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Over 55,000 bone marrow transplants are performed every year to treat patients
suffering from bone and blood cancers, anemia, and auto-immune disorders. The success of
these transplants is highly correlated to a high number of hematopoietic stem cells (HSCs)
and/or early progenitor cells injected into the patient. Obtaining high numbers of these early
progenitors from donors is extremely difficult, making ex vivo expansion of these cells an
attractive option. Currently, however, there is still much uncertainty as to how to expand
these cells while maintaining their pluripotency. In our lab, we have shown that mouse E47
xiii

knockout progenitor cells can be expanded almost indefinitely while retaining their
pluripotency when cultured on S17 stromal cells in the presence of IL-7, SCF and Flt-3. Here,
we overexpress Id2 under the control of a tetracycline-responsive promoter to expand
multipotent progenitors that retain differentiating ability both in vitro and in vivo. This is a
novel and robust method for ex vivo expansion of HSCs.
We then exploited the in vitro growth capacity and multipotent differentiation
potential of these Id2-HPCs to study both the genetic and epigenetic regulation of B and
myeloid development in mice. We analyzed gene expression patterns and genome-wide
binding of histone modifications, namely H3K4me1 and H3K4me3, to generate a predictive
model of cis-regulatory elements at active enhancers in multipotent Id2-HPCs, B cells, or
myeloid cells. We also utilized the Id2-HPCs to study the temporal changes in gene
expression, epigenetic modifications and transcription factor binding in the pre-pro-B to pro-B
cell transition. This analysis has confirmed the role of E2A to directly bind to nearly half of
the regulated genes in B-cell development and, in conjunction with H3K4me1 binding
patterns, has allowed the prediction of novel enhancers that are activated by specific
combinations of transcription factors in a temporal fashion.

xiv

I
General Introduction

1

2

Hematopoiesis in murine adult bone marrow
The differentiation of hematopoietic stem cells into the varied mature cells of the
immune system is a tightly regulated process that controls the development of all the mature
blood cell lineages at the proper numbers and ratios to maintain functional immunity and
blood cell homeostasis. All of the cells of the immune system are derived from the long-term
hematopoietic stem cell (LT-HSC). In the bone marrow, LT-HSCs have the ability to both
self-renew and reconstitute the entire immune system for the life of the animal (Spangrude et
al., 1988). LT-HSCs can differentiate into short-term hematopoietic stem cells (ST-HSCs),
which also maintain multipotency, but only have self-renewal capability for a limited time.
Short-term HSCs then differentiate into multipotent progenitors (MPPs), which are
multipotent, but lack self-renewal capability (Akashi et al., 2000; Kondo et al., 1997).
Symmetric, self-renewing divisions of LT-HSCs occur quite rapidly in fetal
development to ensure proper seeding of blood and immune compartments. However, in
adults, LT-HSCs are often found in quiescent, not dividing states (Morrison and Kimble,
2006). The self-renewal capability of these cells is maintained through complex regulation of
multiple pathways, including the Notch and Wnt signaling pathways, Hox transcription
factors, and the cell cycle regulators INK4A, INK4C, p21, p27, and PTEN (Tsiftsoglou et al.,
2009; Zon, 2008). LT-HSCs are identified through the absence of cell surface markers of
differentiated immune cells (lineage negative), and the presence of cKit, Sca1 (LSK), and
CD150. Downregulation of CD150 marks differentiation into the ST-HSC and MPP, and a
subsequent decline of self-renewal activity (Kiel et al., 2005; Papathanasiou et al., 2009). All
three of these subsets have the ability to differentiate into the erythroid or megakaryocyte
lineage through a pre-megakaryocyte/erythroid progenitor, which has low to intermediate
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levels of CD105 and CD34, and low levels of CD41, or into the lymphoid/myeloid lineage
through the lymphoid primed MPP (LMPP), which has high levels of Flt3. LMPPs
differentiate into the myeloid lineage through the FcγR postiive granulocyte/macrophage
progenitor (GMP), or into the lymphoid lineage through the IL7R positive common lymphoid
progenitor (CLP) (Dias et al., 2008a; Murre, 2009; Semerad et al., 2009).
From the CLP, early B-cell development proceeds through an ordered pathway
starting with the Ly6D positive B-primed progenitor (BLP), then into a B220 intermediate and
CD43 high pre-pro-B cell, a B220 and CD19 high pro-B cell, and finally into a CD25 positive
pre-B cell (Borghesi et al., 2004). Many of these early lineages are defined based on
rearrangement of the antigen receptor genes IgH, IgL and IgK (Chen and Alt, 1993).
Rearrangement of the D-J joint of the IgH gene has been documented as early as the CLP
stage, although resolution of IgH gene rearrangement in Ly6D-positive versus Ly6D-negative
CLPs is still unclear. Upon expression of CD19 at the pro-B cell stage, V-DJ rearrangement
of IgH has been completed. The cells then proliferate to a CD25 positive pre-B cell stage,
where rearrangement of the BCR light chain occurs (Inlay et al., 2009; Mansson et al., 2010;
Melchers et al., 1994).
Precise control of rearrangement of the BCR genes and differentiation through the Bcell pathway is controlled through expression of specific transcription factors. Ikaros is
expressed in LT-HSCs throughout B-cell development, and Ikaros knockout animals show a
severe block in B, T, natural killer (NK) and dendritic cell development. At the branchpoint
of the megakaryocyte/erythroid and myeloid/lymphoid pathways, GATA-1 and PU.1 play
opposing roles in promoting differentiation into the pre-MegE or LMPP, respectively. PU.1
can then control activation of CEBPα and AP-1 to direct myeloid differentiation. In contrast,
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lymphoid differentiation is controlled by the joint activities of Ikaros, STAT5 and PU.1 and
E2A. E2A directs the upregulation of EBF1, which, in concert with PAX5, commits cells to
the B-cell lineage. E2A, EBF1, and PAX5 all play roles in upregulating other required B-cell
genes such as Bcl11a, Ly6D, and Foxo1, although direct regulation of downstream targets by
individual or combinations of transcription factors is still unclear (Busslinger, 2004; Dias et
al., 2008b; Murre, 2009).

E and Id Proteins in Hematopoiesis and B-cell Development
The E2A gene encodes the splice variants E12 and E47, collectively referred to as
E2A. E2A belongs to the class I family of helix-loop-helix (HLH) transcription factors. HLH
proteins contain a conserved helix-loop-helix dimerization domain flanked by a basic DNA
binding region, and two upstream activation domains which serve to recruit co-activators and
co-repressors. The mammalian class I HLH protein family also includes E2-2 and HEB, and
their various splice variants. These proteins all share the conservered bHLH structure, and act
as homo- or heterodimers with other E- or HLH proteins (Massari and Murre, 2000). E2A
was originally identified based on its ability to bind to the κ enhancer region in a B-cell
lymphoma line (Murre et al., 1989).
There are seven classes of HLH factors which are segregated based on their tissue
expression patterns, dimerization capabilities and ability to bind DNA. Class I HLH factors
are expressed in numerous different tissues, whereas class II factors, such as Myc or NeuroD,
have tissue restricted expression. Class III factors have the addition of a leucine-zipper motif
near the basic DNA binding domain, class IV factors dimerize with Myc, class V factors lack
a basic DNA binding domain, class VI factors have a central proline in the DNA binding
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domain, and class VII factors have a PAS domain (Massari and Murre, 2000). The class V
factors, known as the Id proteins, heterodimerize with class I and II factors to inhibit their
ability to bind DNA (Benezra et al., 1990).
The function of E-proteins, and specifically E2A, has been best characterized in B-cell
development. Animals that are lacking the E2A gene have a complete block in B-cell
development at a BLP stage before DJ rearrangement of the IgH gene has occurred (Bain et
al., 1994; Zhuang et al., 1994). Many of the B-cell specific genes, such as lambda-5, mb-1,
VpreB and Pax5 are not expressed in E2A deficient BLPs or pre-pro-B cells, suggesting that
E2A may control the expression of the genes, either by a direct or indirect mechanism. HEB
and E2-2 also have roles in early B-cell development, as double heterozygotes show a
perturbation in B-cell development at the pro-B cell stage (Zhuang et al., 1996). In addition,
when HEB is knocked-in to the E2A site, HEB can rescue the severe B-cell phenotype seen in
E2A knockout animals (Zhuang et al., 1998). This suggests that while E2A is essential for
normal B-cell development, other class I HLH factors also have roles.
Recently, it has been demonstrated that E2A has a distinct role prior to B-cell
development in the hematopoietic stem cell and LMPP stage of hematopoiesis, and even in
megakaryopoiesis. There is a significant decrease in the number of LT-HSCs in E2A
knockout animals, which can partially be explained by an increase in cell-cycling of these
HSCs and a decrease in expression of cell cycle regulators Gfi-1, Mpl and p21(Semerad et al.,
2009). There is also a significant decrease in the numbers of LMPPs in E2A heterozygous and
knockout animals (Dias et al., 2008a; Semerad et al., 2009; Yang et al., 2008). Interestingly,
E2A knockouts also have a reduction in preMegE and pre CFU-E progenitors, which may
indicate control of the erytrhroid specific gene GATA1 by E2A (Semerad et al., 2009).
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E2A is directly regulated by the class V HLH inhibitors Id1, Id2, Id3 and Id4. The Id
proteins were identified through a screen to find new HLH proteins, and were subsequently
shown to inhibit the DNA binding ability of the bHLH proteins (Benezra et al., 1990).
Overexpression of the Id proteins inhibits B-cell development both in vitro and in vivo (Ji et
al., 2008). Downregulation of Id2 and Id3 during pre-pro-B to pro-B cell development is
crucial for proper differentiation, and this downregulation is at least indirectly dependent on
the activity of EBF1 (Thal et al., 2009).

Epigenetics and hematopoiesis
The precisely controlled expression of the E- and Id genes, as well as all other genes
involved in hematopoiesis and B-cell differentiation, mediates proper development and
prevents aberrant cell growth or differentiation. Both direct and indirect binding of
transcription factors, as well as epigenetic changes such as DNA methylation or histone
modifications, control this process (Fisher, 2002; Hagman and Lukin, 2006). Histones are
proteins that wind genomic DNA in 146 bp segments to compact the genome and control
expression. Each unit of condensed DNA and histones is called a nucleosome, and is made up
of two each of the four core histone subunits-H2A, H2B, H3 and H4. Histone tails can be
post-translationally modified by acetylation, methylation, ubiquitination, and phosphorylations
(Talbert and Henikoff, 2010). Recent work has illuminated specific roles for many of these
modifications, including methylation of histone 3 lysine 4 (H3K4).
Histone 3 can be mono-, di- or trimethylated at lysine 4. It is becoming apparent that
the presence of one of these marks at a promoter or enhancer can be predictive in
promoter/enhancer activity and thus gene expression. H3K4 trimethylation (H3K4me3) is
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typically concentrated at promoters, and seems to “mark” active or primed promoters. In
contrast, H3K4 monomethylation (H3K4me1) is typically concentrated at promoter distal
regions, and has been shown to correlate with p300 binding to mark active enhancers in the
genome (Heintzman et al., 2009; Heintzman et al., 2007). The presence of H3K4
dimethylation (H3K4me2) is not as telling as the H3K4me1 or H3K4me3 nucleosome marks,
although dimethylation is often found in the coding region of actively transcribed genes
(Bernstein et al., 2002; Robertson et al., 2008).

Conclusion
This thesis will demonstrate the work completed on three projects: 1-the identification
of the role of E2A in the HSC, LMPP and preMegE stages of hematopoiesis, 2-the creation
and long-term establishment of a multipotent hematopoietic progenitor cell line through the
overexpression of the Id2 protein, and 3-the subsequent genome-wide analyses during in vitro
differentiation of this cell line into both B and myeloid lineages. This work delineates novel
roles for E2A in direct gene regulation, a robust method for ex vivo expansion of
hematopoietic progenitor cells, and predictions of specific enhancer elements and cisregulatory factors involved in the activation and repression of genes during the lineage
commitment choice.
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Summary
Although success rates of bone marrow transplants have improved radically over the
last 30 years, the survival rates after transplantation still hover between thirty and fifty
percent. The main causes for transplant failure are a lack of engraftment and/or a lack of longterm reconstitution of the recipient. Both of these problems have been linked to the limited
number of early progenitor cells available for injection. As such, there is a great deal of
research in the field of ex vivo expansion of hematopoietic stem cells. Here, we overexpress
the transcriptional inhibitor, Id2, in a tetracycline-responsive expression cassette to expand
multipotent progenitor cells ex vivo. These cells, Id2-HPCs, have the ability both to
reconstitute irradiated recipients in a competitive transplantation setting and to be
differentiated into multiple lineages in vitro, allowing for in depth genetic studies of lineage
choice.

Introduction
Over 50,000 bone marrow transplants (BMT) are performed annually to treat diseases
such as lymphomas, leukemias, auto-immunities, and lympho-suppressive syndromes.
Although the success of BMTs has increased dramatically in the past decade, long-term
survival rates after BMT are only between thirty and fifty percent. This is due to a myriad of
factors including failure of the initial engraftment of the transplant, rejection of the graft or the
host, and a failure of long-term reconstitution of the host (Gratwohl et al., 2010). The success
of a bone marrow transplant is directly related to the number of hematopoietic stem cells and
early progenitor cells that are injected, and as such, there is a great deal of research into
methods to expand hematopoietic stem cells ex vivo (Kelly et al., 2009).

Although there has
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been significant progress in the field of ex vivo expansion, there are still limitations to nearly
every method being tested (Sauvageau et al., 2004).
Hematopoiesis proceeds in an ordered, developmental progression in adults beginning
with the long-term hematopoietic stem cell (LT-HSC). LT-HSCs have the ability to selfrenew for the life of the organism as well as to maintain pluripotent differentiation potential
(Spangrude et al., 1988). LT-HSCs differentiate into short-term hematopoietic stem cells (STHSCs) and multipotent progenitors (MPPs), which still have pluripotent potential but have a
marked reduction or loss of self-renewal activity, respectively. MPPs then differentiate into
more lineage restricted progenitor cells, namely the megakaryocyte/erythroid restricted premegakaryocyte/erythrocyte (preMegE) or the lymphoid primed multipotent progenitor
(LMPP) (Adolfsson et al., 2005; Murre, 2009). These cells then proceed along different
pathways to form the all the cells of the mature immune system.
E2A, one of four E-proteins in mammals, plays a critical role at multiple stages of
hematopoietic differentiation. E2A is a basic helix-loop-helix transcription factor which
homo- or herterodimerizes with other E-proteins to bind the canonincal CANNTG E-box
sequence and regulate transcription. The E-proteins are inhibited by the helix-loop-helix Id
proteins, which heterodimerize with E-proteins to abolish their DNA binding ability ((Benezra
et al., 1990; Massari and Murre, 2000; Murre et al., 1989). The role of E2A is bestcharacterized during B-cell development, as E2A knockout animals display a severe block at
the BLP stage of development (Bain et al., 1994; Inlay et al., 2009; Zhuang et al., 1994). B
cell development proceeds from the LMPP to the common lymphoid progenitor (CLP), and
then into a pre-pro-B cell. Pre-pro-B cells express intermediate levels of B220 and are Ly6D
negative, and upon upregulation of Ly6D the cells commit to the B-cell lineage as a BLP cell
(Inlay et al., 2009; Mansson et al., 2010). These cells then differentiate into CD19 positive
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pro-B cells, which can give rise to CD25 positive pre-B cells. Pre-B cells differentiate to the
more mature IgM positive, and eventually IgD positive circulating B cells (Morita et al., 2010;
Murre, 2009).
One of the hallmarks of B-cell development is the rearrangement of the IgH, IgL and
IgK chains of the B-cell receptor. Rearrangement of the D-J joint of the IgH gene has been
reported as early as the CLP and BLP, and V-DJ rearrangement is completed by the pro-B cell
stage of development. IgL and IgK rearrangement occurs in preB cells (Borghesi et al., 2004;
Chowdhury and Sen, 2004; Schatz et al., 1992).
When E2A -/- lineage negative cells are cultured in B-cell supportive conditions in
vitro, the cells differentiate to the pre-pro-B cell stage of development, at which point further
development is blocked, and then self-renew indefinitely. These self-renewing pre-pro-B cells
have completed DJ rearrangement at the IgH locus, but have not recombined the V-DJ joint.
Upon proper cytokine stimulation in vitro, or upon injection into irradiated recipients, these
E2A -/- cells display multipotency in that they can differentiate into myeloid, erythroid, NK,
T, and dendritic cell lineages (Ikawa et al., 2004). EBF -/- lineage negative cells have similar
potential, yet the block in E2A -/- cells can be rescued by forced EBF expression, suggesting
that E2A is upstream of EBF in B-cell development (Hagman and Lukin, 2006; Lazorchak et
al., 2005; Seet et al., 2004). Evidence shows that E2A and EBF are both upstream of the Bcell commitment factor Pax5, and the Foxo1 and Bcl11a gene products are thought to be
downstream of the E2A-EBF-Pax5 regulation of the B cell lineage (Decker et al., 2009;
Dengler et al., 2008; Liu et al., 2003; Roessler et al., 2007).
Since E2A -/- cells have the unique ability to self-renew and maintain multipotency,
we asked if inhibition of E2A in wild-type cells would be sufficient for ex vivo expansion of
multipotent progenitor cells. Here, we show that overexpression of the E-protein inhibitor Id2
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from a TetOff promoter in bone marrow progenitor cells allows for the expansion of a
progenitor cell line that maintains multipotency both in vivo and in vitro. We then harnessed
the unlimited growth capacity and broad differentiation potential of these cells to study the
genetic changes involved in the lineage choice between B- and myeloid cell commitment.

Results
TetOff_hId2 infected cells proliferate in vitro
Previous experiments show that E2A -/- progenitor cells can self-renew in vitro and
retain pluripotency in vivo (Ikawa et al., 2004). To determine if overexpression of Id proteins
would effectively inhibit E2A and thus allow in vitro expansion of multipotent progenitor
cells, we created lentiviral vectors utilizing the tetracycline transactivator tTA-2S which is
constitutively expressed by the hPGK promoter. The Tet07 promoter drives expression of the
MCS-IRES-GFP cassette, into which we cloned human Id2, allowing for overexpression of
hId2 in the absence of doxycycline (Figure 3.1A).
Lineage depleted bone marrow from CD45.1 congenic C57/Bl6 mice was infected
with either TetOff_Null or TetOff_hId2 lentivirus, and the cells were expanded in the
presence of IL-3, IL-6, WEHI and SCF. Initially, both the controls and hId2 infected cells
rapidly expanded, but by 4-5 weeks, the Control-HPCs (C-HPCs) had ceased growing while
the Id2-HPCs continued to divide. The Id2-HPCs were then cultured in IL-7, Flt3L, and SCF
on sub-confluent S17 feeder cells. In these conditions, the cells continued to expand over
time. The Id2-HPCs overexpress hId2 mRNA, and this hId2 expression can be robustly
turned off in the presence of doxycycline (Figure 3.1B).
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Id2-HPCs do not express markers for T cell and NK cell lineage, and express
intermediate levels of B220, high levels of CD43, and are CD25, Ly6D, IgM and IgD negative
(Figure 3.2A). Id2-HPCs have a successfully rearranged the IgH DJ joint, but have failed to
undergo IgH V-DJ, Igλ or Igκ rearrangement (Figure 3.2B), suggesting that these cells
represent early pro-B cells (Busslinger, 2004). Interestingly, a small percentage of the cells
(1-5%) differentiate to express CD11b, and another 1%-5% downregulate Id2 and differentiate
to CD19 and/or CD25 positive cells during normal culture conditions. When cultures are
depleted of CD11b, CD19, and CD25, the phenotypes re-appear in 1-2 days, and are
maintained at a low percentage.
To further characterize the Id2-HPCs, we performed microarray analysis using
purified RNA from freshly isolated LT-HSCs, ST-HSCs, CLPs, LMPPs, pre-B cells, pro-B
cells, and cultured E2A -/-, EBF -/-, and Id2-HPCs. Hierarchical clustering analysis of genes
with greater than 2-fold changes in expression was performed using d-Chip software. Eight
expression patterns were identified from the 3,330 genes with changes in expression: (I) genes
upregulated in pre-B cells, (II) genes upregulated in pro-B cells, (III) genes upregulated in
EBFKO cells, (IV) genes upregulated in E2AKO cells, (V) genes upregulated in Id2-HPCs,
(VI) genes upregulated in all cell lines, (VII) genes upregulated in pluripotent progenitors,
(VIII) genes upregulated in CLPs (Figure 3.3A and Table 3.1).
Gene ontology was performed on the 8 clusters, revealing that many of the genes
upregulated in Id2-HPCs, E2A -/-, and EBF -/- cells (cluster 6) are involved in biopolymer
metabolic processes, including lipid biosynthesis and mitochondrial maintenance, suggesting
that the highest similarities between the three cell lines are genes necessary for regular
division and growth in vitro. Of the 59 genes are upregulated in the Id2-HPCs (cluster V)
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approximately 11% of these represent genes involved in extracellular contact and processes,
such as Cdh2, Gjal and Spp1. Genes required for B-cell development such as Foxo1,
Pou2af1, IgL, Ly6D, and Vpreb1 have equivalent expression in the Id2-HPCs relative to stem
cells and LMPPs, but lower expression relative to pro- and pre-B cells. In contrast, genes such
as CD34, Kit, Tie1, Slamf1, and Tal1 are upregulated in stem cells and CLPs relative to the
Id2-HPCs. These gene expression patterns suggest that the Id2-HPCs represent cells which
have not yet upregulated B-cell or other lineage commitment genes, but have downregulated
“stemness” genes. Vertical clustering of cell types confirms that the Id2-HPCs cluster on the
same branch as E2A -/- and EBF -/- cells, and are closer in gene expression pattern to pre-B
and pro-B cells than to earlier progenitors (Figure 3.3B).

Id2-HPCs can Reconstitute Multiple Immune Lineages in vivo
To determine if Id2-HPCs maintain pluripotency and repopulating ability in vivo,
cells were injected into irradiated CD45.2 recipients in a competitive repopulating assay.
Since in the absence of E2A, B cells do not develop past the pro-B cell stage and alternate
lineage development is perturbed, (Bain et al., 1994), we administered doxycycline via food
pellets to recipient animals to turn off Id2 expression and thus allow restoration of E-protein
activity in the Id2-HPCs. The mice received doxycycline food pellets 24 hours before
injection and throughout the remainder of the experiment. Recipient animals were lethally
irradiated 24 hours before tail vein injection of Id2-HPCs (CD45.1) mixed with freshly
harvested CD45.2 bone marrow cells. At 6 weeks post-transplant, Id2-HPCs had successfully
reconstituted the bone marrow, thymus, and spleen of irradiated recipients to varying degrees,
albeit at a greatly reduced ability compared to wild type bone marrow (Figure 3.4). This may
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be due to an impaired homing capability, as the Id2-HPCs home to the bone marrow with an
approximate four-fold impairment relative to E2A -/- cells. Upwards of 95% of the CD45.1
cells were GFP negative, showing the robust sensitivity of the tetracycline transactivator to
doxycycline in vivo (Figure 3.5).
In the bone marrow, Id2-HPCs reconstitute both B cell and myeloid lineages
successfully (Figure 3.5A). There are increased relative numbers of CD45.1 B220+ cells and
decreased numbers of CD45.1 CD11b+ cells relative to their CD45.2 counterparts, suggesting
a propensity for Id2-HPCs to commit to the B cell lineage, which might be expected due to
their pre-pro B cell phenotype in vitro (Figure 3.5B). The Id2-HPCs also successfully migrate
to the peripheral immune organs. In the thymus, Id2-HPCs reconstitute the double negative,
double positive and single positive populations at comparable ratios to wild-type cells (Figure
3.5C). There is also successful migration of Id2-HPCs from the bone marrow and thymus to
reconstitute the T, B and myeloid lineages in the spleen (Figure 3.5A). In the spleen, IgM is
expressed on approximately 20% of CD45.1 cells, demonstrating that Id2-HPCs can
successfully progress past the pre-pro-B cell stage that is seen in the in vitro culture. Thus,
Id2-HPCs can both self-renew in vitro and reconstitute multiple immune lineages in vivo
when hId2 expression is down-regulated.

In vitro differentiation of Id2-HPCs into myeloid and B cell lineages
Since the Id2-HPCs were able to repopulate different immune lineages in vivo, we
hypothesized that we could induce differentiation in vitro to study hematopoietic development
in a reproducible manner using a primary cell line. To stimulate myeloid differentiation, the
Id2-HPCs were cultured in IL3, Flt3-L, GM-CSF and M-CSF either with or without
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doxycycline. Cells were analyzed by FACS and Q-PCR. In the absence of doxycycline, the
cells rapidly died, and surviving cells showed only modest CD11b expression. Conversely, in
the presence of doxycycline, the cells expressed significant levels of CD11b, although
similarly failed to proliferate once they had differentiated into the myeloid lineage (Figure
3.6). Interestingly, the mean fluorescence intensity of B220 was increased in the myeloid
cultures in all three clones, similar to that seen in other B/myeloid differentiation cultures (Xie
et al., 2004).
To stimulate Id2-HPCs to differentiate into pro-B cells, the cells were cultured on
S17s in the presence of IL-7 and SCF either with or without doxycycline. The cells that were
cultured in the absence of doxycycline continued to divide but maintained the pre-pro-B cell
phenotype. Cells that were grown in the presence of doxycycline rapidly downregulated GFP
and showed upregulation of the pro-B cell marker CD19. Interestingly, Ly6D was
upregulated by 48 hours after doxycycline addition, and then downregulated by 120 hours
(Figure 3.7A). Ly6D is a recently reported marker present in early B-lineage primed
progenitors prior to the pro-B cell stage, but characterization of its expression past the BLP in
B cell development is not yet been documented (Inlay et al., 2009; Mansson et al., 2008).
Importantly, the Id2-HPCs also rearrange V-DJ joints after an 8-day culture with doxycycline,
showing that Id2-HPCs can fully differentiate to the pro-B cell stage (Figure 3.7B) (Matthias
and Rolink, 2005).
Q-PCR analysis showed robust downregulation of hId2 and upregulation of the B cell
genes EBF and Foxo1 (Figure 3.8). EBF is a well-known regulator of B-cell commitment and
there is strong evidence that EBF also directly regulates Foxo1. Collectively these studies
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demonstrate that Id2-HPCs recapitulate key steps in early B cell development (Medina et al.,
2004; Zandi et al., 2008).

Monoclonal Analysis of Id2-HPCs
Single cell cultures were initiated to determine the clonal properties of Id2-HPCs.
Individual cells from the highest 4%, lowest 4%, or intermediate 10% of GFP mean
fluorescence were sorted onto pre-seeded S17s in 96-well plates and cultured as before.
Clones from each of the conditions (Low GFP= L, Intermediate GFP= I, High GFP= H) were
expanded, and one clone from each group was chosen for further analysis. Interestingly, the
three clones had varying levels of cell surface marker expression, including GFP (Figure
3.9A). The cells were then differentiated in vitro either into B-cells or into myeloid cells, as
described previously. The three lines had surprisingly different abilities to develop into either
CD19 or CD11b positive cells under B or myeloid instructive conditions. H1, the clone with
the highest GFP mean fluorescence, did not generate B220+ CD19+ B cells as efficiently as
L1 and I2, yet all three cell lines developed into CD11b+ cells at similar rates (Figure 3.9AC).
Correspondingly, the levels of lineage specific gene expression also varied between
the single cell clones (Figure 3.9D). Again, H1 has the lowest upregulation of the B-cell
specific genes EBF and Foxo1 under B-cell differentiating conditions. In contrast, all three
cell lines show similar upregulation of the myeloid specific genes Itgam and Csf1r.

Gene expression analysis in B and myeloid cell development
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The Id2-HPC cell line provides an excellent system for studying discrete events in
hematopoietic cell differentiation in a primary cell line. To this end, we differentiated the Id2HPCs either into CD19+ B cells or CD11b+ myeloid cells and performed microarray gene
expression analysis. We hierarchically clustered the expression of genes with a two-fold or
more change in absolute expression levels between any two groups. Four patterns emerged: I)
genes upregulated in CD19+ B cells, II) genes repressed in CD11b+ myeloid cells, III) genes
activated at the 0-hour timepoint, prior to differentiation, and IV) genes that are activated in
myeloid development (Figure 3.11).
Not surprisingly, many of the required B-cell differentiation factors, including Ebf1,
Foxo1, Bcl11a, Vpreb1, and Rag1 are upregulated in B cells. While these genes are strongly
upregulated in the B cell culture, they are also slightly downregulated in the myeloid
conditions, indicating that there is B-lineage priming at the 0-hour timepoint. Gene ontology
of cluster II, genes that are downregulated in the myeloid conditions, shows
overrepresentation of genes involved in cell cycle and metabolic processes (Table 3.2). Since
the Id2-HPCs fail to blast in the myeloid culture conditions, it is not surprising to see the
downregulation of genes involved in cell cycle and chromosome rearrangement. Interestingly,
Ly6D expression falls into this cluster, supporting previous data implicating Ly6D as a
specific marker for early B cell development (Inlay et al., 2009; Mansson et al., 2010).
Cluster III represents genes that were repressed in both the B and myeloid
differentiated cell stages. Genes present in this cluster include genes required for erythroid
differentiation, such as Hbb-b1, and in early hematopoietic development, such as CD34,
Gfi1b, and several of the Hoxa family of genes. Finally, genes that were activated in the
myeloid cultures include the myeloid specific genes CD68 and Csf1r, as well as the Irf family
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of genes. Interestingly, several genes involved in T-cell development were also upregulated in
the CD11b cells relative to the CD19 B cells or 0-hour progenitor cells. Collectively, these
data indicate that Id2-HPCs express a lineage-primed signature of gene expression prior to
differentiation, and repress the expression of genes associated with alternate cell lineages
(Tables 3.3 and 3.4).

Discussion
Here we have shown the development of a robust self-renewing and multipotent cell
line, Id2-HPC. Id2-HPCs show in vivo reconstitution potential and in vitro differentiation
potential. By overexpressing a transcriptional inhibitor, namely Id2, instead of a transcription
factor, we avoid any aberrant activation of off-target genes and, upon elimination of the
inhibitor, differentiation can be induced. This is a novel method for ex vivo expansion of
hematopoietic progenitors, as most prior methods involve the overexpression or exposure to
transcription factors in concert with proper stimulatory cytokines (Kelly et al., 2009;
Sauvageau et al., 2004). The development of this cell line was based on the pluripotency of
both E2A and EBF knockout pre-pro-B cells (Ikawa et al., 2004). We report here the first
genome-wide expression analysis of these cells. RNA expression analysis findings indicate
that, as predicted by the expression cell-surface markers such as B220, Ly6D and CD19, the
E2A -/-, EBF -/-, and Id2-HPC cell lines associate more closely with a B-cell lineage than a
multipotent lineage (Figure 3.3). However, even though the multipotent cell lines cluster with
other B-cell lineages, the expression of B-cell specific genes such as Foxo1, Ly6D and Vpreb1
is lower in Id2-HPCs relative to pro-B cells. In contrast, the Id2-HPCs seem to have
downregulated many genes involved in “stemness”, such as Tal1 and Kit. This suggests that
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the Id2-HPCs, and the E2A and EBF -/- cell lines represent a B-cell “primed”, yet still
multipotent state of development. Indeed, these cell lines all maintain some degree of
multipotency and self-renewal both in vivo and in vitro.
Upon injection into irradiated recipients, the Id2-HPCs successfully reconstitute
multiple lineages not only in the bone marrow, but also the peripheral immune organs, such as
the spleen and the thymus. As the Id2-HPCs have undergone DJ rearrangement at the IgH
locus, it is somewhat surprising that they reconstitute not only the developmental
compartments in the thymus, but can also proceed through positive selection and travel to the
spleen. It will be interesting to determine if these thymic repopulating cells are descended
from a small, non-DJ rearranged subset of Id2-HPCs, or if they maintain IgH DJ
rearrangements as circulating, mature T cells.
As Id2-HPCs readily differentiate in vitro to either the B or myeloid lineage, we
studied the changes in gene expression that allow either the maintenance of the self-renewing
and multipotent state or direct lineage commitment choices. As mentioned before, although
Id2-HPCs have lower expression levels of “stemness” like genes relative to CLPs and
LMPPs, the cells further down-regulate expression of genes such as CD34 and the Hoxa
family upon differentiation into either the myeloid or B cell lineage. This indicates that
although the Id2-HPCs do not genetically represent true multipotent cells, they still maintain
moderate transcript levels of many stem-like genes, and this is sufficient for their ability to
self-renew.
As many investigations are in progress to expand hematopoietic stem and pluripotent
stem cells ex vivo for therapeutic pursuits, the Id2-HPCs represent a paradigm shift in the field
of stem cell expansion. Here, for the first time, overexpression of a transcriptional inhibitor
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instead of a transcription factor has permitted the unlimited growth capacity and maintenance
of multipotency of hematopoietic progenitors. As such, studies are underway to overexpress
Id2 in human cord blood cells to determine the therapeutic potential of this expansion
procedure for human stem cell transplantation.

Materials and Methods

Viral Vectors and Virus Production:
hId2 was amplified from 293T cDNA with the addition of BamH1 sites at both 3’ and
5’ ends, and then cloned into pRRL.sin-18.PPT.PGK.MCS.IRES.GFP.pre, which was kindly
provided by Dr. Irving Weissman (Stanford University, Stanford, CA). The hId2_IRES_GFP
expression cassette was cut out with AgeI and BsrG1, and replaced the eGFP gene in
pBob_TA1_R2_corrected120803, which was kindly provided by Dr. Inder Verma (Salk
Institute, La Jolla, CA). hId2 was then cut out of the resulting vector to create an empty vector
control. These vectors were then called TetOff_hId2 and TetOff_null, respectively.
Viral vectors were produced by the transient calcium phosphate mediated transfection
of TetOff_hId2 or null, pMD2.VSVG and pCMVdR8.74 into 293T cells. The packaging
plasmids were kindly provided by Dr. Irving Weissman (Stanford University, Stanford, CA).
Virus was harvested at 24 and 48 hours, and then concentrated by ultracentrifugation in a
Beckman Sw28 rotor at 19,400 r.p.m. for 2 hours at 20°C. The virus was resuspended in PBS
+ 1% BSA and aliquoted for freezing at -80°C.
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Transduction and Cell Culture:
CD45.1 congenic animals (8-12 weeks of age) were injected with 250mg/kg of 5fluorouracil 4 days before bone marrow was harvested and lineage depleted by auto-MACS.
Purified lineage negative cells were cultured overnight in expansion media (DMEM + 15%
FBS in the presence of 10ng/mL IL-3, 10ng/ml IL-6, 1:200 SCF and 1:20 WEHI). After 1218 hours in culture, cells were pelleted and resuspended in fresh expansion media plus
TetOff_hId2 or TetOff_Null lentivirus in the presence of 4ug/mL polybrene and the above
cytokines. Cells were spin infected twice for 1.5 hours at 2500rpm, 30° C, with a 12-18 rest in
between spin infections. After the second spin, cells were resuspended in fresh expansion
media and cultured for 4-5 weeks. Cells were then moved into IMDM + 10% FCS, 2% PSG
and 2μL β-me on subconfluent S17 feeder cells in the presence of 1:100 IL-7, 1:100 Flt3L and
1:200 SCF. S17 feeder cells were maintained in α-MEM + 10% FBS and 2% PSG. 22D6
cells were maintained in RPMI + 10% FBS and 2% PSG.

In Vitro Differentiation Experiments
Id2-HPCs were depleted of small (<1-5%) numbers of CD19, CD25 and CD11b
positive cells by auto-MACS. For myeloid differentiation, cells were cultured for up to 6 days
in IMDM + 10% FCS and β-me in the presence of IL3, Flt3L, GMCSF and MCSF and in the
presence or absence of 1ug/mL doxycycline. For B-cell differentiation cells were cultured for
up to 10 days in IMDM + 10% FCS and β-me in the presence of 1:100 IL-7 and 1:200 SCF
in the presence of absence of 1ug/mL doxycycline. Fresh doxycycline and cytokines were
added every two days.
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Flow Cytometry
Flow cytometry was performed on either a FACSCalibur or LSR II Flow Cytometer
(Becton Dickinson, Franklin Lakes, NJ) and analyzed with FlowJo (Tree Star, Ashland, OR).
Single cells were stained with antibodies purchased from eBioscience (San Diego, CA).

Bone Marrow Chimeras
8-10 week old 45.2 congenic recipients were lethally irradiated (1000 rads λ
irradiation from a Cs source) and started receiving doxycycline food pellets (Bio-Serv,
Frenchtown, NJ) 24 hours before injection. Id2-HPCs were depleted of small (<1-5%)
numbers of CD19, CD25 and CD11b positive cells by auto-MACS, and 1 million cells were
injected via tail vein injection along with 1 million freshly isolated wild type 45.2 bone
marrow cells. Mice continued to receive doxycycline food throughout the study.

Microarray Profiling
All RNA was prepared using RNeasy Columns (Qiagen, Seattle, WA). Gene
expression profiling depicted in Figure 3, comparing 9 different cell types, was performed by
hybridization to the Affymetrix MOE430 2.0 gene expression array according to the
manufacturer’s instructions. Gene expression profiling depicted in Figures 7 was performed
by amplification and hybridization to the Illumina Mouse WG-6 v1.1 gene expression array
according to the manufacturer’s instructions.
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Quantitative PCR
RNA was prepared using RNeasy Columns (Qiagen, Seattle, WA) and cDNA was
prepared using Superscript III (Invitrogen, Carlsbad, CA). Real-time PCR was performed on
a Stratagene Mx3500p using Brilliant Sybr Green Master Mix (Stratagene, La Jolla, CA).
Gene specific primers are available upon request.
Chapter III is currently being prepared for submission for publication of the material.
The working title is “Inducible Id2 expression allows for expansion of a long-termculture of
multipotent hematopoietic progenitors and epigenetic studies of lineage commitment.” I was
the primary investigator and author of this material. Co-authors are Yin C. Lin, Suchit
Jhunjhunwala., Christopher Benner, Christopher Glass, and Cornelis Murre.

37

Figure 3.1
Experimental Design
A. Lentiviral constructs. Expression of hId2-IRES-GFP or MCS-IRES-GFP cassette is
downstream of the Tet07 promoter, which is inactivated in the presence of doxycycline.
(B) Rapid and robust downregulation of GFP and hId2 after doxycycline addition in vitro.
FACS plots of GFP (left panel) at 0, 24, 72 and 120 hours post-doxycycline addition. Realtime PCR analysis of hId2 expression at 0, 4, 6, 12, 24 and 120-hours post-doxycycline
addition.
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Figure 3.2
Cell Surface Phenotyping and IgH Rearrangement Analysis of Id2-HPCs
(A) Phenotypic analysis of Id2-HPC cells. Id2-HPCs were cultured on S17 feeder cells with
IL-7, SCF and Flt3-L. Cells were analyzed by FACS for the expression of B220, Ly6D,
CD43, CD25, CD19, Mac1, Gr1, CD3 and NK1.1 after 3 months in culture. The upper panel
shows staining from purified wild type bone marrow and the lower panel shows staining from
expanded Id2-HPCs in the absence of doxycycline.
(B) IgH gene rearrangement analysis of Id2-HPCs. DNA was isolated from wild type bone
marrow, S17 feeder cells, and Id2-HPCs and analyzed by Southern Blot for the presence of
IgH DJ and V-DJ rearrangements. ATM was used as a loading control.
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Figure 3.3
Microarray Analysis of Id2-HPC vs. Other Hematopoietic Lineages
(A) Microarray analysis of LT-HSCs, ST-HSCs, LMPPs, CLPs, pre-B cells, pro-B cells, E2A/- cell line, EBF-/- cell line, and Id2-HPC cell line. Clustering was performed with d-Chip
software on genes with 2-fold or greater change in expression between 7% or more of the
samples.
(B) Vertical clustering of cell types. Clustering of cell types into branches was performed
using d-Chip software.
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Table 3.1
Gene Ontology Terms for Hierarchical Clusters from Id2-HPCs vs. Other Hematopoietic
Lineages Microarray
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Figure 3.4
Id2-HPCs can Reconstitute Irradiated Recipients
Id2-HPCs can reconstitute multiple lineages in irradiated recipients. A competitive
reconstitution assay was used to assess the ability of Id2-HPCs to reconstitute irradiated
recipients. One million Id2-HPCs and one million freshly isolated wild type bone marrow
cells were injected into lethally irradiated recipients receiving doxycycline feed.
Reconstitution was analyzed 6-weeks later. The data is representative of two experiments.
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Figure 3.5
Id2-HPC Reconstitution of Bone Marrow, Spleen and Thymus
(A) Id2-HPCs successfully reconstitute the bone marrow of recipients. Bone marrow cells
were analyzed by FACS analysis for expression of GFP, B220 and CD11b.
(B) Id2-HPCs successfully reconstitute the spleen of recipients. Bone marrow cells were
analyzed by FACS analysis for expression of GFP, B220, CD11b and CD3.
(C) Id2-HPCs successfully reconstitute the thymus of recipients. Bone marrow cells were
analyzed by FACS analysis for expression of GFP, CD4 and CD8.

43

Figure 3.6
In Vitro Differentiation of Id2-HPCs into Myeloid Lineage
In vitro differentiation of Id2-HPCs into myeloid cells. Cells were cultured in IL-3, SCF,
GMCSF and MCSF in the presence or absence of doxycycline for 2 days in vitro and analyzed
by FACS at day 0, day 4 and day 6 for CD11b.
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Figure 3.7
In Vitro Differentiation of Id2-HPCs into B Lineage

(A) In vitro differentiation of Id2-HPCs to pro-B cells. Cells were cultured in IL-7,
SCF in the presence or absence of doxycycline for 6 days in vitro and analyzed at day
0, day 4 and day 6 for GFP, CD19, and Ly6D expression.
(B) IgH gene rearrangement in differentiated Id2-HPCs. DNA was isolated from wild
type bone marrow, Day 0 Id2-HPCs and Day 8 + doxycycline Id2-HPCs and analyzed
by Southern blotting for IgH DJ and V-DJ rearrangements. ATM was used as a
loading control.
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Figure 3.8
Gene Expression Analysis of Id2-HPCs During In Vitro B-cell Differentiation
RNA was isolated from Id2-HPCs at 6 time-points during in vitro B-cell differentiation, and
real time PCR was performed on hId2, Ebf1, and Foxo1 transcripts.
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Figure 3.9
Phenotypic Analysis and Differentiation Abilities of Monoclonal Id2-HPCs
(A) Comparison of GFP levels and lineage specific cell surface markers expression in
single cell clones. Cells are gated on live cells, and mean fluorescence intensity of
each signal or marker is represented.
(B) Single-cell clones of Id2-HPCs differentiate into B and myeloid lineages at varying
degrees. Cells were cultured either in B-cell differentiation conditions (IL7, SCF,
Doxycycline on S17 feeders) or myeloid differentiation conditions (GMCSF, MCSF,
IL3, SCF) for 2-5 days and then analyzed for expression of B220, CD19 and CD11b.
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Figure 3.10
Phenotypic and Gene Expression Analysis of B and Myeloid Differentiation of
Monoclonal Id2-HPCs
(A) Mean fluorescent intensity of cell surface markers on L1, I2, and H1 cells at the 0hour progenitor timepoint, the B-cell terminal timepoint, or the myeloid cell terminal
timepoint.
(B) Lineage specific gene expression in alternate differentiation pathways. Gene
expression in the L1, I2, and H1 single cell clones at the 0-hour timepoint, B-cell CD19+
timepoint, or CD11b+ timepoint was analyzed by real-time PCR.
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Figure 3.11
Microarray Analysis of Id2-HPCs, CD19+ B-cells, or CD11b Myeloid Cells
Id2-HPCs were differentiated into either CD19+ B cells or CD11b+ myeloid cells, and gene
expression at 0 hours, B, or M-cell timepoints was analyzed by microarray. Clustering was
performed with d-Chip software on genes with 2-fold or greater change in expression between
any two groups.
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Table 3.2
Gene Ontology Terms from Hierarchical Clusters from Differentiation Microarray
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Table 3.3
Top 50 Repressed or Activated Genes in CD19+ cells vs. Id2-HPCs
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Table 3.4
Top 50 Repressed or Activated Genes in CD11b+ cells vs. Id2-HPCs
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Summary
The ability of hematopoietic stem cells to maintain proper homeostasis in the immune
system, in both health and infection, is a remarkable example of the precise control of gene
expression required for cells to either preserve a pluripotent, quiescent cell state, or to
differentiate and divide into appropriate downstream lineages. This precision is maintained by
the transcription factors that regulate gene expression and the epigenetic state of the chromatin
to allow transcription factor accessibility. Here, we harness the power of an inducible
multipotent cell line, Id2-HPC, to study the changes in histone 3 lysine 4 (H3K4) methylation
patterns in the lineage commitment choice from pluripotent progenitor to either the B or
myeloid lineage, and to probe temporal control of early B cell development. This analysis has
allowed the prediction of novel and functional enhancer elements in immune development

Introduction
In the adult bone marrow, long-term hematopoietic stem cells (LT-HSCs) have the
ability to both self-renew and reconstitute the entire immune system for the life of the
organism (Spangrude et al., 1988). LT-HSCs have the ability to differentiate into short-term
HSCs (ST-HSCs), which give rise to multipotent progenitors (MPPs) and then differentiate
into the lymphoid-primed multipotent progenitors (LMPPs) (Adolfsson et al., 2005). LMPPs
differentiate into common lymphoid progenitors (CLPs) or granulocyte/macrophage
progenitors (GMPs) which give rise to a lymphoid or myeloid restricted pathway, respectively
(Inlay et al., 2009; Kondo et al., 1997).
During the past decade, transcription factors have been identified that play critical
roles in early B cell development. These include the E2A proteins, EBF1, FOXO1 and PAX5.
The E2A proteins are members of the E-protein transcription factor family that also include
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HEB, E2-2 and E2A. E-proteins belong to a family of transcription factors that is
characterized by the presence of a helix-loop-helix (HLH) dimerization domain. The E2A
locus encodes for two proteins, E12 and E47. E12 and E47 arise from differential splicing of
exons that encode for their DNA binding and dimerization domains. In mice deficient for
E2A, B-cell development is blocked at the CLP cell stage (Bain et al., 1997; Bain et al., 1994;
Zhuang et al., 1994). A similar block in B cell development is observed in EBF-, FOXO1and PAX5-deficient mice (Dengler et al., 2008; Lin and Grosschedl, 1995; Nutt et al., 1997).
Previous observations have established that, when cultured in B-cell supportive
conditions in vitro, E2A-deficient bone marrow cells self-renew indefinitely without losing
multipotent differentiation potential (Ikawa et al., 2004). B-cell differentiation in E2A -/- cells
can be rescued by forced EBF expression, suggesting that the E2A proteins act upstream of
EBF in B-cell development (Hagman and Lukin, 2006; Lazorchak et al., 2005; Seet et al.,
2004). Once EBF expression is induced, E2A and EBF, in turn, activate the expression of
Pax5, Foxo1, and Bcl11a to promote the B-cell fate (Decker et al., 2009; Dengler et al., 2008;
Liu et al., 2003; Roessler et al., 2007). The precisely controlled expression of these genes
mediates proper development and prevents aberrant cell growth or differentiation. This
precision is controlled by direct and indirect binding of transcription factors, as well as
epigenetic changes such as DNA methylation or histone modifications (Fisher, 2002; Hagman
and Lukin, 2006). Histone tails can be modified by acetylation, methylation, ubiquitination,
and phosphorylations. Recent work has illuminated specific roles for many of these
modifications, especially methylation of H3K4. Trimethylation of H3K4 typically marks
active promoters, while H3K4 monomethylation is an accurate mark of active enhancer
regions (Heintzman et al., 2009; Heintzman et al., 2007) .
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We showed previously that overexpression of the E-protein inhibitor, Id2, from a
TetOff promoter in bone marrow progenitor cells allows for the expansion of a progenitor cell
line that maintains multipotency both in vivo and in vitro (Chapter III). Here, we harnessed
the unlimited growth capacity and broad differentiation potential of these cells to monitor how
enhancer repertoires are established in order to specify the B or myeloid cell fate. Briefly, we
have examined genome-wide E2A occupancy as well as patterns of H3K4me1 and H3Kme3
during developmental progression. The data indicate how distinct combinations of a few
transcriptional regulators can transiently activate or suppress a spectrum of lineage- and stagespecific enhancer repertoires as cells progress to the committed cell stage.

Results
Genome wide analysis of histone methyl marks in differentiating cells
The gene expression patterns uncovered by microarray analysis in the Id2-HPCs
indicate genome-wide changes in transcriptional activity (Figure 3.7). We are now faced with
the question as to how these changes are established. Recent studies have demonstrated a
tight correlation between transcriptionally active promoters and H3K4 trimethylation, whereas
H3K4 monomethylation has been associated with enhancer activity (Pokholok et al., 2005;
Heintzman et al., 2007). To determine whether the changes in the gene expression pattern
correlate with changes in H3K4me3 as well as H3K4me1, cell lysates derived from Id2-HPCs
as well as differentiated myeloid and B-lineage cells were immunoprecipitated with antibodies
directed against H3K4me1and H3K4me3 and analyzed by ChIP-Sequencing (Barski et al.,
2007). Over 15,000 regions were identified as containing H3K4me3 in Id2-HPCs, as well as
differentiated B and myeloid cells. The number of H3K4me1 islands varied from 20,813 (Id2-
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HPCs) to 19,905 (myeloid cells) to 16,091 (B-lineage cells) (Table 4.1). As expected, the
majority of the H3K4me3 peaks are promoter proximal, while most of the H3K4me1 peaks
are promoter distal (Figure 4.1A).
The presence of H3K4 mono- or trimethylation, either proximally or distally,
correlated with an increase in absolute gene expression at all timepoints (Figure 4.1B). To
compare the lineage specific changes in H3K4 methylation to gene expression on a global
scale, we plotted tag counts from high confidence H3K4me1 distal peaks and H3K4me3
proximal peaks in scatter plots to determine peaks that had changes in tag count between
varying timepoints. We then correlated peaks with changes in tag counts to mRNA expression
associated with the nearest gene (Figure 4.2 and 4.3). We observe that in all cases, when
H3K4 mono- or trimethylation increases between two timepoints, so does the average relative
level of expression.

Enhancer regions are H3K4me1 marked in hematopoietic progenitors prior to
differentiation
To explore the possibility that enhancer regions are primed in Id2-HPCs prior to
differentiation, we mapped H3K4me1 marks for a subset of cell-type specific genes including
the B-lineage specific genes Foxo1, EBF and VpreB3. We also analyzed myeloid specific
gene such as CSFR1 and CEBPa, and we examined the patterns of H3K4me1 in genes that
were repressed upon specification into either the B or myeloid cell lineages, such as Thy1
(Figure 4.4). Interestingly, H3K4me1 marks are already present in Id2-HPCs prior to
differentiation and are markedly elevated in genes whose expression is activated upon
progressing towards a differentiated state. In contrast, the levels of H3K4 monomethylation
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decline significantly in loci whose expression levels decrease upon specification to a distinct
cell lineage, consistent with the global analysis described above (Figure 4.2). Taken together,
these findings indicate that in Id2-HPCs, H3K4 monomethylation patterns mark a wide
spectrum of enhancers primed to become either activated or suppressed during developmental
progression.

Cis-regulatory codes and developmental progression
The data described above raise the question as to whether changes in the levels of
H3K4 monomethylation in the B versus myeloid cell lineage correlate with the presence of
distinct cis-regulatory codes. To address this question, we examined H3K4me1-associated
sites for enriched DNA sequences. To correlate the differences in H3K4me1 between B and
Id2-HPCs, we looked for the presence of distinct cis-regulatory codes using a de novo motif
finder algorithm, HOMER, to identify potential sequence determinants localized within ±1000
bp from the H3K4me1 peaks. The ranking of such associated sequences is based on their
enrichment as compared to background genomic DNA sequences. We searched for motifs
based on the scatter plots in Figure 4.2 (shown again Figure 4.5). As expected, EBF, ETS and
E2A were ranked among the top-scoring motifs associated with patterns of H3K4me1 in cells
with at least a two-fold increase in tag counts in B cells compared to Id2-HPCs (Figure 4.5A).
In Id2-HPCs compared to B cells, H3K4me1 regions were enriched for both RUNX1 and
PU.1 consensus binding sites (Figure 4.5A). When comparing myeloid cells to Id2-HPCs,
peaks associated the myeloid lineage were significantly enriched for the PU.1 and RUNX
consensus binding sites but lacked E2A and EBF motifs as compared to both Id2-HPCs and B
cells (Figure 4.5B and 4.5C). Interestingly, peaks associated with Id2-HPCs compared to B
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cells also showed significant enrichment for PU.1 (Figure 4.5A). On the other hand, E2A
consensus binding sites were primarily enriched in Id2-HPCs compared to myeloid cells.
These data are consistent with a model in which in progenitor cells, H3K4me1 marked
enhancers are primed to induce either a B- or myeloid- specific program of gene expression.
In progenitor cells, activation of E2A in conjunction with EBF1 would promote the activation
of a B-lineage specific transcription signature, while conditions that favor myeloid
development would lead to decreased H3K4me1 association with E2A associated genes. This
suggests that the establishment of the pluripotent gene program occurs at a stage of
development prior to Id2 overexpression, and this program is maintained in the Id2-HPCs
until the cells are directed into alternate pathways. Upon addition of doxycycline or myeloid
specific cytokines, the cis-regulatory code involved with active enhancers changes to favor B
or myeloid specific signatures.

Genome wide enhancer analysis during the pre-pro-B to pro-B differentiation
One of the main advantages of the Id2-HPCs is that it allows for analysis of
intermediate events in differentiation, not just the endpoints. We thus used the Id2-HPCs to
analyze intermediate changes during the pre-pro-B to pro-B transition. To this end, we
differentiated Id2-HPCs into CD19+ pro-B cells and isolated RNA at 7 different timepoints
during developmental progression. We then analyzed gene expression by microarray analysis
and performed hierarchical clustering on genes that had a 2-fold or greater change in
expression at any timepoint during development. From this clustering, we observed three
main expression patterns: I) transcript levels that were elevated, II) transcript levels that were
initially increased but eventually declined, and III) transcript levels that declined during
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developmental progression (Figure 4.6). We note that enrichment of genes in clusters I and III
(showing elevated and declining transcript levels, respectively) is similar as described above
(Figure 4.6). Activated genes include Ebf1, Foxo1 and Rag1 and repressed genes include
genes involved in alternate lineages, such as Hbb-b1, Tox, and Tcra, as well as loci potentially
involved in the maintenance of the HSC phenotype, including members of the Hoxa family
(Figure 4.6, Table 4.2). Interestingly, a group of genes, including Ly6D, Bcl2l1 and Xbp1,
showed a transient pattern of expression (Figure 4.6).
To identify the cis-regulatory codes that underpin these patterns of gene expression,
we performed ChIP-Seq to define the H3K4me1 islands at 0-hours, 48-hours, and 120-hours
post differentiation, and analyzed the enriched transcription factor motifs present at active
enhancers at each of the developmental stages using the HOMER algorithm as described in
above. We compared transcription factor motif association at H3K4me1 peaks that have 2fold or more changes in tag counts between any two timepoints (Figure 4.7). We see
enrichment of RUNX and ETS binding sites in 0-hour specific peaks relative to both the 48hour and 120-hour timepoint. Additionally, there is specific enrichment of the myeloid
associated motifs PU.1 and AP1 in 0-hour peaks relative to the 120-hour peaks, suggesting a
loss of lineage plasticity by 120-hours. Interestingly, peaks with increased tag-counts at 48hours relative to 0-hours have EBF and E2A enrichment, whereas peaks increased at 48-hours
relative to 120-hours still maintain PU1 and RUNX DNA binding motifs. At 120 hours, there
is strong enrichment of EBF and E2A relative to both 0-hour and 48-hour peaks. This
suggests the coordinated activity of E2A, EBF and ETS transcription factors to activate the B
cell program, and RUNX and ETS to maintain a lineage primed phenotype.
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To identify the regulatory code at active enhancers for specific patterns of gene
expression, we performed a combinatorial analysis on the three patterns of gene expression
identified from the microarray with the H3K4me1 ChIP-Seq from 0-hours, 48-hours, and 120hours (Figure 4.8). Distinct patterns emerged from the analysis. Cis-regulatory coding
elements associated with H3K4me1 islands in Id2-HPCs were enriched for E2A binding sites
but did not show linkage with EBF consensus binding sites (Figure 4.8, left panels).
However, as predicted, upon differentiating into the B cell lineage, the cis-regulatory codes
associated with B-cell specific peaks were significantly enriched for consensus E2A as well as
EBF binding sites (Figure 4.8, top right panel). Interestingly, loci whose expression was
suppressed upon developmental progression showed a similar cis-regulatory pattern (Figure
4.8, lower right panel). These data indicate that EBF-associated enhancer repertoires, for both
upregulated and repressed genes, become H3K4 monomethylated upon commitment to the B
cell lineage.
In contrast to the presence of the EBF motif in both upregulated and repressed genes,
the FOXO consensus binding motif was only associated with H3K4me1 peaks whose related
transcript levels were elevated during developmental progression (Figure 4.8, top right panel)
but not with suppressed genes (Figure 4.8, lower right panel). The appearance of EBF as well
FOXO associated H3K4me1 regions was only observed at a stage in which EBF and FOXO1
transcript levels are elevated (Figure 4.6).
Also of interest are the cis-regulatory codes linked with cluster II. Cluster II includes
a subset of transcripts that are temporally elevated during the early stages of B cell
development. The cis-regulatory codes associated with H3K4me1 regions in cluster II are
distinct from those linked with clusters I and III. Most notable is their association with ETS-
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RUNX composite sites and lack of E2A as well as EBF consensus motifs (Figure 4.8, middle
panels). In sum, in a subset of enhancer elements linked to genes that are transiently activated,
other factors, for example RUNX in conjunction with PU.1 and/or related ETS proteins such
as Erg1, Ets1, Ets2 or Fli1, may act to transiently induce the expression of a distinct set of
genes that include Ly6D, Bcl2l1,Jun and Fos. Additionally, the data suggest that the spectrum
of enhancers for both activated and repressed genes in B-cell development are responsive to
E2A. We propose that once E2A activity is restored, E2A actively promotes nucleosome
remodeling at a wide spectrum of cis-regulatory elements to direct activation of both the EBF
and FOXO1 genes, as well as to permit EBF and FOXO1 to bind and generate a repertoire of
B-lineage specific enhancer and, in concert with EBF, to suppress enhancers associated with
alternative cell lineages.
Thus, we have identified a gradient of changes in cis-regulatory binding motifs at
active enhancers during B-cell development. At the multipotent pre-pro-B stage, genes
maintain their expression during culture through the presence of ETS, E2A and RUNX
binding motifs at active enhancers. In genes that become activated or repressed, association of
both E2A and EBF motifs at active enhancers increases, and the FOXO motif appears at
enhancers linked to activated genes. In contrast, the enhancers of genes that are
intermediately activated retain their association with ETS/PU1 and RUNX motifs, but not
E2A or EBF motifs.
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Genome-wide analysis of E2A binding in CD19+ Id2-HPCs
The data described above suggest that E2A is a critical determinant in activating an
enhancer repertoire that promotes the developmental progression of B-lineage cells. The
observations also indicate that E2A associates with EBF and FOXO1 at a subset of regulatory
elements in differentiated pro-B cells. To confirm these data, Id2-HPCs were differentiated
for a five days period. Committed B-lineage cells were purified based on the expression of
CD19, lysed and immunoprecipitated with an antibody directed against E2A.
Immunoprecipitates were then analyzed for global E2A occupancy using ChIP-Seq. 10,889
high-confidence E2A peaks were identified at 120 hours post-doxycycline addition (Table
4.1). The majority of E2A peaks lie in the intergenic and intronic regions, but there is also
significant binding in promoter and 5‟UTR regions (Figure 4.9A). This is not surprising as
E2A has well-defined promoter and enhancer activity for several genes (Greenbaum and
Zhuang, 2002; Ikawa et al., 2006; Xu and Kee, 2007).
When we compare E2A peaks to the absolute expression levels of the nearest genes,
we see that genes associated with E2A binding have a significant increase in relative
expression (p=.0095) when compared to genes lacking E2A binding (Figure 4.9B). We
observed this increase in expression with both proximal and distal E2A peaks (Figure 4.9C).
Genes with one or more E2A peaks have a significant increase (p<0.001 for all cases) in
absolute expression at 120-hour post-doxycycline addition, and there is also a significant
increase (p=0.060) in expression of genes that have 4 or more E2A peaks relative to genes that
only have one E2A peak (Figure 4.9D).
Further confirming the important role of E2A in controlling gene expression during
pre-pro-B to pro-B cell differentiation, we see that nearly half of genes with changes in gene
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expression have direct E2A binding. 1,110 genes showed greater than 2-fold changes in
expression during the differentiation assay, and of those 517 were bound by E2A (Fig 4.10A).
593 genes show differential regulation but have no E2A binding, possibly indicating longterm long-range genomic interactions. The top 50 repressed and activated genes after 120
hours of culture in doxycycline that are bound by E2A are listed in Supplementary Table 5.
Genes with known roles in B cell differentiation such as VpreB1, Ebf1, Foxo1, CD19 and
Rag1 are all bound by E2A and upregulated, while genes involved in alternate lineage
development such as Tox, Dlk1 and Zap70 and CEBPα are bound by E2A and repressed
(Figure 4.10B and Table 4.3). This data is in agreement with previous studies identifying E2A
as a direct regulator of many genes involved in lymphocyte development (Cobaleda and
Busslinger, 2008; Friedman, 2002; Rothenberg and Taghon, 2005).
Top clustered biological process terms for bound and changed genes shows that genes
that are bound by E2A and upregulated are involved in positive regulation of cellular
processes, cellular differentiation, hematopoiesis, localization and apoptosis. Gene ontology
terms for E2A bound and repressed genes include negative regulation of cell differentiation
and regulation of myeloid development (Figure 4.10B and Table 4.4). Thus, our data shows
new evidence for direct regulation by E2A of many genes known to be involved in lineage
commitment, such as Irf8, CEBPα, CEBPβ, SpiB, Bcl11a, EBF1, and Foxo1 (Busslinger,
2004; Murre, 2005).
To determine whether E2A occupancy is associated with EBF binding sites, we again
used the de novo motif finder algorithm HOMER to identify enriched motifs within 200bp of
E2A peaks. As expected the canonical CAGCTG E2A motif was the top-scoring motif
(Figure 4.10C). As predicted by the analysis described above, genomic sites with E2A
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occupancy were significantly enriched for EBF consensus binding sites (Figure 4.8). Taken
together, these data indicate that an increase in E2A activity in developing B-lineage cells acts
in concert with EBF to induce the expression of a wide spectrum of B-lineage specific genes.

Correlation of E2A and H3K4me1 in distal elements
Since we saw prevalent E2A binding in intronic and intergenic regions and since E2A
associates with many differentially regulated genes, we performed a combinatorial analysis of
E2A and H3K4me1 ChIP-Seq data on a global scale. To determine the association of E2A
binding and H3K4 monomethylation, we plotted the distance of distal H3K4me1 peaks
relative to E2A peaks over a 6kb region (Figure 4.11A). We observed a strong bimodal
distribution of H3K4me1 with a dip around E2A binding peaks (Figure 4.11B). To
investigate the possibility of a specific cis-regulatory code associated with E2A-H3K4me1
peaks, we performed de novo motif analysis (Figure 4.11C). At E2A peaks that are
associated with H3K4me1 peaks, we noticed strong enrichment of the canonical E-box,
CAGCTG, as well as the CACCTG E-box. In contrast, E2A peaks that were not associated
with H3K4me1 enrich a non-specific-SP1/KLF GC-box motif, as well as the CAGGTG and
CACCTG E-boxes. In addition, genes associated with distal E2A peaks in proximity to
H3K4me1 peaks showed a significant (p=0.0009) increase in expression when compared to
distal E2A peaks without H3K4me1 (Figure 4.12A). Finally, distal E2A peaks in proximity
to H3K4me1 showed much higher enrichment for other transcription factor binding sites such
as EBF, ETS, and RUNX than E2A peaks without H3K4me1 (Figure 4.12B).
These data suggest that the recruitment of E2A to the distal, canonical CAGCTG Eboxes is strongly correlated with active enhancer marks and increases in gene expression,
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most likely through cooperative binding of other transcription factors. In contrast, distal E2A
peaks not associated with active enhancers are bound preferentially at non-canonical E-boxes,
and the genes associated with these peaks do not show upregulation of expression levels.

Delineation of novel enhancer elements by the association of E2A and H3K4me1
Since we found correlation between the presence of E2A binding and H3K4
monomethylation and gene expression during B cell differentiation, we mapped E2A binding
sites and H3K4 monomethylation to the cell specific genes Foxo1 and CEBPα loci using the
UCSC Genome Browser (Figure 4.12A). The Foxo1 gene has several strong E2A peaks that
correlate with an increase in H3K4 monomethylation. We then chose 4 regions in the Foxo1
locus or putative enhancer region with strong E2A binding and H3K4monomethylation for
further functional studies.
Potential enhancer elements were selected as 300-400 bp regions centered on E2A
peaks that correlated with increases in H3K4me1 peaks at 120-hours (Figure 4.12A). All four
regions contained conserved E-boxes, suggesting direct recruitment of E2A to the sites by
E2A DNA binding motifs (Figure 4.12B). These regions were cloned by PCR and inserted
upstream of a basal promoter in a modified enhancer pGl3 vector and transfected, with control
renilla luciferase, into the pro-B cell line 22D6. Luciferase activity was quantitated after 24
hours, and all 4 regions showed significant enhancer activity over the empty vector alone
(Figure 4.12C). When E-box sites present in the regions were mutated from CANNTG to
CANNCC, enhancer activity was significantly reduced, showing that E2A specific recruitment
to these regions is required for proper enhancer activity. (Figure 4.12B and 4.12C).
Furthermore, sites with the canonical CAGCTG E-boxes had stronger association with
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H3K4me1 at 120-hours, and showed stronger luciferase activity. Thus, the co-association of
E2A and H3K monomethylation in concert with the specific sequence of E-boxes allows us to
predict novel enhancer elements in the genome during B-cell differentiation.

Discussion
The transcriptional and epigenetic activities that control hematopoietic differentiation
must be extremely precise to ensure proper immune homeostasis. Here, we use a novel selfrenewing and multipotent cell line, Id2-HPC, to study the cis-regulatory elements involved in
modulation of active enhancer activity. Id2-HPCs maintain a multipotent state through the
inducible overexpression of Id2; the cells can be readily differentiated in vitro in the presence
of proper cytokine stimulation and doxycycline. As such, we differentiated Id2-HPCs into
either the B or myeloid cell lineage and studied the changes in the active enhancer mark,
H3K4me1 at different lineage commitment states.
H3K4me1 binding patterns on genes known to be involved in either B, T, or myeloid
lineage fates was analyzed at a multipotent developmental stage, B cell committed stage, or
myeloid committed stage of development. This gene specific analysis suggested that binding
of H3K4me1 is already present at enhancers at a multipotent stage of development, and upon
differentiation, H3K4me1 increases or decreases in concert with gene expression. This
suggests that, even at a multipotent state, H3K4 monomethylation is present at lineage specific
genes to prime them for future activation.
We then expanded this analysis to study the genome-wide association of H3K4
monomethylation with transcription factor motifs to predict cis-regulatory patterns involved in
lineage specification. In the Id2-HPC specific peaks, we see strong enrichment for the RUNX
and ETS motifs. When the cells are directed to differentiate to the myeloid cell lineage,
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H3K4 monomethylation loses affinity for ETS motifs and gains affinity for the myeloid –
specific PU.1 motif. In contrast, ETS, E2A and EBF motifs are strongly enriched at B-cell
specific H3K4me1 peaks. This suggests a model of regulation in which, at active enhancers,
RUNX and ETS factors maintain a stem-like phenotype, PU.1 replaces ETS in the myeloid
lineage, and E2A and EBF replace ETS in ato promote differentiation towards the B cell
lineage.
While this model of specific transcription-factor recruitment to active enhancers is
notable, it is based only on the endpoints of differentiation and, as such, cannot answer
questions about intermediate changes in development. To address this, we used the Id2-HPC
cell line to study the changes in gene expression and H3K4 monomethylation during the
progression of pre-pro-B to pro-B cell development. Microarray analysis confirms the
expected upregulation of B-cell specific genes such as Ebf, Foxo1 and Bcl11a, and the
downregulation of alternate lineage genes such as Cebpα, CD34, and Zap70. Surprisingly,
there is a subset of genes that is upregulated at an intermediate timepoint and then re-repressed
at the end of the B-cell differentiation timecourse. Several anti-apoptosis factors, such as
Bcl2l1, are present in this group of genes, suggesting that maintenance of cell survival during
development is a critical and temporally mediated process. Also, the plasma cell
differentiation gene, Xbp1, is also upregulated during developmental progression, suggesting a
novel function for Xbp1 in early B cell development as well.
To determine the cis-regulatory elements involved in this temporal regulation of
genes, we studied H3K4me1 peak changes in combination with changes in gene expression.
In multipotent Id2-HPCs, H3K4me1 peaks associate with RUNX, ETS and E2A motifs.
Interestingly, by the 120-hour B cell timepoint, enhancers of genes with an increase in
expression associate with E2A, EBF and FOXO motifs, while enhancers of genes with a
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decrease in expression are only associated with E2A and EBF motifs. This suggests a
regulatory mechanism in which E2A and EBF are recruited to many genes that are changed in
B-cell development, but the combination of E2A, EBF and Foxo1 is specific to activated
genes. Interestingly, enhancers of genes that are intermediately changed do not show
association with EBF, but maintain the association with ETS and RUNX factors.
As these analyses confirm the role of E2A‟s role in B-cell development, we analyzed
the binding of E2A to the genome in CD19+ pro-B cells. This analysis revealed that E2A
directly binds to nearly half of the genes that are changed in B-cell development. This binding
significantly correlates to an average increase in gene expression, although there are many
specific cases in which E2A is bound to repressed genes. When we combined E2A binding
with H3K4me1 binding, we found that gene expression increases when E2A and H3K4me1
are concurrently bound at an enhancer, and expression decreases if only E2A is present.
Surprisingly, we see E-box binding bias for E2A depending on the presence of H3K4me1.
When E2A and H3K4me1 are both bound, E2A is recruited to canonical CAGCTG E-boxes.
In contrast, when E2A is not correlated with H3K4 monomethylation, it is preferentially
recruited to CACCTG or CAGGTC E-boxes. This is the first reporting of E-box preference as
related to gene expression. It is tempting to hypothesize that perhaps homodimers of E47 are
binding to canonical E-boxes and recruiting H3K4me1, whereas perhaps E47/HEB
heterodimers are binding to non-canonical E-boxes to recruit co-repressors.

Materials and Methods

Cell Culture

73

Id2-HPCs were maintained in IMDM + 10% FCS, 2% PSG and 2μL β-me on
subconfluent S17 feeder cells in the presence of 1:100 IL-7, 1:100 Flt3L and 1:200 SCF. S17
feeder cells were maintained in α-MEM + 10% FBS and 2% PSG. 22D6 cells were
maintained in RPMI + 10% FBS and 2% PSG.

In Vitro Differentiation Experiments
TetOff_hId2 expanded cells were depleted of small (<1-5%) numbers of CD19, CD25
and CD11b positive cells by auto-MACS. For myeloid differentiation, cells were cultured for
up to 6 days in IMDM + 10% FCS and β-me in the presence of IL3, Flt3L, GMCSF and
MCSF and in the presence or absence of 1ug/mL doxycycline. For B-cell differentiation cells
were cultured for up to 10 days in IMDM + 10% FCS and β-me in the presence of 1:100 IL-7
and 1:200 SCF in the presence of absence of 1ug/mL doxycycline. Fresh doxycycline and
cytokines were added every two days.

Flow Cytometry
Flow cytometry was performed on either a FACSCalibur or LSR II Flow Cytometer
(Becton Dickinson, Franklin Lakes, NJ) and analyzed with FlowJo (Tree Star, Ashland, OR).
Single cells were stained with antibodies were purchased from eBioscience (San Diego, CA).

ChIP-Sequencing and Data Analysis

74

The chromatin immunoprecipitation (ChIP) protocol was essentially the same as
previously described (Agata et al., 2007). Briefly, the cells were cross-linked with 1%
formaldehyde at room temperature. Chromatin was sheared and solubilized from whole-cell
extract through sonication. The resulting lysate was spun down to be clear of cell debris. The
lysate was further incubated with non-specific immunoglobulin (Ig) and Protein G Sepharose
4 Fast Flow (GE Healthcare) to remove non-specific bindings that might be resulted from Ig
and the resin. The chromatin fragments were immunoprecipitated with specific antibodies
overnight at 4 C. For E2A ChIP, pre-bound Dynal beads with E2A antibodies were used for
immunoprecipitation. As for the histone mark ChIPs, the chromatin fragments were first
incubated with specific histone mark antibodies overnight prior to precipitation by Protein G
Sepharose. The immunoprecipitated complexes were washed, then reverse cross-linked
overnight at 65 C. The DNA fragments were purified and analyzed by PCR. To end modify
the fragments, fragment overhangs were converted into phosphorylated blunt ends by T4 DNA
polymerase, Klenow polymerase, and T4 polynucleotide kinase. An „A‟ base was added to the
3‟ end of the blunt phosphorylated DNA fragments by Klenow fragment (3‟ to 5‟ exo minus).
The oligonucleotide adapters were ligated to the ends of the DNA fragments by DNA ligase.
The adaptor-modified DNA fragments were size selected between 150 to 250 bp by running
on an 8% polyacrylamide gel. PCR amplification was performed on the gel-extracted DNA.
Modified DNA fragments were hybridized onto the flow cell of the fully automated Illumina
Cluster Generation Station to create clusters of approximately 1000 clonal copies. Six to eight
million clusters were generated. The resulting high density array of clusters on the flow cell
surface was sequenced by the fully automated Illumina Genome Analyzer. A 36 cycle
sequencing kit was used. The data collection and analysis software mapped the sample
sequences to known mouse genomic sequence to identify the ChIP DNA fragments. Peak
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finding and subsequent ChIP-Seq genome wide analyses were performed using the HOMER
software package, available at http://biowhat.ucsd.edu/homer.

Microarray Profiling
All RNA was prepared using RNeasy Columns (Qiagen, Seattle, WA). Gene
expression profiling was performed by amplification and hybridization to the Illumina
Mouse WG-6 v1.1 gene expression array according to the manufacturer‟s instructions.

Luciferase Reporter Assays
The pGL3-enhancer plasmid (Promega, Madison, WI, USA) was used for luciferase
assays. Predicted enhancer elements were cloned into the construct through PCR cloning, and
the plasmids were transiently transfected into the 22D6 pro-B cell line using the TransIT-LT1
transfection reagent (Mirus, Madison, WI, USA). The Dual-Luciferase Reporter Assay
System (Promega) was used to quantitate luciferase activity as per the manufacturer‟s
instructions.
Chapter IV is currently being prepared for submission for publication of the material.
The working title is “Inducible Id2 expression allows for expansion of a long-termculture of
multipotent hematopoietic progenitors and epigenetic studies of lineage commitment.” I was
the primary investigator and author of this material. Co-authors are Yin C. Lin, Suchit
Jhunjhunwala., Christopher Benner, Christopher Glass, and Cornelis Murre.
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Table 4.1
Tag and High Confidence Peak Counts from ChIP-Seq Experiments
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Figure 4.1
H3K4me1 and H3K4me3 binding in Id2-HPCs, B Cells, or Myeloid Cells
(A) Genomic positions of H3K4me1 and H3K4me3 at the 0-hour progenitor timepoint, the
CD19+ B cell timepoint, and the CD11b+ myeloid timepoint.
(B) The presence of either H3K4me1 or H3K4me3 leads to significant increases in absolute
expression level in all three cell types. Absolute expression (log2) of all genes, genes
associated with H3K4me1 and genes associated with H3K4me3.
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Figure 4.2
Genomic Analysis of Changes in H3K4me1 Peaks Relative to Gene Expression
(A) Comparison of tag counts (log2) of H3K4me1 0h HPC cells, CD19+ B cells, and CD11b+
M cells. Peaks with 1.5x more tags in one lineage versus another are colored green or blue,
and peaks with less than a 1.5x change between the two cell types are shown in grey.
(B) Increase in proximal H3K4me1 tag counts is correlated with an increase in relative
expression (log2). Expression from genes with 2x more tags in one lineage versus another are
colored green or blue, and peaks with less than a 2x change in tag count are colored grey.
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Figure 4.3
Genome-wide Analysis of Changes in H3K4me3 Peaks Relative to Gene Expression
(A) Comparison of tag counts (log2) of H3K4me3 0h Id2-HPC cells, CD19+ B cells, and
CD11b+ M cells. Peaks with 1.5x more tags in one lineage versus another are colored green
or blue, and peaks with less than a 1.5x change between the two cell types are shown in grey.
(B) Increase in proximal H3K4me3 tag counts is correlated with an increase in relative
expression (log2). Expression from genes with 2x more tags in one lineage versus another are
colored green or blue, and peaks with less than a 2x change in tag count are colored grey.
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Figure 4.4
UCSC Genome Browser Images
UCSC Genome Browser images of H3K4me1 in Id2-HPCs at the undifferentiated, B-cell or
myeloid cell stage at or near the Foxo1, Ebf1, Vpreb3, Cebpα, Csf1r, and Thy1 genomic
positions.
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Figure 4.5
Genome-wide Analysis of Changes in Motif Enrichment at Changing H3K4me1 Peaks
(A) Analysis of changes in tag count between 0-hour progenitor peaks and CD19+ B cell
peaks. Scatter plot displays tag counts from 0-hour progenitor peaks and CD19+ B cell peaks.
De novo motif finding was then performed on the specific peaks.
(B) Analysis of changes in tag count between 0-hour progenitor peaks and CD11b+ M cell
peaks. Scatter plot displays tag counts from 0-hour progenitor peaks and CD11b+ M. De
novo motif finding was then performed on the specific peaks.
(C) Analysis of changes in tag count between CD11b+ M cell peaks and CD19+ B cell peaks.
Scatter plot displays tag counts from 0-hour progenitor peaks and CD19+ B cell peaks. De
novo motif finding was then performed on the specific peaks.
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Figure 4.6
Microarray Analysis of the pre-pro-B to pro-B Transition
TetOff_hId2 cells were differentiated into pro-B cells over a 5-day timecourse, and RNA was
taken at 7 timepoints for microarray analysis. Genes with a greater than 2-fold change in
expression between any two timepoints were hierarchically clustered using d-Chip software
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Table 4.2
Top 50 Repressed and Activated Genes at the Endpoint of the pre-pro-B to pro-B Transition
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Figure 4.7
Temporal Motif Enrichment During the pre-pro-B to pro-B Cell Transition
Enriched motifs from H3K4me1 peaks that have 2-fold or greater change in tag count between
0h, 48h, and 120h during CD19+ differentiation of CD19+ cells. De novo motif finding
analysis was performed on distal H3K4me1 peaks that have changes in tag counts between
three timepoints in pro-B differentiation.
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Figure 4.8
Motif Enrichment Profiles of Differentially Regulated Genes During the pre-pro-B to pro-B
Transition
Enriched regulatory motifs at distal H3K4me1 sites during pro-B cell differentiation. ChIPSequencing was performed on TetOff_hId2 cells at 0-hours, 48-hours, and 120-hours after
induction of B cell differentiation. De novo motif finding was performed to determine
transcription factor binding motifs associated with active enhancers, and combinatorial
analysis was done to identify cis-regulatory elements associated with active enhancers of
genes that are upregulated, downregulated, or intermediately upregulated.
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Figure 4.9
ChIP-Sequencing of E2A at CD19+ pro-B Cell Stage
(A) Genomic binding positions of E2A in Id2-HPCs at 120h post B-cell

differentiation.
(B) Absolute expression of genes with proximal E2A binding, distal E2A binding, or
no E2A binding.
(C) Relative expression of genes associated with E2A peaks at 120h post-B cell
differentiation. Of changed genes, genes with E2A binding have a significantly higher
average change in expression throughout the timecourse.
(D) Absolute expression (log2) of genes associated with no, 1, 2, 3, or 4+ E2A peaks.
p<0.0001 for all conditions relative to 0 peaks. Significance of 4+ peaks versus 1
peak, p= 0.095.
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Figure 4.10
Correlation of Genome-wide E2A Binding and Changes in Gene Expression in the pre-pro-B
to pro-B Transition
(A) Venn diagram displaying the overlap of genes bound by E2A that have changes in
expression throughout the timecourse.
(B) Enriched sequence elements determined by de novo motif finding based on 200bp regions
centered around high-confidence E2A peaks.
(C) Hierarchical clustering (by d-Chip) of microarray expression data from genes that have
more than a 2-fold change in expression and are bound by E2A.
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Table 4.3
Top 50 Repressed and Activated Genes that are Bound by E2A at the Endpoint of the pre-proB to pro-B Transition
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Table 4.4
Gene Ontology of Clustered Microarray Data from Genes with Changes in Expression and
E2A Binding
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Figure 4.11
Correlation of E2A and H3K4me1 Binding in pro-B Cells
(A) Heatmap of E2A and H3K4me1 binding. Each column represents a 6-kb window based
on promoter distal E2A binding at 120-hours post-doxycycline addition. The left panel
shows the centered E2A peaks and the right panel shows H3K4me1 binding relative to the
E2A positioning. shows all TSS distal peaks.
(B) E2A peaks correlate with H3K4me1. Genomic distances of H3K4me1 binding relative to
distal E2A peaks are plotted over a 6kb window.
(C) Association of distal E2A peaks and H3K4me1 reveals E-box preference. De novo motif
finding was performed for E2A peaks that have associated H3K4me1 binding within 2kb (left
panel), and for E2A peaks that do not have associated H3K4me1 binding within 2kb (right
panel). The central E-box sequences are highlighted.
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Figure 4.12
Association of E2A and H3K4me1 Binding is Correlated with Enrichment for Cis-Regulatory
Motifs
(A) Association of distal E2A peaks and H3K4me1 is correlated to gene expression. The
average relative expression (log2) is plotted for genes associated with distal E2A peaks either
with or without H3K4me1 binding.
(B) Association of distal E2A peaks and H3K4me1 correlated with enriched cis-regulatory
elements. Genomic distance of E2A, ETS, EBF and RUNX transcription factor motifs from
distal E2A peaks either with or without H3K4me1 is plotted over a 300bp window.
Background represents the presence of these motifs from 100,000 randomly selected genomic
locations.
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Figure 4.13
Functional Analysis of E2A and H3K4me1 Association at the FOXO1 Locus
(A) E2A and H3K4me1 binding sites in the Foxo1 locus. Numbers directly to the left of each
plot indicate the maximum peak height in each plot. Red boxes indicate peaks selected for
luciferase assay. Top panel includes the Foxo1 locus plus an additional 100kB to the 3‟ end,
and the bottom panel includes only the Foxo1 locus.
(B) Regions indicated in (A) were cloned into the pGL3-ADME luciferase vector and
transfected into 22D6 cells. Δ indicates that a mutation of one or more E-box sequences in
these regions was performed.
(C) E2A is necessary for proper enhancer activity at the Foxo1 locus. Relative luciferase
activity for the luciferase vector negative control (pGl3) and for the four selected regions and
subsequent mutations is shown. Significance of increase between the pGL3 control vector and
the proposed enhancer regions was calculated by Student‟s t-test: pGl3:1, p=0.0010, pGL3:2,
p<0.0001, pGL3:3, p<.0.0001, pGL3:4, p=0.0041.
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Role of E2A in Early Hematopoiesis
The E-proteins, E12, E47, HEB and E2-2 are critical for proper hematopoietic
differentiation and immune development. In fact, mature B cell development is completely
blocked before DJ rearrangement of the IgH gene has occurred in E2A knockout mice, and Tcell development is severely perturbed (Bain et al., 1997; Bain et al., 1994). In addition, three
recent studies have identified crucial roles for E2A at earlier stages of hematopoietic
development (Dias et al., 2008; Semerad et al., 2009; Yang et al., 2008).
In E2A -/- animals, there is a severe depletion not only of CLPs, as previously
published, but also of the earlier LSK, MPP, and LT-HSC cell populations (Borghesi et al.,
2004). There is also a significant block in development of the LMPP population.
Interestingly, the cells present in these early progenitor populations in E2A -/- mice progress
faster through the cell cycle, as indicated by BrdU staining. In fact, cell cycle analysis shows
that there are fewer E2A -/- HSCs in G0 , suggesting that there is aberrant maintenance of the
stem cell pool due to an impaired ability to regulate cell cycle status in E2A -/- mice. In
support of this, RT-PCR analysis confirms that expression of cell-cycle regulators that have
been shown to regulate the HSC pool, such as Mpl and p21Cip1, is severely decreased in E2A /- HSCs (Semerad et al., 2009).
Interestingly, analysis of the megakaryocyte and erythroid hematopoietic
compartments revealed a surprising role for E2A in the proper differentiation of pre-MegE,
pre-CFU-E, MkP, and GMP populations. E2A had not previously been implicated in Meg/E
development. These data indicate novel roles for E2A in early hematopoiesis. Specifically,
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the data indicate that the E2A proteins are essential to promote megakaryocyte/erythroid
differentiation at intermediate stages.

Inhibition of E2A Allows for Ex Vivo Expansion of Multipotent Progenitors
It is now well established that in the absence of E2A, multipotent progenitors can be
maintained and expanded ex vivo (Ikawa et al., 2004). We generated a novel and robust
system in which Id2 is overexpressed in a tetracycline dependent manner to expand wild-type,
multipotent hematopoietic progenitors ex vivo. These cells, Id2-HPCs, phenotypically
resemble an undefined stage of development before commitment to the B-cell lineage but after
development of the LMPP. Id2-HPCs retain both in vitro and in vivo differentiating potential.
This method of progenitor cell expansion is novel as it marks the first time that multipotent
progenitors can be expanded by overexpression of a transcriptional inhibitor. The use of an
inhibitor, instead of a transcriptional activator, potentially prevents many of the off-target and
potentially dangerous effects that can occur when overexpressing a transcriptional factor.
(Sauvageau et al., 2004).
As the Id2-HPCs readily differentiate in vitro to either the B or myeloid lineage, we
studied the changes in gene expression that allow either the maintenance of the self-renewing
and multipotent state or direct lineage commitment choices. Although Id2-HPCs have lower
expression levels of “stemness” like genes relative to CLPs and LMPPs, Id2-HPCs even
further down-regulate the expression of genes such as CD34 and the Hoxa family upon
differentiation into either the myeloid or B cell lineage. This indicates that although Id2-HPCs
do not genetically represent true multipotent cells, they still maintain moderate transcript
levels of many stem-like genes, and this is sufficient for their ability to self-renew.
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As many investigations are in progress to expand hematopoietic stem and pluripotent
stem cells ex vivo for therapeutic pursuits, the Id2-HPCs represent a paradigm shift in the field
of stem cell expansion ((Kelly et al., 2009; Sauvageau et al., 2004). Here, for the first time,
overexpression of a transcriptional inhibitor instead of a transcription factor has permitted the
unlimited growth capacity and maintenance of multipotency of hematopoietic progenitors. As
such, studies are underway to overexpress Id2 in human cord blood cells to determine the
therapeutic potential of this expansion procedure for stem cell transplants.

Use of Id2-HPCs to Determine Cis-Regulatory Factors in Hematopoietic Development
Id2-HPCs are a unique system in which to probe genetic and epigenetic changes in
hematopoietic development. Here we have described the change of cis-regulatory motif
enrichment at active enhancers in myeloid and B cell development, and the temporal changes
in cis-regulatory motif enrichment at active enhancers in B cell development. We then studied
the direct role of E2A during B cell development, and correlated E2A binding with H34me1
binding to predict novel enhancer elements.
H3K4me1 binding patterns on genes known to be involved in either B, T, or myeloid
lineage fates were analyzed at a multipotent developmental stage, B cell committed stage, or
myeloid committed stage of development. This gene specific analysis suggested that binding
of H3K4me1 is already present at enhancers at a multipotent stage of development, and upon
differentiation, H3K4me1 levels increase or decrease in concert with gene expression. These
data suggest that, even at a multipotent state, H3K4 monomethylation is present at lineage
specific genes to prime them for future activation.
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We then expanded this analysis to study the genome-wide association of H3K4
monomethylation with transcription factor motifs to predict cis-regulatory patterns involved in
lineage specification. In the Id2-HPCs, we observed strong enrichment for the RUNX and
ETS motifs within islands associated with H3K4me1. When the cells were directed to
differentiate to a myeloid lineage, H3K4 monomethylation regions showed a loss in ETS
motifs and gains for motifs associated with PU.1 . In contrast, ETS, E2A and EBF motifs
were strongly enriched at B-cell specific H3K4me1 islands. This suggests a model of
regulation in which, at active enhancers, RUNX and ETS factors maintain a stem-like
phenotype, PU.1 replaces ETS in the myeloid lineage, and E2A and EBF replace ETS in the B
lineage.
While this model of specific transcription-factor recruitment to active enhancers is
notable, it is based only on the endpoints of differentiation and, as such, cannot answer
questions about intermediate changes in development. To address this, we used the Id2-HPC
cell line to study changes in gene expression and H3K4 monomethylation during the
progression of pre-pro-B to pro-B cell development. Microarray analysis confirmed the
expected upregulation of B-cell specific genes such as Ebf, Foxo1 and Bcl11a, and the
downregulation of alternate lineage genes such as Cebpα, CD34, and Zap70 (Busslinger,
2004; Murre, 2005; Murre, 2009). Surprisingly, there was a subset of genes that is
upregulated at an intermediate timepoint and then re-repressed at the end of the B-cell
differentiation timecourse. Several anti-apoptosis factors, such as Bcl2l1, were present in this
group of genes, suggesting that maintenance of cell survival during development is a critical
and temporally mediated process. Also, the plasma cell differentiation gene, Xbp1, was also
upregulated during developmental progression, suggesting a novel function for Xbp1 in early
B cell development.
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To determine the cis-regulatory elements involved in this temporal regulation of
genes, we studied H3K4me1 levels changes in combination with alterations in gene expression
levels. In multipotent Id2-HPCs, H3K4me1 peaks associated with RUNX, ETS and E2A
motifs. Interestingly, by the 120-hour B cell timepoint, enhancers of genes with an increase in
expression associated with E2A, EBF and FOXO motifs, while enhancers of genes with a
decrease in expression were only associated with E2A and EBF motifs. This suggested a
regulatory mechanism in which E2A and EBF are recruited to many genes that are changed in
B-cell development, but the combination of E2A, EBF and Foxo1 is specific to activated
genes. Interestingly, enhancers of genes that are intermediately changed do not show
association with EBF, but maintain the association with ETS and RUNX factors.
As these analyses confirm the role of E2A in B-cell development, we analyzed the
binding of E2A in a genome-wide manner in CD19+ pro-B cells. This analysis revealed that
E2A directly binds to nearly half of the genes that were changed in B-cell development. This
binding significantly correlates to an average increase in gene expression, although there are
many specific cases in which E2A is bound to repressed genes. When we combined E2A
binding with H3K4me1 binding, we observed that gene expression levels increase when E2A
and H3K4me1 are concurrently present at an enhancer, and expression levels decreases if only
E2A is present. Surprisingly, we observed an E-box binding bias for E2A depending on the
presence of H3K4me1. When E2A and H3K4me1 are both present, E2A is recruited to
canonical CAGCTG E-boxes. In contrast, when E2A is not correlated with H3K4
monomethylation, it is preferentially recruited to CACCTG or CAGGTC E-boxes. This is the
first reporting of E-box preference as it relates to gene expression. It is tempting to
hypothesize that perhaps homodimers of E47 are binding to canonical E-boxes and recruiting
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H3K4me1, whereas perhaps E47/HEB heterodimers are binding to non-canonical E-boxes to
recruit co-repressors.
In conclusion, the generation of the Id2-HPC cell line, which can either maintain a
self-renewing and multipotent phenotype, or can be induced to differentiate both in vivo and in
vitro, represents a significant development in the quest to expand hematopoietic progenitor
cells and in the studies of early hematopoietic development. We have used Id2-HPCs to
identify cis-regulatory codes that underpin the development towards the B and myeloid cell
fates.
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