and the
sequential rearrangement of immunoglobulin light chain loci. J Exp Med. 2009 Sep 28;206(10):2271-84.

Becker AJ, McMulloch EA, Till JE. Cytological demonstration of the clonal nature of spleen colonies derived from
transplanted mouse marrow cells. Nature. 1963 Feb 2;197:452-4.

43



Bell JJ, Bhandoola A. The earliest thymic progenitors for T cells possess myeloid lineage potential. Nature. 2008 Apr
10;452(7188):764-7.

Belz GT, Nutt SL. Transcriptional programming of the dendritic cell network. Nat Rev Immunol. 2012 Jan
25;12(2):101-13.

Benezra R. An intermolecular disulfide bond stabilizes E2A homodimers and is required for DNA binding at
physiological temperatures. Cell. 1994 Dec 16;79(6):1057-67.

Bergqvist I, Eriksson M, Saarikettu J, Eriksson B, Corneliussen B, Grundstrém T, Holmberg D. The basic helix-loop-
helix transcription factor E2-2 is involved in T lymphocyte development. Eur J Immunol. 2000 Oct;30(10):2857-63.

Bhalla S, Spaulding C, Brumbaugh RL, Zagort DE, Massari ME, Murre C, Kee BL. differential roles for the E2A
activation domains in B lymphocytes and macrophages. J Immunol. 2008 Feb 1;180(3):1694-703.

Blyth K, Slater N, Hanlon L, Bell M, Mackay N, Stewart M, Neil JC, Cameron ER. Runx1 promotes B-cell survival
and lymphoma development. Blood Cells Mol Dis. 2009 Jul-Aug;43(1):12-9.

Borghesi L, Aites J, Nelson S, Lefterov P, James P, Gerstein R. E47 is required for V(D)J recombinase activity in
common lymphoid progenitors. J Exp Med. 2005 Dec 19;202(12):1669-77.

Bossen C, Mansson R, Murre C. Chromatin topology and the regulation of antigen receptor assembly.
Annu Rev Immunol. 2012 Apr 23;30:337-56.

Broske AM, Vockentanz L, Kharazi S, Huska MR, Mancini E, Scheller M, Kuhl C, Enns A, Prinz M, Jaenisch R,
Nerlov C, Leutz A, Andrade-Navarro MA, Jacobsen SE, Rosenbauer F. DNA methylation protects hematopoietic
stem cell multipotency from myeloerythroid restriction. Nat Genet. 2009 Nov;41(11):1207-15.

Carotta S, Dakic A, D'Amico A, Pang SH, Greig KT, Nutt SL, Wu L. The transcription factor PU.1 controls dendritic
cell development and F1t3 cytokine receptor expression in a dose-dependent manner.
Immunity. 2010 May 28;32(5):628-41.

Carotta S, Pang SH, Nutt SL, Belz GT. Identification of the earliest NK-cell precursor in the mouse BM.
Blood. 2011 May 19;117(20):5449-52.

Ceredig R, Rolink AG, Brown G. Models of haematopoiesis: seeing the wood for the trees. Nat Rev Immunol. 2009
Apr;9(4):293-300.

Christensen JL, Weissman IL. Flk-2 is a marker in hematopoietic stem cell differentiation: a simple method to isolate
long-term stem cells. Proc Natl Acad Sci U S A. 2001 Dec 4;98(25):14541-6.

Cisse B, Caton ML, Lehner M, Maeda T, Scheu S, Locksley R, Holmberg D, Zweier C, den Hollander NS, Kant SG,
Holter W, Rauch A, Zhuang Y, Reizis B. Transcription factor E2-2 is an essential and specific regulator of
plasmacytoid dendritic cell development. Cell. 2008 Oct 3;135(1):37-48.

Cobaleda C, Jochum W, Busslinger M. Conversion of mature B cells into T cells by dedifferentiation to uncommitted
progenitors. Nature. 2007 Sep 27;449(7161):473-7.

Coffman RL, Weissman IL. B220: a B cell-specific member of the T200 glycoprotein family. Nature. 1981 Feb
19;289(5799):681-3.

Cotta CV, Zhang Z, Kim HG, Klug CA. Pax5 determines B- versus T-cell fate and does not block early myeloid-
lineage development. Blood. 2003 Jun 1;101(11):4342-6.

D'Cruz LM, Knell J, Fujimoto JK, Goldrath AW. An essential role for the transcription factor HEB in thymocyte
survival, Tcra rearrangement and the development of natural killer T cells. Nat Immunol. 2010 Mar;11(3):240-9.

Decker T, Pasca di Magliano M, McManus S, Sun Q, Bonifer C, Tagoh H, Busslinger M. Stepwise activation of

enhancer and promoter regions of the B cell commitment gene Pax5 in early lymphopoiesis. Immunity. 2009 Apr
17;30(4):508-20.

44



DeKoter RP, Singh H. Regulation of B lymphocyte and macrophage development by graded expression of PU.1.
Science. 2000 May 26;288(5470):1439-41.

DeKoter RP, Lee HJ, Singh H. PU.1 regulates expression of the interleukin-7 receptor in lymphoid progenitors.
Immunity. 2002 Feb;16(2):297-309.

del Hoyo GM, Martin P, Vargas HH, Ruiz S, Arias CF, Ardavin C. Characterization of a common precursor
population for dendritic cells. Nature. 2002 Feb 28;415(6875):1043-7

Dengler HS, Baracho GV, Omori SA, Bruckner S, Arden KC, Castrillon DH, DePinho RA, Rickert RC. Distinct
functions for the transcription factor Foxol at various stages of B cell differentiation. Nat Immunol. 2008
Dec;9(12):1388-98.

Dias S, Silva H Jr, Cumano A, Vieira P. Interleukin-7 is necessary to maintain the B cell potential in common
lymphoid progenitors. J Exp Med. 2005 Mar 21;201(6):971-9.

Dias S, Mansson R, Gurbuxani S, Sigvardsson M, Kee BL. E2A proteins promote development of lymphoid-primed
multipotent progenitors. Immunity. 2008 Aug 15;29(2):217-27.

Dick JE, Magli MC, Huszar D, Phillips RA, Bernstein A. Introduction of a selectable gene into primitive stem cells
capable of long-term reconstitution of the hemopoietic system of W/Wv mice. Cell. 1985 Aug;42(1):71-9.

Doulatov S, Notta F, Eppert K, Nguyen LT, Ohashi PS, Dick JE. Revised map of the human progenitor hierarchy
shows the origin of macrophages and dendritic cells in early lymphoid development. Nat Immunol. 2010
Jul;11(7):585-93.

Ehlich A, Martin V, Miiller W, Rajewsky K. Analysis of the B-cell progenitor compartment at the level of single cells.
Curr Biol. 1994 Jul 1;4(7):573-83.

Fancke B, Suter M, Hochrein H, O'Keeffe M. M-CSF: a novel plasmacytoid and conventional dendritic cell poietin.
Blood. 2008 Jan 1;111(1):150-9.

Fathman JW, Bhattacharya D, Inlay MA, Seita J, Karsunky H, Weissman IL. Identification of the earliest natural
killer cell-committed progenitor in murine bone marrow. Blood. 2011 Nov 17;118(20):5439-47.

Friedman JR, Kaestner KH. The Foxa family of transcription factors in development and metabolism. Cell Mol Life
Sci. 2006 Oct;63(19-20):2317-28.

Fuxa M, Skok J, Souabni A, Salvagiotto G, Roldan E, Busslinger M. Pax5 induces V-to-DJ rearrangements and locus
contraction of the immunoglobulin heavy-chain gene. Genes Dev. 2004 Feb 15;18(4):411-22.

Fuxa M, Busslinger M. Reporter gene insertions reveal a strictly B lymphoid-specific expression pattern of Pax5 in
support of its B cell identity function. J Immunol. 2007 Jun 15;178(12):8222-8.

Gao H, Lukin K, Ramirez J, Fields S, Lopez D, Hagman J. Opposing effects of SWI/SNF and Mi-2/NuRD chromatin
remodeling complexes on epigenetic reprogramming by EBF and Pax5. Proc Natl Acad Sci U S A. 2009 Jul
7;106(27):11258-63.

Geier JK, Schlissel MS. Pre-BCR signals and the control of Ig gene rearrangements. Semin Immunol. 2006
Feb;18(1):31-9.

Georgopoulos K, Bigby M, Wang JH, Molnar A, Wu P, Winandy S, Sharpe A. The Ikaros gene is required for the
development of all lymphoid lineages. Cell. 1994 Oct 7;79(1):143-56.

Goetz CA, Harmon IR, O'Neil JJ, Burchill MA, Farrar MA. STATS activation underlies IL7 receptor-dependent B
cell development. J Immunol. 2004 Apr 15;172(8):4770-8.

Greig KT, de Graaf CA, Murphy JM, Carpinelli MR, Pang SH, Frampton J, Kile BT, Hilton DJ, Nutt SL. Critical
roles for c-Myb in lymphoid priming and early B-cell development. Blood. 2010 Apr 8;115(14):2796-805.

45



Growney JD, Shigematsu H, Li Z, Lee BH, Adelsperger J, Rowan R, Curley DP, Kutok JL, Akashi K, Williams IR,
Speck NA, Gilliland DG. Loss of Runx1 perturbs adult hematopoiesis and is associated with a myeloproliferative
phenotype. Blood. 2005 Jul 15;106(2):494-504.

Gyory I, Boller S, Nechanitzky R, Mandel E, Pott S, Liu E, Grosschedl R. Transcription factor Ebfl regulates
differentiation stage-specific signaling, proliferation, and survival of B cells. Genes Dev. 2012 Apr 1;26(7):668-82

Hagman J, Belanger C, Travis A, Turck CW, Grosschedl R. Cloning and functional characterization of early B-cell
factor, a regulator of lymphocyte-specific gene expression. Genes Dev. 1993 May;7(5):760-73.

Hardy RR, Carmack CE, Shinton SA, Kemp JD, Hayakawa K. Resolution and characterization of pro-B and pre-pro-
B cell stages in normal mouse bone marrow. J Exp Med. 1991 May 1;173(5):1213-25.

Harman BC, Northrup DL, Allman D. Resolution of unique Sca-lhigh c-Kit- lymphoid-biased progenitors in adult
bone marrow. J Immunol. 2008 Dec 1;181(11):7514-24.

Hatta M, Cirillo LA. Chromatin opening and stable perturbation of core histone:DNA contacts by FoxOl. J Biol
Chem. 2007 Dec 7;282(49):35583-93.

Hedrick SM. The cunning little vixen: Foxo and the cycle of life and death. Nat Immunol. 2009 Oct;10(10):1057-63.

Heintzman ND, Hon GC, Hawkins RD, Kheradpour P, Stark A, Harp LF, Ye Z, Lee LK, Stuart RK, Ching CW,
Ching KA, Antosiewicz-Bourget JE, Liu H, Zhang X, Green RD, Lobanenkov VV, Stewart R, Thomson JA,
Crawford GE, Kellis M, Ren B. Histone modifications at human enhancers reflect global cell-type-specific gene
expression. Nature. 2009 May 7;459(7243):108-12

Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh H, Glass CK. Simple
combinations of lineage-determining transcription factors prime cis-regulatory elements required for macrophage and
B cell identities. Mol Cell. 2010 May 28;38(4):576-89.

Herzog S, Hug E, Meixlsperger S, Paik JH, DePinho RA, Reth M, Jumaa H. SLP-65 regulates immunoglobulin light
chain gene recombination through the PI(3)K-PKB-Foxo pathway. Nat Immunol. 2008 Jun;9(6):623-31.

Ho L, Crabtree GR. Chromatin remodelling during development. Nature. 2010 Jan 28;463(7280):474-84.

Hsu HL, Cheng JT, Chen Q, Baer R. Enhancer-binding activity of the tal-1 oncoprotein in association with the
E47/E12 helix-loop-helix proteins. Mol Cell Biol. 1991 Jun;11(6):3037-42.

Hu H, Wang B, Borde M, Nardone J, Maika S, Allred L, Tucker PW, Rao A. Foxpl is an essential transcriptional
regulator of B cell development. Nat Immunol. 2006 Aug;7(8):819-26.

Igarashi H, Gregory SC, Yokota T, Sakaguchi N, Kincade PW. Transcription from the RAG1 locus marks the earliest
lymphocyte progenitors in bone marrow. Immunity. 2002 Aug;17(2):117-30.

Ikawa T, Kawamoto H, Wright LY, Murre C. Long-term cultured E2A-deficient hematopoietic progenitor cells are
pluripotent. Immunity. 2004 Mar;20(3):349-60.

Ikuta K, Weissman IL. Evidence that hematopoietic stem cells express mouse c-kit but do not depend on steel factor
for their generation. Proc Natl Acad Sci U S A. 1992 Feb 15;89(4):1502-6.

Inlay MA, Bhattacharya D, Sahoo D, Serwold T, Seita J, Karsunky H, Plevritis SK, Dill DL, Weissman IL.
Ly6d marks the earliest stage of B-cell specification and identifies the branchpoint between B-cell and T-cell
development. Genes Dev. 2009 Oct 15;23(20):2376-81.

Izon D, Rudd K, DeMuth W, Pear WS, Clendenin C, Lindsley RC, Allman D. A common pathway for dendritic cell
and early B cell development. J Immunol. 2001 Aug 1;167(3):1387-92.

Johnson K, Hashimshony T, Sawai CM, Pongubala JM, Skok JA, Aifantis I, Singh H. Regulation of immunoglobulin

light-chain recombination by the transcription factor IRF-4 and the attenuation of interleukin-7 signaling. Immunity.
2008 Mar;28(3):335-45.

46



Johnson SE, Shah N, Bajer AA, LeBien TW. IL-7 activates the phosphatidylinositol 3-kinase/AKT pathway in normal
human thymocytes but not normal human B cell precursors. J Immunol. 2008 Jun 15;180(12):8109-17.

Karsunky H, Inlay MA, Serwold T, Bhattacharya D, Weissman IL. Flk2+ common lymphoid progenitors possess
equivalent differentiation potential for the B and T lineages. Blood. 2008 Jun 15;111(12):5562-70.

Kawamoto H, Katsura Y. A new paradigm for hematopoietic cell lineages: revision of the classical concept of the
myeloid-lymphoid dichotomy. Trends Immunol. 2009 May;30(5):193-200.

Kee BL, Murre C. Induction of early B cell factor (EBF) and multiple B lineage genes by the basic helix-loop-helix
transcription factor E12. J Exp Med. 1998 Aug 17;188(4):699-713.

Kee BL. E and ID proteins branch out. Nat Rev Immunol. 2009 Mar;9(3):175-84.

Keller G, Paige C, Gilboa E, Wagner EF. Expression of a foreign gene in myeloid and lymphoid cells derived from
multipotent haematopoietic precursors. Nature. 1985 Nov 14-20;318(6042):149-54.

Kiel MJ, Yilmaz OH, Iwashita T, Yilmaz OH, Terhorst C, Morrison SJ. SLAM family receptors distinguish
hematopoietic stem and progenitor cells and reveal endothelial niches for stem cells. Cell. 2005 Jul 1;121(7):1109-21.

Kikuchi K, Lai AY, Hsu CL, Kondo M. IL-7 receptor signaling is necessary for stage transition in adult B cell
development through up-regulation of EBF. J Exp Med. 2005 Apr 18;201(8):1197-203.

Kondo M, Akashi K, Domen J, Sugamura K, Weissman IL. Bcl-2 rescues T lymphopoiesis, but not B or NK cell
development, in common gamma chain-deficient mice. Immunity. 1997 Jul;7(1):155-62.

Kondo M, Weissman IL, Akashi K. Identification of clonogenic common lymphoid progenitors in mouse bone
marrow. Cell. 1997 Nov 28;91(5):661-72.

Kouzarides T. Chromatin modifications and their function. Cell. 2007 Feb 23;128(4):693-705.

Kosan C, Saba I, Godmann M, Herold S, Herkert B, Eilers M, Mo6rdy T. Transcription factor miz-1 is required to
regulate interleukin-7 receptor signaling at early commitment stages of B cell differentiation. Immunity. 2010 Dec
14;33(6):917-28.

Kozmik Z, Wang S, Dérfler P, Adams B, Busslinger M. The promoter of the CD19 gene is a target for the B-cell-
specific transcription factor BSAP. Mol Cell Biol. 1992 Jun;12(6):2662-72.

Kumar R, Fossati V, Israel M, Snoeck HW. Lin-Scal+kit- bone marrow cells contain early lymphoid-committed
precursors that are distinct from common lymphoid progenitors. J Immunol. 2008 Dec 1;181(11):7507-13.

Leddin M, Perrod C, Hoogenkamp M, Ghani S, Assi S, Heinz S, Wilson NK, Follows G, Schonheit J, Vockentanz L,
Mosammam AM, Chen W, Tenen DG, Westhead DR, Géttgens B, Bonifer C, Rosenbauer F. Two distinct auto-
regulatory loops operate at the PU.1 locus in B cells and myeloid cells. Blood. 2011 Mar 10;117(10):2827-38.

Lemischka IR, Raulet DH, Mulligan RC. Developmental potential and dynamic behavior of hematopoietic stem cells.
Cell. 1986 Jun 20;45(6):917-27.

Li YS, Wasserman R, Hayakawa K, Hardy RR. Identification of the earliest B lineage stage in mouse bone marrow.
Immunity. 1996 Dec;5(6):527-35.

Lai AY, Kondo M. Asymmetrical lymphoid and myeloid lineage commitment in multipotent hematopoietic
progenitors. J Exp Med. 2006 Aug 7;203(8):1867-73.

Ji H, Ehrlich LI, Seita J, Murakami P, Doi A, Lindau P, Lee H, Aryee MJ, Irizarry RA, Kim K, Rossi DJ, Inlay MA,
Serwold T, Karsunky H, Ho L, Daley GQ, Weissman IL, Feinberg AP. Comprehensive methylome map of lineage
commitment from haematopoietic progenitors. Nature. 2010 Sep 16;467(7313):338-42.

Liber D, Domaschenz R, Holmqvist PH, Mazzarella L, Georgiou A, Leleu M, Fisher AG, Labosky PA, Dillon N.

Epigenetic priming of a pre-B cell-specific enhancer through binding of Sox2 and Foxd3 at the ESC stage. Cell Stem
Cell. 2010 Jul 2;7(1):114-26.

47



Lin H, Grosschedl R. Failure of B-cell differentiation in mice lacking the transcription factor EBF. Nature. 1995 Jul
20;376(6537):263-7.

Lin YC, Jhunjhunwala S, Benner C, Heinz S, Welinder E, Mansson R, Sigvardsson M, Hagman J, Espinoza CA,
Dutkowski J, Ideker T, Glass CK, Murre C. A global network of transcription factors, involving E2A, EBF1 and
Foxol, that orchestrates B cell fate. Nat Immunol. 2010 Jul;11(7):635-43

Lin YC, Brenner C, Mansson R, Heinz S, Miyazaki K, Miyazaki M, Chandra V, Bossen C, Glass CK and Murre C.
Global Changes in Nuclear Positioning of Genes Are Closely Associated with Commitment to the B Cell Fate.
Submitted manuscript

Liu P, Keller JR, Ortiz M, Tessarollo L, Rachel RA, Nakamura T, Jenkins NA, Copeland NG. Bcll1a is essential for
normal lymphoid development. Nat Immunol. 2003 Jun;4(6):525-32.

Liu H, Schmidt-Supprian M, Shi Y, Hobeika E, Barteneva N, Jumaa H, Pelanda R, Reth M, Skok J, Rajewsky K, Shi
Y. Yin Yang 1 is a critical regulator of B-cell development. Genes Dev. 2007 May 15;21(10):1179-89.

Lu P, Hankel IL, Hostager BS, Swartzendruber JA, Friedman AD, Brenton JL, Rothman PB, Colgan JD.
The developmental regulator protein Gon4l associates with protein YY1, co-repressor Sin3a, and histone deacetylase
1 and mediates transcriptional repression. J Biol Chem. 2011 May 20;286(20):18311-9.

Lu R, Medina KL, Lancki DW, Singh H. IRF-4,8 orchestrate the pre-B-to-B transition in lymphocyte development.
Genes Dev. 2003 Jul 15;17(14):1703-8.

Luc S, Luis TC, Boukarabila H, Macaulay IC, Buza-Vidas N, Bouriez-Jones T, Lutteropp M, Woll PS, Loughran SJ,
Mead AJ, Hultquist A, Brown J, Mizukami T, Matsuoka S, Ferry H, Anderson K, Duarte S, Atkinson D, Soneji S,
Domanski A, Farley A, Sanjuan-Pla A, Carella C, Patient R, de Bruijn M, Enver T, Nerlov C, Blackburn C, Godin I,
Jacobsen SE. The earliest thymic T cell progenitors sustain B cell and myeloid lineage potential. Nat Immunol. 2012
Feb 19;13(4):412-9.

Lukin K, Fields S, Lopez D, Cherrier M, Ternyak K, Ramirez J, Feeney AJ, Hagman J. Compound
haploinsufficiencies of Ebfl and Runx1 genes impede B cell lineage progression. Proc Natl Acad Sci U S A. 2010
Apr 27;107(17):7869-74

Lukin K, Fields S, Guerrettaz L, Straign D, Rodriguez V, Zandi S, Mansson R, Cambier JC, Sigvardsson M, Hagman
J. A dose-dependent role for EBF1 in repressing non-B-cell-specific genes. Eur J Immunol. 2011 Jun;41(6):1787-93

Lundgren M, Chow CM, Sabbattini P, Georgiou A, Minaee S, Dillon N. Transcription factor dosage affects changes
in higher order chromatin structure associated with activation of a heterochromatic gene. Cell. 2000 Nov
22;103(5):733-43.

Mackarehtschian K, Hardin JD, Moore KA, Boast S, Goff SP, Lemischka IR. Targeted disruption of the flk2/fIt3 gene
leads to deficiencies in primitive hematopoietic progenitors. Immunity. 1995 Jul;3(1):147-61.

Maeda T, Merghoub T, Hobbs RM, Dong L, Maeda M, Zakrzewski J, van den Brink MR, Zelent A, Shigematsu H,
Akashi K, Teruya-Feldstein J, Cattoretti G, Pandolfi PP. Regulation of B versus T lymphoid lineage fate decision by
the proto-oncogene LRF. Science. 2007 May 11;316(5826):860-6.

Malin S, McManus S, Cobaleda C, Novatchkova M, Delogu A, Bouillet P, Strasser A, Busslinger M.
Role of STATS in controlling cell survival and immunoglobulin gene recombination during pro-B cell development.
Nat Immunol. 2010 Feb;11(2):171-9.

Masson R, Tsapogas P, Akerlund M, Lagergren A, Gisler R, Sigvardsson M. Pearson correlation analysis of
microarray data allows for the identification of genetic targets for early B-cell factor. J Biol Chem. 2004 Apr
23;279(17):17905-13.

Mansson R, Hultquist A, Luc S, Yang L, Anderson K, Kharazi S, Al-Hashmi S, Liuba K, Thorén L, Adolfsson J,
Buza-Vidas N, Qian H, Soneji S, Enver T, Sigvardsson M, Jacobsen SE. Molecular evidence for hierarchical
transcriptional lineage priming in fetal and adult stem cells and multipotent progenitors. Immunity. 2007
Apr;26(4):407-19

48



Mansson R, Zandi S, Anderson K, Martensson IL, Jacobsen SE, Bryder D, Sigvardsson M. B-lineage commitment
prior to surface expression of B220 and CD19 on hematopoietic progenitor cells.
Blood. 2008 Aug 15;112(4):1048-55.

Maier H, Ostraat R, Gao H, Fields S, Shinton SA, Medina KL, Ikawa T, Murre C, Singh H, Hardy RR, Hagman J.
Early B cell factor cooperates with Runx1 and mediates epigenetic changes associated with mb-1 transcription. Nat
Immunol. 2004 Oct;5(10):1069-77.

Maraskovsky E, O'Reilly LA, Teepe M, Corcoran LM, Peschon JJ, Strasser A. Bcl-2 can rescue T lymphocyte
development in interleukin-7 receptor-deficient mice but not in mutant rag-1-/- mice. Cell. 1997 Jun 27;89(7):1011-9.

Martensson IL, Melchers F, Winkler TH. A transgenic marker for mouse B lymphoid precursors. J Exp Med. 1997
Feb 17;185(4):653-61.

Martin CH, Aifantis I, Scimone ML, von Andrian UH, Reizis B, von Boehmer H, Gounari F. Efficient thymic
immigration of B220+ lymphoid-restricted bone marrow cells with T precursor potential. Nat Immunol. 2003
Sep;4(9):866-73.

McManus S, Ebert A, Salvagiotto G, Medvedovic J, Sun Q, Tamir I, Jaritz M, Tagoh H, Busslinger M. The
transcription factor Pax5 regulates its target genes by recruiting chromatin-modifying proteins in committed B cells.
EMBO J. 2011 May 6;30(12):2388-404.

McKenna HJ, Stocking KL, Miller RE, Brasel K, De Smedt T, Maraskovsky E, Maliszewski CR, Lynch DH, Smith J,
Pulendran B, Roux ER, Teepe M, Lyman SD, Peschon JJ. Mice lacking flt3 ligand have deficient hematopoiesis
affecting hematopoietic progenitor cells, dendritic cells, and natural killer cells. Blood. 2000 Jun 1;95(11):3489-97.

McKercher SR, Torbett BE, Anderson KL, Henkel GW, Vestal DJ, Baribault H, Klemsz M, Feeney AJ, Wu GE,
Paige CJ, Maki RA. Targeted disruption of the PU.1 gene results in multiple hematopoietic abnormalities. EMBO J.
1996 Oct 15;15(20):5647-58.

Medina KL, Pongubala JM, Reddy KL, Lancki DW, Dekoter R, Kieslinger M, Grosschedl R, Singh H. Assembling a
gene regulatory network for specification of the B cell fate. Dev Cell. 2004 Oct;7(4):607-17.

Mega T, Lupia M, Amodio N, Horton SJ, Mesuraca M, Pelaggi D, Agosti V, Grieco M, Chiarella E, Spina R, Moore

MA, Schuringa JJ, Bond HM, Morrone G. Zinc finger protein 521 antagonizes early B-cell factor 1 and modulates the
B-lymphoid differentiation of primary hematopoietic progenitors. Cell Cycle. 2011 Jul 1;10(13):2129-39.

Melchers F. The pre-B-cell receptor: selector of fitting immunoglobulin heavy chains for the B-cell repertoire. Nat
Rev Immunol. 2005 Jul;5(7):578-84.

Mikkola I, Heavey B, Horcher M, Busslinger M. Reversion of B cell commitment upon loss of Pax5 expression.
Science. 2002 Jul 5;297(5578):110-3.

Milne CD, Paige CJ. IL-7: a key regulator of B lymphopoiesis. Semin Immunol. 2006 Feb;18(1):20-30.

Miyamoto A, Cui X, Naumovski L, Cleary ML. Helix-loop-helix proteins LYL1 and E2a form heterodimeric
complexes with distinctive DNA-binding properties in hematolymphoid cells. Mol Cell Biol. 1996 May;16(5):2394-
401.

Morrison SJ, Wandycz AM, Hemmati HD, Wright DE, Weissman IL. Identification of a lineage of multipotent
hematopoietic progenitors. Development. 1997 May;124(10):1929-39.

Nagai Y, Garrett KP, Ohta S, Bahrun U, Kouro T, Akira S, Takatsu K, Kincade PW. Toll-like receptors on
hematopoietic progenitor cells stimulate innate immune system replenishment. Immunity. 2006 Jun;24(6):801-12.

Ng SY, Yoshida T, Zhang J, Georgopoulos K. Genome-wide lineage-specific transcriptional networks underscore
Ikaros-dependent lymphoid priming in hematopoietic stem cells. Immunity. 2009 Apr 17;30(4):493-507

Nikolic T, Dingjan GM, Leenen PJ, Hendriks RW. A subfraction of B220(+) cells in murine bone marrow and spleen
does not belong to the B cell lineage but has dendritic cell characteristics. Eur J] Immunol. 2002 Mar;32(3):686-92.

49



North TE, Stacy T, Matheny CJ, Speck NA, de Bruijn MF. Runx1 is expressed in adult mouse hematopoietic stem
cells and differentiating myeloid and lymphoid cells, but not in maturing erythroid cells. Stem Cells. 2004;22(2):158-
68.

Nutt SL, Heavey B, Rolink AG, Busslinger M. Commitment to the B-lymphoid lineage depends on the transcription
factor Pax5. Nature. 1999 Oct 7;401(6753):556-62.

Nutt SL, Metcalf D, D'Amico A, Polli M, Wu L. Dynamic regulation of PU.1 expression in multipotent hematopoietic
progenitors. J Exp Med. 2005 Jan 17;201(2):221-31.

Ochiai K, Maienschein-Cline M, Mandal M, Triggs JR, Bertolino E, Sciammas R, Dinner AR, Clark MR, Singh H. A
self-reinforcing regulatory network triggered by limiting IL-7 activates pre-BCR signaling and differentiation. Nat
Immunol. 2012 Jan 22;13(3):300-7

Ogawa M. Differentiation and proliferation of hematopoietic stem cells. Blood. 1993 Jun 1;81(11):2844-53.

Oguro H, Yuan J, Ichikawa H, lkawa T, Yamazaki S, Kawamoto H, Nakauchi H, Iwama A. Poised lineage
specification in multipotential hematopoietic stem and progenitor cells by the polycomb protein Bmil. Cell Stem Cell.
2010 Mar 5;6(3):279-86.

O'Riordan M, Grosschedl R. Coordinate regulation of B cell differentiation by the transcription factors EBF and E2A.
Immunity. 1999 Jul;11(1):21-31.

Okuno Y, Huang G, Rosenbauer F, Evans EK, Radomska HS, Iwasaki H, Akashi K, Moreau-Gachelin F, Li Y, Zhang
P, Gottgens B, Tenen DG. Potential autoregulation of transcription factor PU.1 by an upstream regulatory element.
Mol Cell Biol. 2005 Apr;25(7):2832-45.

Osawa M, Hanada K, Hamada H, Nakauchi H. Long-term lymphohematopoietic reconstitution by a single CD34-
low/negative hematopoietic stem cell. Science. 1996 Jul 12;273(5272):242-5.

Osmond DG, Rolink A, Melchers F. Murine B lymphopoiesis: towards a unified model. Immunol Today. 1998
Feb;19(2):65-8.

Peschon JJ, Morrissey PJ, Grabstein KH, Ramsdell FJ, Maraskovsky E, Gliniak BC, Park LS, Ziegler SF, Williams
DE, Ware CB, Meyer JD, Davison BL. Early lymphocyte expansion is severely impaired in interleukin 7 receptor-
deficient mice. J Exp Med. 1994 Nov 1;180(5):1955-60.

Pongubala JM, Northrup DL, Lancki DW, Medina KL, Treiber T, Bertolino E, Thomas M, Grosschedl R, Allman D,
Singh H. Transcription factor EBF restricts alternative lineage options and promotes B cell fate commitment
independently of Pax5. Nat Immunol. 2008 Feb;9(2):203-15.

Pronk CJ, Rossi DJ, Mansson R, Attema JL, Norddahl GL, Chan CK, Sigvardsson M, Weissman IL, Bryder D.
Elucidation of the phenotypic, functional, and molecular topography of a myeloerythroid progenitor cell hierarchy.
Cell Stem Cell. 2007 Oct 11;1(4):428-42.

Rekhtman N, Radparvar F, Evans T, Skoultchi Al. Direct interaction of hematopoietic transcription factors PU.1 and
GATA-1: functional antagonism in erythroid cells. Genes Dev. 1999 Jun 1;13(11):1398-411.

Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer stem cells. Nature. 2001 Nov
1;414(6859):105-11.

Reynaud D, Demarco IA, Reddy KL, Schjerven H, Bertolino E, Chen Z, Smale ST, Winandy S, Singh H. Regulation
of B cell fate commitment and immunoglobulin heavy-chain gene rearrangements by lkaros. Nat Immunol. 2008

Aug;9(8):927-36.

Richie Ehrlich LI, Serwold T, Weissman IL. In vitro assays misrepresent in vivo lineage potentials of murine
lymphoid progenitors. Blood. 2011 Mar 3;117(9):2618-24.

Roessler S, Gyory I, Imhof S, Spivakov M, Williams RR, Busslinger M, Fisher AG, Grosschedl R. Distinct promoters
mediate the regulation of Ebfl gene expression by interleukin-7 and Pax5. Mol Cell Biol. 2007 Jan;27(2):579-94.

50



Rolink A, ten Boekel E, Melchers F, Fearon DT, Krop I, Andersson J. A subpopulation of B220+ cells in murine bone
marrow does not express CD19 and contains natural killer cell progenitors. J Exp Med. 1996 Jan 1;183(1):187-94.

Rolink AG, Nutt SL, Melchers F, Busslinger M. Long-term in vivo reconstitution of T-cell development by Pax5-
deficient B-cell progenitors. Nature. 1999 Oct 7;401(6753):603-6.

Rumfelt LL, Zhou Y, Rowley BM, Shinton SA, Hardy RR. Lineage specification and plasticity in CD19- early B cell
precursors. J Exp Med. 2006 Mar 20;203(3):675-87.

Schebesta A, McManus S, Salvagiotto G, Delogu A, Busslinger GA, Busslinger M. Transcription factor Pax5
activates the chromatin of key genes involved in B cell signaling, adhesion, migration, and immune function.
Immunity. 2007 Jul;27(1):49-63.

Schlenner SM, Madan V, Busch K, Tietz A, Laufle C, Costa C, Blum C, Fehling HJ, Rodewald HR. Fate mapping
reveals separate origins of T cells and myeloid lineages in the thymus. Immunity. 2010 Mar 26;32(3):426-36.

Schlenner SM, Rodewald HR. Early T cell development and the pitfalls of potential. Trends Immunol. 2010
Aug;31(8):303-10.

Schilham MW, Oosterwegel MA, Moerer P, Ya J, de Boer PA, van de Wetering M, Verbeek S, Lamers WH,
Kruisbeek AM, Cumano A, Clevers H. Defects in cardiac outflow tract formation and pro-B-lymphocyte expansion in
mice lacking Sox-4. Nature. 1996 Apr 25;380(6576):711-4.

Schmitt TM, Zuiiiga-Pfliicker JC. Induction of T cell development from hematopoietic progenitor cells by delta-like-1
in vitro. Immunity. 2002 Dec;17(6):749-56.

Schroeder T. Hematopoietic stem cell heterogeneity: subtypes, not unpredictable behavior. Cell Stem Cell. 2010 Mar
5;6(3):203-7

Schulz D, Vassen L, Chow KT, McWhirter SM, Amin RH, Mo6rdy T, Schlissel MS. Gfilb negatively regulates Rag
expression directly and via the repression of FoxO1. J Exp Med. 2012 Jan 16;209(1):187-99.

Scott EW, Simon MC, Anastasi J, Singh H. Requirement of transcription factor PU.1 in the development of multiple
hematopoietic lineages. Science. 1994 Sep 9;265(5178):1573-7.

Scott KL, Plon SE. CHES1/FOXN3 interacts with Ski-interacting protein and acts as a transcriptional repressor. Gene.
2005 Oct 10;359:119-26.

Seet CS, Brumbaugh RL, Kee BL. Early B cell factor promotes B lymphopoiesis with reduced interleukin 7
responsiveness in the absence of E2A. J Exp Med. 2004 Jun 21;199(12):1689-700.

Semerad CL, Mercer EM, Inlay MA, Weissman IL, Murre C. E2A proteins maintain the hematopoietic stem cell pool
and promote the maturation of myelolymphoid and myeloerythroid progenitors. Proc Natl Acad Sci U S A. 2009 Feb
10;106(6):1930-5.

Serwold T, Ehrlich LI, Weissman IL. Reductive isolation from bone marrow and blood implicates common lymphoid
progenitors as the major source of thymopoiesis. Blood. 2009 Jan 22;113(4):807-15.

Sigvardsson M, O'Riordan M, Grosschedl R. EBF and E47 collaborate to induce expression of the endogenous
immunoglobulin surrogate light chain genes. Immunity. 1997 Jul;7(1):25-36.

Sigvardsson M. Overlapping expression of early B-cell factor and basic helix-loop-helix proteins as a mechanism to
dictate B-lineage-specific activity of the lambda5 promoter. Mol Cell Biol. 2000 May;20(10):3640-54.

Siminovitch L, McCulloch EA, Till JE. The distribution of colony-forming cells among spleen colonies
J Cell Physiol. 1963 Dec;62:327-36.

Sitnicka E, Bryder D, Theilgaard-Mdnch K, Buza-Vidas N, Adolfsson J, Jacobsen SE. Key role of flt3 ligand in
regulation of the common lymphoid progenitor but not in maintenance of the hematopoietic stem cell pool. Immunity.
2002 Oct;17(4):463-72.

51



Sitnicka E, Brakebusch C, Martensson IL, Svensson M, Agace WW, Sigvardsson M, Buza-Vidas N, Bryder D, Cilio
CM, Ahlenius H, Maraskovsky E, Peschon JJ, Jacobsen SE. Complementary signaling through flt3 and interleukin-7
receptor alpha is indispensable for fetal and adult B cell genesis. J Exp Med. 2003 Nov 17;198(10):1495-506.

Smith EM, Gisler R, Sigvardsson M. Cloning and characterization of a promoter flanking the early B cell factor (EBF)
gene indicates roles for E-proteins and autoregulation in the control of EBF expression. J Immunol. 2002 Jul
1;169(1):261-70.

Smith EM, Akerblad P, Kadesch T, Axelson H, Sigvardsson M. Inhibition of EBF function by active Notch signaling
reveals a novel regulatory pathway in early B-cell development. Blood. 2005 Sep 15;106(6):1995-2001

Souabni A, Cobaleda C, Schebesta M, Busslinger M. Pax5 promotes B lymphopoiesis and blocks T cell development
by repressing Notchl. Immunity. 2002 Dec;17(6):781-93.

Spangrude GJ, Heimfeld S, Weissman IL. Purification and characterization of mouse hematopoietic stem cells.
Science. 1988 Jul 1;241(4861):58-62.

Spooner CJ, Cheng JX, Pujadas E, Laslo P, Singh H. A recurrent network involving the transcription factors PU.1 and
Gfil orchestrates innate and adaptive immune cell fates. Immunity. 2009 Oct 16;31(4):576-86.

Stehling-Sun S, Dade J, Nutt SL, DeKoter RP, Camargo FD. Regulation of lymphoid versus myeloid fate 'choice' by
the transcription factor Mef2c. Nat Immunol. 2009 Mar;10(3):289-96.

Su IH, Basavaraj A, Krutchinsky AN, Hobert O, Ullrich A, Chait BT, Tarakhovsky A. Ezh2 controls B cell
development through histone H3 methylation and Igh rearrangement. Nat Immunol. 2003 Feb;4(2):124-31.

Tagoh H, Schebesta A, Lefevre P, Wilson N, Hume D, Busslinger M, Bonifer C. Epigenetic silencing of the c-fis
locus during B-lymphopoiesis occurs in discrete steps and is reversible. EMBO J. 2004 Oct 27;23(21):4275-85.

Tagoh H, Ingram R, Wilson N, Salvagiotto G, Warren AJ, Clarke D, Busslinger M, Bonifer C. The mechanism of
repression of the myeloid-specific c-fms gene by Pax5 during B lineage restriction. EMBO J. 2006 Mar 8;25(5):1070-
80.

Treiber T, Mandel EM, Pott S, Gyory I, Firner S, Liu ET, Grosschedl R. Early B cell factor 1 regulates B cell gene
networks by activation, repression, and transcription- independent poising of chromatin. Immunity. 2010 May
28;32(5):714-25.

Tsapogas P, Zandi S, Ahsberg J, Zetterblad J, Welinder E, Jonsson JI, Ménsson R, Qian H, Sigvardsson M. IL-7
mediates Ebf-1-dependent lineage restriction in early lymphoid progenitors. Blood. 2011 Aug 4;118(5):1283-90.

Tothova Z, Kollipara R, Huntly BJ, Lee BH, Castrillon DH, Cullen DE, McDowell EP, Lazo-Kallanian S, Williams
IR, Sears C, Armstrong SA, Passegué E, DePinho RA, Gilliland DG. FoxOs are critical mediators of hematopoietic
stem cell resistance to physiologic oxidative stress. Cell. 2007 Jan 26;128(2):325-39.

Urbanek P, Wang ZQ, Fetka I, Wagner EF, Busslinger M. Complete block of early B cell differentiation and altered
patterning of the posterior midbrain in mice lacking Pax5/BSAP. Cell. 1994 Dec 2;79(5):901-12.

Veiby OP, Lyman SD, Jacobsen SE. Combined signaling through interleukin-7 receptors and flt3 but not c-kit
potently and selectively promotes B-cell commitment and differentiation from uncommitted murine bone marrow
progenitor cells. Blood. 1996 Aug 15;88(4):1256-65.

Vilagos, B, Hoffman M, Soubni, A, Sun Q, Werner B, Medvedovic J, Bilic I, Minnich M, Axelsson A, Jaritz M,
Busslinger M. Essential role of EBF1 in the generation and function of distinct B cell types. J Exp Med J. Exp. Med.
2012;209 775-792

Visel A, Rubin EM, Pennacchio LA. Genomic views of distant-acting enhancers. Nature. 2009 Sep 10;461(7261):199-
205.

von Freeden-Jeffry U, Vieira P, Lucian LA, McNeil T, Burdach SE, Murray R. Lymphopenia in interleukin (IL)-7
gene-deleted mice identifies IL-7 as a nonredundant cytokine. J Exp Med. 1995 Apr 1;181(4):1519-26.

52



Wojciechowski J, Lai A, Kondo M, Zhuang Y. E2A and HEB are required to block thymocyte proliferation prior to
pre-TCR expression. J Immunol. 2007 May 1;178(9):5717-26.

Wada H, Masuda K, Satoh R, Kakugawa K, Ikawa T, Katsura Y, Kawamoto H. Adult T-cell progenitors retain
myeloid potential. Nature. 2008 Apr 10;452(7188):768-72.

Wang JH, Nichogiannopoulou A, Wu L, Sun L, Sharpe AH, Bigby M, Georgopoulos K. Selective defects in the
development of the fetal and adult lymphoid system in mice with an Ikaros null mutation. Immunity. 1996
Dec;5(6):537-49.

Wang H, Lee CH, Qi C, Tailor P, Feng J, Abbasi S, Atsumi T, Morse HC 3rd. IRF8 regulates B-cell lineage
specification, commitment, and differentiation. Blood. 2008 Nov 15;112(10):4028-38.

Welner RS, Esplin BL, Garrett KP, Pelayo R, Luche H, Fehling HJ, Kincade PW. Asynchronous RAG-1 expression
during B lymphopoiesis. J Immunol. 2009 Dec 15;183(12):7768-77.

Weishaupt H, Sigvardsson M, Attema JL. Epigenetic chromatin states uniquely define the developmental plasticity of
murine hematopoietic stem cells. Blood. 2010 Jan 14;115(2):247-56.

Yan J, Xu L, Crawford G, Wang Z, Burgess SM. The forkhead transcription factor FoxI1 remains bound to condensed
mitotic chromosomes and stably remodels chromatin structure. Mol Cell Biol. 2006 Jan;26(1):155-68.

Yang Q, Kardava L, St Leger A, Martincic K, Varnum-Finney B, Bernstein ID, Milcarek C, Borghesi L. E47 controls
the developmental integrity and cell cycle quiescence of multipotential hematopoietic progenitors. J Immunol. 2008
Nov 1;181(9):5885-94.

Yoshida T, Ng SY, Zuniga-Pflucker JC, Georgopoulos K. Early hematopoietic lineage restrictions directed by Ikaros.
Nat Immunol. 2006 Apr;7(4):382-91.

Zandi S, Mansson R, Tsapogas P, Zetterblad J, Bryder D, Sigvardsson M. EBF1 is essential for B-lineage priming and
establishment of a transcription factor network in common lymphoid progenitors. J Immunol. 2008 Sep
1;181(5):3364-72.

Zandi S, Ahsberg J, Tsapogas P, Stjernberg J, Qian H and Sigvardsson M. Distinct regulatory networks control B-
lymphoid specification and lineage commitment in mouse. Submitted manuscript

Zarnegar MA, Rothenberg EV. Ikaros represses and activates PU.1 cell-type-specifically through the multifunctional
Sfpil URE and a myeloid specific enhancer. Oncogene. 2012 Jan 9. doi: 10.1038/0onc.2011.597.

Zhang P, Zhang X, Iwama A, Yu C, Smith KA, Mueller BU, Narravula S, Torbett BE, Orkin SH, Tenen DG. PU.1
inhibits GATA-1 function and erythroid differentiation by blocking GATA-1 DNA binding. Blood. 2000 Oct
15;96(8):2641-8.

Zhang Z, Cotta CV, Stephan RP, deGuzman CG, Klug CA. Enforced expression of EBF in hematopoietic stem cells
restricts lymphopoiesis to the B cell lineage. EMBO J. 2003 Sep 15;22(18):4759-69.

Zhang J, Jackson AF, Naito T, Dose M, Seavitt J, Liu F, Heller EJ, Kashiwagi M, Yoshida T, Gounari F, Petrie HT,
Georgopoulos K. Harnessing of the nucleosome-remodeling-deacetylase complex controls lymphocyte development

and prevents leukemogenesis. Nat Immunol. 2011 Nov 13;13(1):86-94

Zhao F, McCarrick-Walmsley R, Akerblad P, Sigvardsson M, Kadesch T. Mol Cell Biol. 2003 Jun;23(11):3837-46.
Inhibition of p300/CBP by early B-cell factor.

Zhuang Y, Soriano P, Weintraub H. The helix-loop-helix gene E2A is required for B cell formation. Cell. 1994 Dec
2;79(5):875-84.

Zhuang Y, Cheng P, Weintraub H. B-lymphocyte development is regulated by the combined dosage of three basic
helix-loop-helix genes, E2A, E2-2, and HEB. Mol Cell Biol. 1996 Jun;16(6):2898-905.

Zhuang Y, Barndt RJ, Pan L, Kelley R, Dai M. Functional replacement of the mouse E2A gene with a human HEB
c¢DNA. Mol Cell Biol. 1998 Jun;18(6):3340-9.

53



Zlotoff DA, Bhandoola A. Hematopoietic progenitor migration to the adult thymus. Ann N Y Acad Sci. 2011
Jan;1217:122-38

54





